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Residual manganese(II) in finished water undergoes further oxidation and deposition in drinking water distri
bution systems (DWDS), and Mn deposits can function as sites for accumulating organic and inorganic pollutants.
This study aims to explore how Mn transformation and deposition affect the formation of disinfection byproducts
(DBPs) in chlorinated DWDS, and trihalomethanes (THMs) was selected as a representative DBP. In a 100 μg/L
Mn system, regulated THMs (chlorinated/bromated-THMs) increased by over 20% higher than Mn-free system
after 150-day operation; when 50 μg/L iodide (I− ) entered pipe systems after 150 days, iodinated THMs (I-THMs)
in 100 μg/L Mn system increased by over 30% compared with Mn-free system. These promotions were attributed
primarily to the accumulation of biomolecules and organic substances by tight and hard chlorinated Mn deposits.
The residence of inactivated cells and the bridging role of surface Mn(III) in Mn deposits increased the quantity of
THM precursors in DWDS. Furthermore, the rapid catalytic oxidation of Mn(II) by preformed Mn oxides (MnOx)
inhibited the conversion of free iodine (HOI/OI− ) to iodate, resulting in the generation of more I-THMs. This
study provides new insights into the DBP risks caused by Mn in DWDS.

1. Introduction
The formation of halogenated disinfection byproducts (DBPs) is a
non-negligible drawback of drinking water chlorination, which may
lead to higher health risks, such as bladder cancer (Evlampidou et al.,
2020), especially for brominated trihalomethanes (THMs), which is
associated with hepatic injury and type II diabetes mellitus (Makris
et al., 2016). Among halogenated DBPs, THMs is detected extensively in
tap water with relatively high concentration (Huang et al., 2017; Yu
et al., 2019). The total regulated THMs (chlorinated/bromated THMs:
dibromochloromethane (DBCM), dichlorobromomethane (DCBM), tri
chloromethane (TCM), and tribromomethane (TBM)) are restricted as
less than 80 μg/L by the United States Environmental Protection Agency
(USEPA), and the sum of the ratio of each regulated THM concentration
to its respective limiting value (DBCM 100 μg/L, DCBM 60 μg/L, TCM
60 μg/L, TBM100 μg/L) is restricted as less than 1.0 according to the
Standards for Drinking Water Quality of China (GB5749–2006). How
ever, the concentrations of regulated THMs could surpass the regulation
requirements in tap water of some regions, such as the measured average
value for THMs in Canada was 75 μg/L (Guilherme and Rodriguez
2014), total THMs in tap water in Cyprus reached to 70.0 μg/L (Gangler

et al., 2018), and a median of total THMs reached to 114.7 μg/L in
Sabadell, Spain (Villanueva et al., 2011). Moreover, the occurrence of
iodinated THMs (I-THMs) with higher cytotoxicity and genotoxicity is
also a great concern (Ding et al., 2013; Ioannou et al., 2016 ).
Previous studies demonstrated that unlined iron and copper pipes
with their corrosion products can significantly affect the DBP formation
process (Chu et al., 2016b; Hu et al., 2021a; Liu et al., 2013). Moreover,
the transformation and deposition of metals derived from finished water
in chlorinated DWDS are also very common (Bai et al., 2019; Bot et al.,
2016). Dissolved manganese ion (Mn(II)), which is relatively difficult to
be removed by drinking water treatment process, can be gradually
oxidized into particulate Mn oxides (MnOx) by disinfectant in DWDS,
especially in rural DWDS and urban terminal pipelines with long hy
draulic retention time (Li et al., 2020c). The processes of Mn(II) oxida
tion and deposition can be accelerated by coexisting metal (aluminum or
cupric ) ions or oxides (Allard et al., 2013; Li et al., 2018; Li et al.,
2020a). Moreover, Mn deposits can accumulate trace organic and
inorganic pollutants (Chen et al., 2020; Dong et al., 2000; McKenzie
1980), biogenic MnOx can adsorb more pollutants than synthetic MnO2
due to its higher specific surface area (Nelson et al., 1999). Hence, the
deposits are potential carriers for aquatic pollutants if they are released

* Corresponding author.
E-mail address: byshi@rcees.ac.cn (B. Shi).
https://doi.org/10.1016/j.watres.2021.117582
Received 7 June 2021; Received in revised form 4 August 2021; Accepted 18 August 2021
Available online 21 August 2021
0043-1354/© 2021 Elsevier Ltd. All rights reserved.

