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asonal water quality variation at
the hydraulic junction of a dual-source water
distribution system

Bowen Dong,a Hui Huang,a Chengyan Wang,a Xiaolong Zhang,a Chenyu Gao,a

Nan Su,a Dayong Shia and Jie Ren *b

The implementation of a dual-source water supply system offers an increased level of reliability in water

provision; however, intricate hydraulic dynamics introduce apprehensions regarding water safety at the

hydraulic junction. In this study, we gathered data of the water quality at the hydraulic junction of a dual-

source water supply system (plant A and plant B, sampling site A10 was near plant A, and sampling site

A12 was near plant B) for one year in Suzhou Industrial Park. Our findings indicated that seasonal

variations and water temperature exerted significant influence on the composition and formation of

disinfection byproducts (DBPs). Notably, during the warmer months spanning from June to September,

the concentration of trihalomethanes was the highest at the hydraulic junction, whereas the

concentration of residual chloride was the lowest. The analysis on DBPs revealed that more Br-

containing precursors in water in plant A resulted in the accumulation of more Br-containing DBPs at

A10, whereas the highest concentration of Cl-containing DBPs accumulated at A12. The analysis of the

dissolved organic matter (DOM) composition indicated an increase in concentration at A10 and A12

compared with that in plant A and plant B. The highest concentration of humic acids was observed at

A10, whereas A12 accumulated the highest concentration of aromatic proteins and microbial metabolites.

Owing to the fluctuations in water consumption patterns at the hydraulic junction, the water quality was

susceptible to variability, thereby posing an elevated risk. Consequently, extensive efforts are warranted

to ensure the maintenance of water safety and quality at this critical interface.
1. Introduction

Chlorination as a feasible drinking water disinfection tech-
nology has been widely promoted.1,2 However, its associated
disinfection byproducts (DBPs) have proven to be toxic to
human health. More than 700 species have been observed,
which stem from the interactions between chlorine and dis-
solved organic matters (DOMs).1,3–6 For example, the U.S. EPA
and National Cancer Institute found that trichloromethane
(TCM) is carcinogenic towards animals.7 A 3-decade long
observation found that exposure to trihalomethanes (THMs)
can cause a decline in the bone density of teenagers.8 Thus, it is
of great importance to understand the formation of DPBs in
drinking water distribution systems (DWDSs). Especially in the
complex hydraulic section, reciprocation and change in the ow
rate, which are derived from the variation in water demand at
the end of DWDSs, affect the formation and form of DBPs in
DWDSs. Therefore, the investigation of DBPs in DWDSs is
benecial to control the impact of DBPs at the safest level
possible.9–12
ces, Lanzhou 730030, China
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The initial stages of urban development are characterized by
the relatively compact populations in cities and towns, leading
to the establishment of single-source DWDSs to meet the
fundamental water needs of residents. Straightforward
hydraulic setups within these pipelines facilitate detailed
observations and studies concerning the formation, types, and
interplay of DBPs. Peleato et al.13 accurately predicted the
species and formation process of DBPs via the parallel-factor
method. Newhart et al.14 employed articial neural networks
to precisely locate the accumulation and concentration of DBPs
in DWDS. However, with the move toward urbanization, the
increasing accumulation of population and industry stimulates
the demand for clean water, which leads to the incompetence of
sole-source DWDS. In this case, extended pipelines, complex
DWDS, and even dual-source DWDS are proposed to provide
a sufficient water quantity that the sore-source DWDS cannot
ensure.15–17 However, more complex systems also creates greater
difficulty in controlling the DBPs given that the hydraulic
conditions change a lot. Dong et al.18 highlighted the signicant
impact of various factors such as different water sources,
treatment processes, and enhanced chlorination within the
water distribution system (WDS) on the seasonal and spatial
variations of disinfection by-product (DBP) distributions during
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Dual-source opposite water supply system in this study and
sampling sites in this study.
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water conveyance. Furthermore, the dual-source DBDS faces
a hydraulic mixture of two waters from different water plants,
which forms a uctuated junction at the specic section of the
system.15–17 The overdue hydraulic retention time (HRT) at the
valley water consumption period and repeated washouts at the
peak water consumption period highlight the complex
hydraulic conditions at the conjunction, which makes it more
difficult to predict and control DBPs near the junction.18–22 The
interactions between exploited DOMs from the inner wall of the
pipelines and the differentiated chemicals at two waters heavily
impact the water quality nearby, but scarce investigations have
been conducted. Thus, to close the knowledge gap, more efforts
should be made to investigate dual-source DWDS, especially in
the hydraulic conjunction, which holds signicance in ensuring
the water quality of cities.9–12,23

The current study conducted a comprehensive one-year
investigation to monitor the disinfection byproducts (DBPs)
within a dual-source drinking water distribution system
(DWDS) located in Suzhou Industrial Park. The traditional
technique is competent in coping with small-size pipeline
networks with high accuracy.24 Thus, due to the large-size of the
network investigated in our work, the employed traditional
algorithm was incompetent in accurate prediction, and thus we
employed machine learning for further global prediction. We
highly acknowledged the contribution of the traditional
modelling approach and we will make a further comparison
between them and newly developed models in our further work.
This system used water from both Lake T and Lake Y as its
primary sources. The objectives of this study were threefold, as
follows: (1) to examine the inuence of spatial and seasonal
variations on the formation, types, and interactions of DBPs
within the dual-source DWDS; (2) to assess the associated risks
and characteristics of DBPs at the hydraulic junction; and (3) to
provide practical recommendations for controlling and
ensuring the safety of DBPs within DWDS in urban areas.
2. Materials & methods
2.1 Sampling

The dual-source DWDS was located in Suzhou. Water treatment
plant A was situated near Lake T and extracted water from this
lake at a rate of 0.45 million m3 per day. The second water
treatment plant, plant B, was located near Lake Y and extracted
water from this lake at a rate of 0.2 million m3 per day. The
traditional treatment + ozone & activated carbon treatment was
used in both plants A and B to purify the original water. The
pipelines employed in the DWDS were cast iron pipes. A
hydraulic junction was detected at a section 10–12 km away
from plant A (Fig. 1). Sampling sites were at the start (A10) and
the end (A12) of this hydraulic junction, as well as at the two
water treatment plants (A and B). Water samples were collected
monthly at each site, with the sampling conducted between 9:00
and 10:00.

Collected water samples were injected with ascorbic acid
(dissolved in 0.1 mol L−1) and 1 mol L−1 monopotassium
phosphate to end the degradation of DBPs and stabilize the
© 2024 The Author(s). Published by the Royal Society of Chemistry
aquatic pH, respectively. Subsequently, the water samples were
stored at 4 °C before chemical analysis.
2.2 Analytical methods for common water qualities

The turbidity, aquatic pH, the concentration of algae cell and
residual chlorine were detected on the spot using TL2300
(HACH, the USA), PHSJ-3F (Leici, China), YSI-EXOSonde2
(Xylem, Hungary) and DR300 (HACH, the USA), respectively.
2.3 Analytical methods for THMs

A gas chromatography (GC, Agilent 7697A/8890, the USA)
equipped with an electrical capture detector (EDC) was
employed to quantify the concentration of THMs. The capillary
column (HP-5, 30 m × 0.32 mm × 0.25 mm) was initially held at
50 °C for 1 min, then heated to 67.5 °C at a rate of 2.5 °C min−1,
and further increased to 120 °C at a rate of 15 °C min−1. The
temperatures at the headspace injection and ECD were main-
tained at 200 °C and 250 °C, respectively. The splitting ratio was
xed at 1 : 50. For headspace sampling, 5 mL of water sample
and 15 mL of gas volume were used in sampling bottles. The
equilibrium temperature was set at 50 °C and maintained for
60 min.
2.4 Three-dimensional excitation–emission matrix (3D-
EEM) analysis

A 3D uorescence spectrometer (F-7100, Hitachi, Japan) was
used to analyze the components of organic matters and the
excitation wavelength was 200 : 2 : 400 nm, while the emission
wavelength was 250 : 2 : 550 nm. With a scanning speed of 12
000 nm min−1 and PTM set at 600 V, each tested sample
underwent calibration using the Excitation–Emission Matrix
(EEM) of pure water (Milli-Q water) to mitigate the inuence of
Raman scatter peaks. The obtained EEMs were further analyzed
using the uorescence regional integration (FRI) method with
reference to eqn (1), as follows:

FðiÞ ¼
ðExðjÞ
ExðiÞ

ðEmðjÞ

EmðiÞ
IðlExlEmÞdlExdlEm (1)
RSC Adv., 2024, 14, 17832–17842 | 17833
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where F(i)is the area integral volume; lEx is the corresponding
excitation wavelength region; and lEm is the corresponding
emission wavelength region.
2.5 High-performance size-exclusion chromatography
(HPSEC) analysis