Y. Yu et al.

Water Research 204 (2021) 117582

to bulk water under hydraulic disturbance (Li et al., 2019).
The increased THM concentrations from finished water to con
sumers’ tap water were closely related to the presence of pipe scales and
biofilms on pipe walls (Guilherme and Rodriguez 2014; Makris et al.,
2014; Yu et al., 2019). Moreover, the Mn scales and metal divalent
cation (such as Ca2+) on pipe walls could increase biofilm risk in DWDS
even if plastic pipes were employed (Makris et al., 2014). It has
demonstrated that Mn concentration had significant correlation with the
total DBPs in plastic pipes (Yu et al., 2019), and Kurajica et al. (2021)
found that TCM was correlated with tyrosine-like component in DWDS
of a Croatian city, which was significantly positively correlated with Mn
(r = 0.36, p<0.05) in hydrant samples (Kurajica et al., 2021). It is
inferred that the accumulation of Mn would have effects on the forma
tion of DBPs in DWDS. Moreover, Mn was the main component in plastic
pipe deposits in areas which suffered from water discoloration problem
in tap water (Li et al., 2019; Yu et al., 2019). But the effects of Mn(II)
chlorination on the formation of DBPs are still inconclusive. Mn(II) was
found to enhance the formation of haloacetic acids (HAAs) from citric
acid and aconitic acid because of complexation or redox reactions (Tada
et al., 2020), however, a study showed that the yields of HAAs could be
decreased by formed MnOx coated on the algal cells (Ge et al., 2011).
Moreover, it was reported that the iodide (I− ) concentration could be up
to 103.8 μg/L in actual tap water, and the total Mn concentration (the
sum of Mn(II) and MnOx) was up to 63.9 μg/L (Li et al., 2019; Xu 2005).
The co-existence of I− , residual chlorine and Mn could be possible under
some actual DWDS conditions. Many studies proved that birnessite
(δ-MnO2) played an enhanced role in iodination of NOM in
disinfectant-free system. δ-MnO2 catalyzes the oxidation of I− to iodine
and the polarization of the iodine molecule (I2) which then reacts with
NOM to generate iodinated byproducts (Allard and Gallard 2013; Allard
et al., 2010; Gallard et al., 2009; Hao et al., 2018). In fact, the free iodine
(HOI/OI− ) generated by incomplete oxidation of I− will react with
organic matters to generate I-DBPs in chlorinated DWDS (Gong and
Zhang 2013; Jones et al., 2012). However, the formation of I-DBPs from
I− in the presence of Mn under chlorinated DWDS conditions has never
been reported.
The main purpose of this study is to reveal the roles of Mn trans
formation and deposition in the formation of regulated THMs and ITHMs in DWDS through pipe experiments as well as beaker experiments.
The compositions of Mn deposits in the presence and absence of free
chlorine were compared to better elucidate the characteristics of or
ganics accumulation in chlorinated DWDS.