A gel permeation chromatography (GPC, Prominence, Shi-
madzu, Japan) equipped with a total organic carbon analyzer
(TOC, 1030W, Xylem, Hungary) detector was used to detect the
dissolved organic carbon and its molecular weight distribution,
while UV254 and its molecular weight distribution were detected
by an ultraviolet-visible spectrophotometer (UV-VIS, EVO300
PC, Thermo, the USA) detector.
2.6 RDA analysis

CANOCO 5.0 was employed for redundancy analysis (RDA) to
analyze the relationship between the indicators and formation
of THMs, and Monte Carlo tests were conducted to exclude
environmental factors that made small contributions prior to
the analysis.
2.7 Raw water analysis of plant-A and plant-B

The turbidity, concentrations of algal cells, UV254 and DOC were
lower in the source water extracted from Lake Tai than that
extracted from Lake Yangcheng. Alternatively, the aquatic pH
and bromine ion concentrations were higher in the source
water extracted from Lake Yangcheng than that extracted from
Lake Tai. Details of the quality of the source water in plant A and
B are presented in Table 1.
Table 1 Several indexes of raw water quality in plant A and B

Plant Turbidity (NTU) Aqueous pH
Algal cell concentration
(million L−1)

A 1.14 � 0.21 8.40 � 0.38 0.47 � 0.58
B 14.23 � 11.80 8.01 � 0.16 5.73 � 2.76

Fig. 2 Water supply variations over one day. (a) Concrete water supp
throughout a day.

17834 | RSC Adv., 2024, 14, 17832–17842
3. Results and discussion

The water supply of plant A varied with time, while plant B was
in a stabilized water supply with ∼7000 m3 h−1. The plateau of
water supply was between 8:00 am to 11:00 pm, in which plant A
provided over 10 000 m3 h−1 and contributed more than 60%
water supply. Hence, plant A acted as themodulator in the water
supply system (Fig. 2).
3.1 Temperature signicantly mattered in residual chlorine
and DBP distribution

Although the two plants applied consistent treatment processes
(pre-ozone – coagulation – sedimentation – sand ltration –

post-ozone – biological activated carbon ltration – disinfec-
tion), there was still some variability in their effluent quality due
to the difference of the two water sources. Table 2 shows the
variation in several common parameters of water quality at
different sampling sites from plant A to plant A. According to
Table 2, the change in pH was observed at the water supply
distance between A10 to A12 km, which varied in the range of
7.43–7.82 in the sample sites of plant A and A10 and 7.23–7.59
in the sites of plant B and A12. The turbidity of drinking water is
slightly higher in summer and winter (range from 0.10 to 0.17
NTU) than in spring and autumn (range from 0.10 to 0.12 NTU).
The variation in UV254 showed the same trend as pH at the point
of A10-A12, and the UV254 value of drinking water served by plant-
A was apparently lower than the value served by plant-B.
Furthermore, the DOC concentration in the DWDS section
near plant B was slightly higher than that near plant A.

Residual chlorine plays a crucial role in the inactivation of
pathogens throughout the entire DWDS. In some large-scale
UV254 (au cm−1) DOC (mg L−1)
Bromine ion concentration
(mg L−1)

0.0500 � 0.0047 3.34 � 0.27 0.081 � 0.020
0.0661 � 0.0076 3.77 � 0.40 0.067 � 0.013

ly amount. (b) Contribution of plant A and plant B at different times

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Several indexes of water sampled in different sites and different seasons

Season Site pH Turbidity (NTU) UV254 (au cm−1) DOC (mg L−1)

Spring Plant A 7.82 � 0.18 0.10 � 0.00 0.0257 � 0.0019 2.56 � 0.14
A10 7.74 � 0.02 0.12 � 0.04 0.0242 � 0.0027 2.58 � 0.09
A12 7.59 � 0.01 0.12 � 0.01 0.0283 � 0.0056 2.57 � 0.29
Plant B 7.57 � 0.02 0.11 � 0.01 0.0280 � 0.0053 2.46 � 0.34

Summer Plant A 7.54 � 0.08 0.15 � 0.09 0.0243 � 0.0008 2.45 � 0.25
A10 7.47 � 0.05 0.11 � 0.02 0.0265 � 0.0044 2.45 � 0.23
A12 7.44 � 0.15 0.15 � 0.03 0.0317 � 0.0018 2.46 � 0.04
Plant B 7.36 � 0.09 0.14 � 0.01 0.0313 � 0.0024 2.45 � 0.06

Autumn Plant A 7.43 � 0.09 0.14 � 0.05 0.0206 � 0.0018 1.98 � 0.10
A10 7.47 � 0.12 0.11 � 0.04 0.0213 � 0.0033 2.03 � 0.18
A12 7.29 � 0.02 0.17 � 0.02 0.0304 � 0.0043 2.44 � 0.18
Plant B 7.23 � 0.08 0.14 � 0.04 0.0323 � 0.0019 2.51 � 0.09

Winter Plant A 7.48 � 0.03 0.10 � 0.01 0.0275 � 0.0029 2.34 � 0.15
A10 7.50 � 0.03 0.10 � 0.01 0.0168 � 0.0016 2.33 � 0.12
A12 7.31 � 0.03 0.10 � 0.01 0.0308 � 0.0024 2.42 � 0.42
Plant B 7.30 � 0.05 0.11 � 0.02 0.0329 � 0.0010 2.55 � 0.35
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supply networks, secondary chlorination may be necessary.
However, in this study, no secondary chlorination sites were
deployed. According to Fig. 3, the highest residual chlorine was
observed at plant A and plant B, with concentrations ranging
from 0.7 to 0.9 mg L−1. These values are consistent with the
limit of 0.3 mg L−1 mandated by the Sanitary Standard for
Drinking Water of China. The residual chlorine concentrations
at the end of the network (locations A10 and A12) ranged from 0.1
to 0.5 mg L−1, which met the minimum requirement of
0.05 mg L−1. The decline in the concentration of residual
chlorine alongside the pipelines indicated the consumption of
residual chlorine to inactivate pathogens and potential reac-
tions with residual DOMs for the formation of DBPs. The
minimum concentration of residual chlorine was observed at
A10 with an average of 0.31 mg L−1 annually. However, a slight
increase in the concentration of residual chlorine was observed
when the pipelines were extended to A12 with an annual record
of 0.37 mg L−1. The variation in residual chlorine is a clear
indicator of the hydraulic junction, denoting that the junction
is between A10 to A12. The attenuation of residual chlorine in the
distribution system includes 2 categories. One is the main water
body attenuation, and the other is the attenuation alongside the
pipe wall. The main water body attenuation is caused by the
reactions of chlorine with organic matter, inorganic matter and
microorganisms in the water body.9,25–27 The attenuation
Fig. 3 Concentration of residual chlorine (a) and water temperature (b)

© 2024 The Author(s). Published by the Royal Society of Chemistry
alongside the pipe wall refers to the attenuation caused by the
reactions of chlorine with the sediment, rust and biolm
formed on the pipe wall.19,20,23 In a single-source DWDS, the
concentration of residual chlorine is negatively related to the
length of the pipe, and the concentration of residual chlorine is
always smaller than the minimum demand at the end of the
network. Therefore, secondary chlorination is necessary in this
type of distribution system.21,22,25 On the contrary, the mixture of
end water from different sources in a dual-source DWDS avoids
secondary chlorination due to the continuous complementary
in residual chlorine from two separate sources. The attenuation
at the junction is also shaped by the water supply amount.16,18,27

During the water consumption peak, the frequent domination
of water from distinct sources decreased the rate of attenuation.
In contrast, the trend was the opposite in the water consump-
tion valley, and the overdue hydraulic retention of water
provided enough time for the reaction between residual chlo-
rine and organics in water or biolm at the inner wall of the
pipe.16,28–31
3.2 Seasonal inuences on species and concentration of
DBPs

Clearly, the concentration of residual chlorine was related to the
seasonal change. Taking A10 for instance, the concentration of
at different months.

RSC Adv., 2024, 14, 17832–17842 | 17835

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01878h


Fig. 4 Concentrations of different DBPs at different months. (a) Trichloromethane (TCM); (b) bromodichloromethane (BDCM); (c) dibromo-
chloromethane (DBCM); and (d) tribromomethane (TBM).
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residual chlorine was larger than 0.3 mg L−1 from April to
September, with aquatic temperatures of 20 °C to 30 °C (Fig. 4).
In contrast, the concentration of residual chlorine at A10 was
smaller than 0.3 mg L−1 from October to the next February, with
aquatic temperatures of 5 °C to 20 °C. The highest values were
at A10 in January with an average of 0.46 mg L−1 when the
aquatic temperature was 9.6 °C (Fig. 3 and 4). This trend is
consistent with our analysis of the inuence of the temperature
on the concentration of DBPs. The relatively low aquatic
temperature slowed down the rate of attenuation, pushing the
concentration up to a higher level at the hydraulic junction. As
the aquatic temperature increased, the acceleration in attenu-
ation caused a decline in the concentration of residual chlorine
at the hydraulic junction. Recent reports also found that aquatic
temperature showed the biggest inuence on the attenuation
rate, and the effect of the concentration of organics and the
initial concentration of residual chlorine followed the aquatic
temperature.22,29–33