2.2. Pipe experiments
2.2.1. Pipe experiment setup
The new polyethylene (PE) pipes (150 cm, DN 63), which are
commonly used as distribution pipelines in actual DWDS in many
countries (Holder et al., 2019; Jara-Arriagada and Stoianov 2021), were
soaked with 2% HNO3 solution for 24 h to eliminate the influence of
possible impurity metals and organics. Fig. 1 depicts the installation
diagram of the pipe experiments. A 5 L of 50 mg/L (as Cl2) free chlorine
stock solution and 250 L sand filtered water (from an actual water
treatment plant containing low Mn and I− concentrations) were pre
pared freshly every 24 h and they were sealed in bucket 1 and bucket 2.
Next, the free chlorine stock solution was mixed with sand filtered water
by suction pump and silicone tube (DN 3.1) to keep the concentration of
free chlorine at 0.9 ± 0.04 mg/L steadily in bucket 3. The Mn(II) stock
solutions in bucket a - d were freshly prepared with sand filtered water
every 24 h, the concentrations of Mn(II) in bucket a - d were 0 μg/L, 20
μg/L, 100 μg/L and 200 μg/L, respectively. Then, the Mn(II) solutions in
bucket a - d were mixed with the water in bucket 3 under the same flow
rate and entered the PE pipes together within 30 s. Free chlorine con
centration in the influent water of the PE pipes at this time was 0.45 ±
0.02 mg/L, and the concentrations of Mn(II) in corresponding PE pipes
were 0 μg/L, 10 μg/L, 50 μg/L, and 100 μg/L, respectively. The overall
goal of the above process was to ensure the same concentration of free
chlorine and gradient Mn(II) concentrations in influent water of the pipe
experiments. The concentrations of Mn(II) in pipe experiments con
formed to the typical regulatory level for Mn in finished water (in the
range of 50 - 100 μg/L) (Li et al., 2019). Besides, in order to compare the
morphological and compositional characteristics of Mn deposits at distal
DWDS lack of disinfectant, we set a nondisinfected PE pipe with 100
μg/L Mn(II) in influent water, which was obtained by directly mixing the
sand filtered water in bucket 2 with the water containing 200 μg/L Mn
(II) in bucket e at the same flow rate. All buckets were washed once a
week, and PE pipes were laid flat. The experimental water passed
through the PE pipes just once, and the effluents of pipe experiments
were discarded, this process was conducted daily. As to the flow rate, it
had not been changed during the whole 165-day pipe experiments,
which was 1.1 cm/min.
To observe the influence of Mn on the formation of I-THMs, 50 μg/L
I− was added to bucket a - d with gradient Mn(II) concentrations after
150-day operation. To make sure free chlorine was excessive for I− to
meet the actual drinking water conditions, free chlorine concentration
was adjusted to 2.0 ± 0.04 mg/L in bucket 3, free chlorine concentration
was 1.0 ± 0.02 mg/L in PE pipes correspondingly. After 157-day oper
ation, 50 μg/L I− was replaced by 200 μg/L I− and added it to bucket a d. The experiments were terminated on the 165th day. All waters used in
pipe experiments were prepared every 24 h.

2. Materials and methods
2.1. Materials
Stock solution (10 g/L) of dissolved manganese ion (Mn(II)) was
prepared by dissolving manganese sulfate monohydrate (MnSO4•H2O,
Sinopharm Chemical) in 1% HNO3. Sodium hypochlorite (NaClO,
38–72 g/L (as Cl2), Hushi, Shanghai) was used to prepare a chlorine
stock solution of 50 mg/L (as Cl2) every 24 h. Stock solution (500 mg/L)
of iodide (I− ) was prepared with KI (≥ 99.5%, Sinopharm Chemical) in
ultrapure water. Regulated THMs including DBCM, DCBM, TCM and
TBM were obtained from AccuStandard, Inc. (New Haven, CT, USA). ITHMs including dichloroiodomethane (DCIM), diiodochloromethane
(DICM), and triiodomethane (TIM) were obtained from J&K (China).
Methyl tert‑butyl ether (MTBE) was obtained from J&K (China).
Concanavalin A (ConA) and calcofluor white (CW) were obtained from
Sigma-Aldrich (America), fluorescein isothiocyanate (FITC) was ob
tained from MedChemExpress (America) and SYTO 63 was obtained
from ThermoFish Scientific (America).

2.2.2. Sampling processes of pipe experiments
Sampling processes for detecting conventional water quality pa
rameters and the concentrations of THMs in effluent water of pipe ex
periments are provided in Text S1. The collected effluent water samples
were immediately tested on site or pretreated in the laboratory. When
the pipe experiments were operated in 130 days, duplicated sections of
10 cm-long pipe pieces from each PE pipe were cut for THM formation
potential (THMFP) tests. When the pipe experiments were operated in
150 days, Mn deposits in PE pipes were collected to characterize their
morphology and composition, and the details of the sampling processes
are depicted in Fig. S1. The Mn deposits were scraped with a sterile
cotton swab from 5 cm-long pipe pieces, and the deposits were dispersed
into the phosphate buffered solution (PBS) for detecting seventeen hy
drolyzed amino acids (AAs) and colonies number. The extracellular
polymeric substance (EPS) in Mn deposits were obtained by
ultrasonication-centrifugation method developed by previous studies
(Jia et al., 2017; You et al., 2015). The detailed extraction procedures
are described in Text S2. Biofilm EPS is categorized as slime EPS (SEPS)
2
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Fig. 1. Pipe experiment setup: bucket 1: 50 mg/L free chlorine stock solution; bucket 2: 250 L sand filtered water; bucket 3: the sand filtered water with a stable free
chlorine concentration of 0.9 ± 0.04 mg/L; bucket a - e: fresh stock solutions of 0 μg/L, 20 μg/L, 100 μg/L, 200 μg/L and 200 μg/L Mn(II); after 150-day operation, I−
was added in bucket a - d simultaneously. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and bound EPS (Jia et al., 2017; Zhang et al., 2014). Bound EPS consists
of two layers, the inner layer is tightly bound EPS (TB-EPS), while the
outer layer is loosely bound EPS (LB-EPS) (Xing et al., 2020). All EPS
samples were prepared in triplicate.
Confocal laser scanning microscopy (CLSM, Zeiss LSM880, Ger
many), scanning electron microscope (SEM, Nova NanoSEM 450,
America), atomic force microscopy (AFM, Bruker, Germany), X-ray
photoelectron spectroscopy (XPS, Thermo Scientific, America), and Xray diffraction (XRD, Rigaku Corporation, Japan) were used to explore
the morphological and compositional characteristics of the Mn deposits
collected on the 150th day. 0.5 × 0.5 cm pipe pieces were stained in situ
and characterized with CLSM. 0.3 × 0.3 cm thin pipe pieces from freezedried pipe sections were obtained for SEM analysis and AFM analysis.
The pipe pieces for CLSM, AFM, and SEM analysis were all cut from the
bottom parts of the PE pipes. Before PE pipe sampling, the cutter was
sterilized with alcohol. Mn deposits in 15 cm freeze-dried PE pipes were
scraped for XRD and XPS analysis. Moreover, after the experiments ran
for 165 days, the Mn deposits exposed to 1.0 mg/L free chlorine were
collected in the same way for XPS analysis.