Furthermore, we detected the species and concentrations of
THMs due to their severe toxicity toward human health. As
presented in Fig. 4, 4 types of THMs at plant A and plant B were
at relatively low concentrations, and then the residual chlorine
reacted with THMs alongside the pipelines. Among the 4 THMs,
the average concentrations of trichloromethane (TCM) were
2.59 ± 0.95 mg L−1, 5.49 ± 0.91 mg L−1, 6.41 ± 03.29 mg L−1 and
4.18 ± 1.26 mg L−1 at plant A, A10, A12 and plant B, respectively.
The average concentration of bromodichloromethane (BDCM)
was 4.54± 1.26 mg L−1, 7.76± 2.04 mg L−1, 8.04± 3.0 mg L−1 and
5.45 ± 2.70 mg L−1 at plant A, A10, A12 and plant B, respectively.
17836 | RSC Adv., 2024, 14, 17832–17842
The lower TCM and BDCM concentrations at plant A resulted in
lower TCM and BDCM concentrations in the effluent at plant A
than that of plant B, with a decline of 38.7% and 23.3%,
respectively. Also, the lowest concentration of residual chlorine
was observed at A10, while the highest TCM and BDCM
concentrations were observed at A12. The difference in the
routine was mainly attributed to the reactions between the
residual chlorine and other organics inside the pipelines.14,20–22

With the variations in DBP concentration at A10 and A12 at
different months, it was also found that the concentrations of
TCM and BDCM were higher at A10 in February, March, April,
May, October and November. Also, this trend was the opposite
in the other months. The concentration of dibromochloro-
methane (DBCM) was the highest at A10 in January, February,
April, May, June, September, October, November and December
than the other sites, while the concentration of tribromo-
methane (TBM) was highest at A10 throughout the whole year.
This observation demonstrated that the minimum concentra-
tion of residual chlorine and the maximum DBP concentration
was not located at one site but rather settled at different sites
with variations in the water supply and water consumption.
Temperature played the biggest role in the reactions between
residual chlorine and DBPs. The concentrations of THMs were
lowest at plant A and plant B in January, February, March,
November and December, when the temperature was relatively
low during the year. The concentrations of 4 THMs were the
highest in June and July, when the water temperature in the
pipeline was the highest throughout the year. Wang et al.34

studied the relationships between THMs and pipeline water
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01878h


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 9
:5

5:
40

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
temperature in Suzhou also reported similar conclusions. Their
study found that the correlation coefficient of THMs and water
temperature was positively related to 0.9 and higher. From June
to September, the concentrations of THMs were higher than
other months at A10 and A12, whereas the concentration of
residual chlorine was not. This observation suggests that a high
water temperature at the junction made it more liable for
residual chlorine to react with the precursors of THMs.20–22,27

The relatively low concentration of residual chlorine could not
enable the disinfection effect, and the potential risk was high in
this section of the pipeline.

Due to the species of DBPs being diverse in the pipelines, the
distributions of the highest concentration of different DBPs
were not at the same site. The average concentration of TCM at
plant A, plant B, A10 and A12 was 2.59 ± 0.95 mg L−1, 4.18 ± 2.66
mg L−1, 5.49 ± 1.91 mg L−1 and 6.41 ± 3.29 mg L−1, and the
concentration of BDCM was 4.54 ± 1.26 mg L−1, 5.45 ± 2.70 mg
L−1, 7.76 ± 2.04 mg L−1 and 8.04 ± 3.00 mg L−1, respectively. The
highest concentrations of TCM and BDCMwere observed at A12.
The average concentration of TBM at plant A, plant B, A10 and
A12 was 2.55 ± 1.24 mg L−1, 1.82 ± 0.62 mg L−1, 3.08 ± 1.39 mg
L−1 and 2.30 ± 0.78 mg L−1, and the concentration of DBCM was
6.13 ± 1.77 mg L−1, 5.72 ± 2.02 mg L−1, 8.64 ± 2.46 mg L−1 and
7.78 ± 2.05 mg L−1, respectively. The highest concentrations of
TBM and DBCM were observed at A10. The concentration of Br−
Fig. 5 Three-dimensional fluorescence spectra of different sampling po

© 2024 The Author(s). Published by the Royal Society of Chemistry
was 0.081 mg L−1 and 0.067 mg L−1 at plant A and plant B,
respectively, and thus more precursors of Br− were at plant A,
which can react with residual chlorine. The resultant higher
concentrations of DBCM and TBM at plant A than at plant B had
values of 6.6% and 28.6% when the 2 plants were applied with
the same chlorine addition, respectively. Sun et al.35 study also
proved this opinion. Their study found that the bromine-
binding factor (BIF) of TCM increased from 0.5 to 0.8 when
the Br− concentration increased from 100 mg L−1 to 300 mg L−1,
and the increase in Br− concentration led to the conversion
from chlorinated DBPs to brominated species DBPs.

3.3 Constitution of organics of the water

The residual protein and humic acid may not be removed
completely, and thus their detection in water aer treatment
may occur. Compared with the quantitative analysis by UV254

and DOC, the three-dimensional uorescence spectroscopy
method is specialized in both the quantitative and qualitative
analysis of organics, which presents high sensitivity and high
efficiency without damage to the sample.6,10,13,21,22,28 We selected
samples in July as the target to analyze the constitution of
organics in water, and the result is presented in Fig. 5. The
regional integral method divided the spectra into 5 pieces,
which were located at Ex/Em = (200–250) nm/(260–320) nm
(area I), Ex/Em = (200–250) nm/(320–380) nm (area II), Ex/Em =
ints. (a) Plant A; (b) A10; (c) A12; and (d) plant B.
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(200–250) nm/(>380) nm (area III), Ex/Em = (250–450) nm/(260–
380) nm (area IV), and Ex/Em = (250–450) nm/(>380) nm (area
V), respectively. Area I and II represent the distribution of
biodegradable small molecule aromatic proteins. Area III is the
distribution of humic acid. Area IV represents the distribution
of microbial metabolites such as coenzymes, small organic
acids, and pigments. Area V shows the distribution of humic
acid with a large molecular weight. The primary distribution of
DOM was located at areas I, II and III, and one peak (Fig. 5) was
distributed in areas I and II simultaneously, while the other
peak was located at area IV. The distribution of 2 peaks repre-
sents the existence of tryptophan-like and tyrosine-like
substances, which are derived from the metabolism of algae,
bacteria and phytoplankton. Some reports also indicated they
came from protein-like substances.10,13,21,22,28

Fig. 6 shows the variations in the regional integral volume
and its values represent the variations in the concentration of
organics in an indirect way. As shown in Fig. 6, areas I, II and IV
account for a larger part than areas III and V, which is consis-
tent with the aforementioned result that the DOC primarily
consisted of aromatic proteins and dissolved microbial
metabolites. The regional integral volumes of sample from
plant A were 495 100 AU nm2, 692 160 AU nm2, 549 510 AU nm2,
867 330 AU nm2, and 532 570 AU nm2, respectively. The integral
volumes of the sample from plant B were 542 280 AU nm2, 833
700 AU nm2, 416 570 AU nm2, 1 334 300 AU nm2, and 389 710 AU
nm2, respectively. The regional integral volumes of samples of
plant A in areas I, II and IV were smaller than that of samples of
plant B, whereas the regional integral volumes of samples from
plant A in area III were larger than that of samples of plant B.
These differences denoted that the concentrations of aromatic
proteins and microbial metabolites in the samples from plant A
were higher than that in the samples from plant B, whereas the
concentrations of humic acid showed the opposite trend. The
regional integral volumes of the samples had larger values at A10

and A12 than the samples obtained at plant A and plant B. The
highest values in areas I, II, and IV were ascribed to the samples
obtained at A12, and the highest values in areas III and V were
credited to samples obtained at A10. The observation of
Fig. 6 Regional integral volume of three-dimensional fluorescence
area at different sampling points.