would yield low HOI/OI− that is not sufficient for characterization.
During each experiment, the water samples at selected times were pre
pared as follows: a 4 ml water sample filtered through a 0.22 μm filter
was collected and 1% HNO3 was added for dissolving Mn; a 4 ml water
sample filtered with 0.45 μm filter was put into a centrifuge tube with
excess phenol and shaken to generate iodophenol for testing HOI/OI− .
All experiments in this study were conducted in duplicate at room
temperature (25 ± 1 ◦ C). The details of THMFP experiments are pro
vided in Text S3.
2.4. Analytical methods
The detection details of conventional water quality parameters are
given in Text S4 and the results of sand filtered water (influent water of
pipe experiments) are given in Table S1. For the determination of THMs,
water samples were extracted with methyl tert‑butyl ether (MTBE) and
analyzed by a gas chromatograph equipped with an electronic capture
detector (GC/ECD, Agilent 7890B, America) and an HP-5 fused silica
capillary column (30 m × 0.25 mm, 0.25 μm, Agilent, America), the
details of the detection methods are provided in Table S2. For seventeen
kinds of hydrolyzed AAs analysis, the detection details are described in
Text S5. Iodophenol formed by HOI/OI− and phenol was quantified by
high-performance liquid chromatography (HPLC, Agilent 1260, Amer
ica), the detection details of iodophenol are given in Text S6. The zeta
potentials of three types of EPS samples were determined using a Zeta
sizer (Nano ZS90, Malvern Instruments, UK). Inductively coupled
plasma mass spectrometry (ICP-MS NexION 300, PerkinElmer) and
inductively coupled plasma optical emission spectrometer (ICP-OES,
Shimadzu 9800, Japan) were used to quantify the Mn concentrations.
CLSM was used to visualize the spatial distributions of proteins,
polysaccharides and total cells (including live and inactivated cells) in
Mn deposits on inner walls of gradient Mn(II) concentrations systems.
ConA, CW, FITC and SYTO 63 were used to label the α-polysaccharides,
β-polysaccharides, proteins and total cells, respectively, in the deposits
in this study (Chen et al., 2007; Chen et al., 2006; Yu et al., 2011). The
staining details are described in Text S7, and the excitation and emission
wavelengths of each dye are listed in Table S3. The quantitative pa
rameters of α-polysaccharides, β-polysaccharides, proteins and total
cells according to the area coverage were obtained with ZEISS confocal
software (ZEN black edition). In addition, elastic modulus (Young’s