17838 | RSC Adv., 2024, 14, 17832–17842
aromatic proteins is usually related to the existence of uores-
cent organic waste and dissolved microbial metabolites con-
sisting of colors, proteins, coenzymes and small organic
acids.6,13,28 The high ratio of these organics in water is mainly
due to the variations in water quality during its transmission.
The main contributors to the variations in the compositions of
organics in pipelines are the oxidation by residual chlorine,
oxidation by contact between the water and inner wall of the
pipeline, and the degradation and metabolism by microbes.
The increase in regional integral volume was the largest in area
IV as the water was transmitted from plant A or plant B to A10

and A12, suggesting that microbial metabolites underwent the
largest variation during the water transmission. The second
greatest increase in regional integral volume occurred at area II
(protein-like chemicals). The biggest variations occurring in
areas IV and II were mainly due to the interactions between the
oxidants and the shed microbial lm, which was liable to form
at the inner wall of the cast-iron pipeline. Furthermore, the
microbes located at the inner wall produced some proteins,
nucleic acids and esters, which can also explain these varia-
tions. The main compositions in areas III and IV were humic
acid, which is more prone to react with chloride to form
precursors of many DBPs. For instance, the interaction between
humic acid and chloride generates small aromatic molecules,
and then bridges C–Cl bonds via chlorination.10,13,21,22,28 The
concentrations of this type of precursor of DBPs depended on
the oxidation capability of the disinfectant.

Fig. 7a and c depict the molecular weight distribution of
distinct organic matter fractions determined by DOC and UV254

detection of the corresponding sample point in July, respec-
tively. The organic matter components in the water were
primarily distributed in the range of 0.5 kDa to 10 kDa, with
peak positions of DOC and UV254 at 2.5 kDa and 8 kDa,
respectively. This result was also supported by previous
studies.10 Typically, compounds with molecular weights of >3
kDa were represented by UV254.35 Additionally, the area inte-
gration method was utilized to analyze the variations in the
different organic matter components based on the molecular
weights fractionated into ranges of <1 kDa, 1–3 kDa, 3–10 kDa,
and >10 kDa.10 Changes in the characteristics of organic matter,
for example, oxidative degradation of large molecules to small
molecules, could be initially detected by the changes in the
integrated areas of DOC and UV254 in the above ranges.

According to the data presented in Fig. 7b, the integrated
area of DOC with molecular weights of < 1 kDa decreased from
0.0051 A.U. at plan A to 0.0037 A.U. at A10, followed by an
increase to 0.0060 A.U. at A12 and 0.0067 A.U. at plant B. The
observed trend was similar to that of residual chlorine, indi-
cating that these substances serve as precursors for THMs. The
integrated area of DOC with a molecular weight in the range of
1–3 kDa was recorded as 0.0088, 0.0095, 0.0093, and 0.0142 A.U.
at plant A, A10, A12, and plant B, respectively, demonstrating
that substances with molecular weights between 1 and 3 kDa at
the water supply interface were more liable to be affected by
plant A. The integrated area of DOC with a molecular weight
between >30 kDa was recorded as 0.0002, 0.0001, 0.0001, and
0.0009 A.U. at plant A, A10, A12, and plant B, respectively. As
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 HPSEC analysis of organic matters with different molecular weights: (a) molecular weight distribution of DOC; (b) integral areas of DOC;
(c) molecular weight distribution of UV254 and (d) integral areas of UV254.
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shown in Fig. 7d, the integrated area of UV254 with molecular
weights of <1 kDa decreased from 0.0006 A.U. at plant A to
0.0002 A.U. at A10, followed by an increase from 0.0001 A.U. at
A12 and 0.0003 A.U. at plant B. Similarly, substances with
molecular weights in the range of 3–10 kDa and >30 kDa
exhibited a comparable phenomenon. The integrated area at
points A10 and A12 was lower than that of the water from plant A
and B. This further suggests that the DOC with higher molec-
ular weights was primarily oxidized and decomposed during the
water distribution process.
Fig. 8 Redundancy analysis on the relationship between the water
quality and different DBPs.
3.4 Proposed model at the junction of dual-source DWDS

A redundancy analysis (RDA) was conducted to examine the
relationship between water quality parameters and THMs,
aiming to identify the key factors inuencing the formation of
THMs. As depicted in Fig. 8, the data accounted for 53.83% and
8.13% of the variance on the rst and second axes, respectively.
A signicant negative correlation (p < 0.02) was observed
between water temperature (41.6%), residual chlorine (10.1%),
and THMs, particularly TBM, based on the RDA analysis.
Temperature emerged as a crucial factor affecting residual
chlorine decay and THM generation. Secondly, residual chlo-
rine was negatively correlated with the concentration of THMs,
which is another important factor affecting the generation of
THMs. This result is consistent with previous studies.36,37

Similarly, DOC (2.0%) and pH (0.3%) were negatively correlated
with THMs, but their effects were not as signicant as residual
chlorine. The impact of water quality parameters on THMs
© 2024 The Author(s). Published by the Royal Society of Chemistry
varied across different sections of the water supply pipeline; for
instance, pH, DOC, SUVA, and UV254 displayed a negative
association with THMs in WDS, whereas turbidity (the explain
value only reached 0.1%) exhibited a positive correlation with
THMs (Table 3).