2.3. Beaker experiments
In order to further explore the influence of Mn on I-THMs formation
in pipe experiments, the formation of HOI/OI− (the main active product
leading to I-THMs) from I− was studied under the following beaker ex
periments: (i) the chlorination of Mn(II) with preformed MnOx; (ii) the
chlorination of Mn(II) without preformed MnOx; (iii) the chlorination
with preformed MnOx but without Mn(II) and (iv) the chlorination
without Mn(II) and preformed MnOx. The preformed MnOx in (i) and
(iii) was obtained by oxidizing 2 mg/L Mn(II) with 4.5 mg/L free
chlorine in 1 L ultrapure water for 50 h, the ultrapure water was kept at
pH 7.8 ± 0.1 with carbonate buffer and NaOH or HCl adjustment in glass
beakers under rapid magnetic agitation. Then free chlorine concentra
tion was adjusted to 4.5 mg/L once again in (i) and (iii) with formed
MnOx, and the same concentration of free chlorine was added to 1 L
ultrapure water in two glass beakers for (ii) and (iv) experiments, pH
was adjusted to 7.8 ± 0.1 in four beaker experiments. The HOI/OI−
formation was initiated by adding fresh 2.5 mg/L I− and 2.5 mg/L Mn(II)
solutions to reactors. The dosage of free chlorine, I− and Mn(II) were
relatively high in beaker experiments because low I− concentration
3
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modulus, E) of freeze-dried deposits on inner walls were estimated by
AFM. The details are provided in Text S8.

than that in Mn-free system; I-THMs increased by 23% after I− con
centration was increased from 50 μg/L to 200 μg/L. Clearly, the presence
of Mn increased the risk of I-THMs.
In addition, the average values of colonies number (microbiological
water quality indicators), turbidity and dissolved organic carbon (DOC)
in effluent exhibited an increasing trend with the increase of Mn(II)
concentration in influent water during 150 days (Fig. S2). The correla
tion analysis indicated that there were significant positive correlations
between Mn(II) concentration in influent water and the average values
of colonies number (r = 0.99, p = 0.01), turbidity (r = 0.97, p = 0.00),
DOC (r = 0.73, p = 0.00) in effluent water. When the pipe experiments
were operated in 130 days, the THMFPs of Mn deposits in 0 μg/L, 10 μg/
L, 50 μg/L and 100 μg/L Mn systems are shown in Fig. S3. The THMFP of
Mn deposits in 100 μg/L Mn system was the highest, and the THMFP of
Mn deposits increased with the increased Mn(II) concentration in
influent water of pipe experiment. It was inferred that the characteristic
and composition of Mn deposits might enhance the THM formation in
the effluents of pipe experiments.

3. Results and discussion
3.1. The THM profile in effluent water of PE pipes
During pipe experiments, the concentrations of regulated THMs or ITHMs in the effluents of gradient Mn systems with chlorination were
tested regularly. The THM concentration in the influent of PE pipes was
7.1 ± 1.3 μg/L during the pipe experiments, which was due to the
disinfection reactions prior to entering pipes. Fig. 2 shows the percent
differences of regulated THM concentrations from the first day to the
150th day and the concentrations of I-THMs in effluents of gradient Mn
systems with 50 μg/L I− (151–157 days) and 200 μg/L I− (158–165 days)
taking the Mn-free system as a reference. When influent water contained
100 μg/L Mn(II), the average concentration of regulated THMs was 18.3
μg/L on the 150th day increased from 10.9 μg/L on the first day; while
there was no Mn(II), the average concentration of regulated THMs was
15.0 μg/L on the 150th day in the effluent of pipe experiments increased
from 12.5 μg/L on the first day. Compared with the Mn-free system, the
percent difference of regulated THMs concentration in 100 μg/L Mn
system on the first day was − 13%, which could be attributed to the
consumption of free chlorine due to oxidation of Mn(II). However, the
regulated THMs concentration in 100 μg/L Mn system on the150th day
was 22% higher than Mn-free system, and the percent differences were
12% higher for 50 μg/L Mn system. The results of the paired-samples ttest indicated that the difference of regulated THM concentrations be
tween the 100 μg/L Mn system and Mn-free system was significant (p =
0.02, from 50 to 150 days).
Given the high cytotoxicity and genotoxicity of I-DBPs, the pipe ex
periments simulated the formation of I-THMs when Mn systems con
tained I− after 150-day study of regulated THMs. The concentrations of
I-THMs increased in Mn systems contained 50 μg/L I− (151–157 day)
and 200 μg/L I− (158–165 day) compared with Mn-free system in Fig. 2.
As the Mn(II) concentration increased in influent water, more I-THMs
formed with DICM accounting for the highest proportion. In 100 μg/L
Mn system with 50 μg/L I− , the I-THMs concentration was 32% more