The scenario of the hydraulic junction of the dual-source
opposite water supply is more complex than DWDS with
a single source. A previous study18,20 suggested that water supply
pressures from two DWTPs can counteract each other, leading
to stagnation and aging of water in junction pipes. As a result,
microorganisms adhering to the pipe walls may release meta-
bolic substances that act as THM precursors. Due to hydraulic
RSC Adv., 2024, 14, 17832–17842 | 17839
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Table 3 The interpretation and results of RDA analysis

Name Explains (%) Contribution (%) Pseudo-F P

Temperature 41.6 66.5 101.0 0.002
Residual chlorine 10.1 16.1 29.4 0.002
SUVA 8.0 12.8 27.9 0.002
pH 0.3 0.4 1.0 0.380
DOC 2.0 3.2 7.3 0.002
UV254 0.5 0.8 1.8 0.158
Turbidity 0.1 0.2 0.4 0.708

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 9
:5

5:
40

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
mixing in the junction pipes, the residual chlorine concentra-
tion in this area reaches its lowest point, with its location
subject to seasonal shis and inuenced signicantly by water
age. Consequently, optimizing the chlorination dosing process
and regularly monitoring THMs within dual-source DWDS are
crucial in municipal water management to strike a balance
between effective disinfection and THM formation control. We
combined the observation in our study and that in the literature
and proposed a model of the junction in this study. The
complex interactions between the sediment, slime and biolm
formed on the inner wall of the pipeline combined to form
irregular rings during the long-termwater supply process. In the
single-source DWDS, water safety suffered a very limited risk
due to the less hydraulic disturbance.3,15–17,26 However, in the
dual-source DWDS, the variation in water consumption was very
large and presented a dynamic variation. As water consumption
decreased covered by water supply from plant A, the hydraulic
junction shied toward plant B and vice versa. This type of
variation exacerbated the ourish on the inner wall and
enhanced hydraulic mixture and uctuation. The more
unstable hydraulic scenario made it more suitable for biolm
abscission at the inner wall, causing an increase in turbidity
and chlorination, and ultimately aggravating the water quality.
The hydraulic uctuation in the hydraulic junction enabled the
thorough mixture of residual chlorine and organics, and thus
the concentrations of DBPs increased. Furthermore, the
hydraulic mixture also allowed the remaining residual chlorine,
which avoided the exhaust of residual chlorine occurring in the
single-source DWDS. Thus, the disinfection could be ensured.
Generally, water quality at the hydraulic junction of dual-source
DWDS showed a high risk due to its vulnerability to hydraulic
uctuation, and more efforts should be made to guarantee the
water safety and quality in this area.

4 Conclusions

(1) The turbidity was smaller than 0.2 NTU in water both from
plant A and plant B. The water pH in plant A was higher than
that in plant B, while the concentrations of UV254 and DOC
showed the opposite trend. The average concentration of
organics in A10 was higher than that in plant A in Summer and
Autumn, while the opposite was observed in Winter and Spring.

(2) Water temperature played the biggest role in the forma-
tion and concentration of DBPs and residual chlorine. The
concentration of THMs was much higher between June to
17840 | RSC Adv., 2024, 14, 17832–17842
September than other months at the hydraulic junction. The
concentration of residual chlorine was the lowest at A10, while
the concentration of TCM and BDCM was the highest at A12.
Plant A contained more chlorine-prone brominated precursors,
while plant B contained more chlorine-prone chlorine precur-
sors, resulting in higher concentrations of DBCM and TBM at
plant A than plant B with values of 6.6% and 28.6% when the 2
plants were applied with the same chloride addition,
respectively.

(3) The main composition of DOMs was aromatic protein-
like organics and metabolites. The regional integral volume
was higher in A10 and A12 than plant A and plant B. The biggest
values were observed at areas I, II and IV at A12, while A10 scored
the highest values in regional integral volume at areas III and V.

(4) The DOC with higher molecular weights in the range of 3–
10 kDa and >30 kDa was primarily oxidized and decomposed
during the water distribution process. The substances with
molecular weights in the range of 1–3 kDa at the water supply
interface could be oxidized and decomposed completely. The
hydraulic uctuation in the hydraulic junction enabled the
thorough mixture of residual chlorine and organics, and thus
increased the concentrations of DBPs.
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