3.2. The characteristic of Mn deposits
3.2.1. Formation of Mn deposits
Fig. 3 depicts the temporal variations of total and dissolved Mn
concentrations in pipe experiments with gradient Mn(II) concentrations.
As the operating time elapsed, the concentrations of total and dissolved
Mn in the effluent decreased, indicating that Mn deposits were gradually
formed (Fig. 3a, b, c). Moreover, the MnOx (the difference between total
and dissolved Mn) in effluents of gradient Mn systems increased during
later stage when Mn deposits formed already. It was consistent with
previous studies that rapid catalytic oxidation reactions of Mn(II) will
occur in the presence of MnOx (Allard et al., 2013; Li et al., 2020a). In
addition, the consumptions of free chlorine between the influents and
effluents of PE pipes with gradient Mn(II) concentrations would increase
as operating time of pipe experiments extended. Taking chlorinated
system with 100 μg/L Mn(II) as an example, the consumption of free
chlorine on the first day was 0.23 ± 0.03 mg/L, however, the con
sumption increased to 0.36 ± 0.06 mg/L on the 150th day. Therefore,
MnOx showed a rapider deposition behavior during later stage of the
experiments due to the rapid catalytic oxidation of Mn(II), resulting in
increased free chlorine consumption. In terms of nondisinfected system
with 100 μg/L Mn(II) (Fig. 3d), the constant concentrations of total and
dissolved Mn in the effluent during 150 days indicated that the biolog
ical oxidation process was slow, probably because the inner wall of PE
pipe was not conducive to the enrichment of the Mn related
microorganisms.
3.2.2. The morphology of Mn deposits
Inner walls of nondisinfected PE pipe with 100 μg/L Mn(II) and
chlorinated PE pipe with 100 μg/L Mn(II) are shown in Fig. S4. A series
of enlarged SEM images under different experiment conditions (with or
without free chlorine; 100 μg/L and 50 μg/L Mn(II)) are shown in
Fig. S5. Loose deposits were formed in nondisinfected system with 100
μg/L Mn(II), and there were apparent nodules with pores in the deposits,
which was consistent with the literature (Murdoch and Smith 1999). In
addition, Fig. S5b, e, c and f represent the relatively tight Mn deposits
formed by chlorination of 100 μg/L and 50 μg/L Mn(II) on inner walls.
The area covered by Mn deposits on inner wall increased with the in
crease of Mn(II) concentration in chlorinated influent water. To compare
the deposits mechanical property, the elastic modulus (Young’s modulus
E) was measured by AFM (Fig. 4). The mean value of E in chlorinated Mn
deposits with 100 μg/L Mn(II) was three times higher than that of
nondisinfected Mn deposits (430.6 MPa vs. 131.4 MPa), and the mean
value of E in chlorinated Mn deposits with 50 μg/L Mn(II) was 211.8
MPa. The stiffness of Mn deposits significantly increased during free
chlorine exposure, and the stiffness increased with the increased Mn(II)
concentration in the chlorinated influent water. The tight and hard Mn

Fig. 2. The percent differences of regulated THMs concentrations from the first
day to the 150th day and the concentrations of I-THMs in effluents of gradient
Mn systems with 50 μg/L (151–157 days) and 200 μg/L I− (158–165 days)
based on Mn-free system. Pipe experiment conditions from the first day to the
150th day: free chlorine = 0.45 ± 0.02 mg/L, pH = 8.0 - 8.3, DOC= 1.22 - 2.13
mg/L; the conditions from the 151th day to the 165th day: free chlorine = 1.0 ±
0.02 mg/L, pH= 8.1 - 8.2, DOC= 1.75 - 2.09 mg/L). Error bars are the percent
standard deviations of duplicate effluent water samples collected in a week.
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Fig. 3. The temporal variations of the total and dissolved Mn concentrations in PE pipe effluents from the first day to the 150th day. Pipe experiment conditions: free
chlorine = 0.45 ± 0.02 mg/L in (a), (b) and (c), free chlorine = 0 mg/L in (d); pH = 8.0 - 8.3, DOC= 1.22 - 2.13 mg/L. Error bars are the standard deviations of
duplicate effluent water samples collected in five days during former 35 days and in a week during latter 115 days.

by chlorination of Mn(II). The XRD pattern of the Mn deposits (chlori
nation of 100 μg/L Mn(II)) is provided in Fig. S6. According to the XRD
data previously reported, the most important metal crystals were man
ganese dioxide (MnO2) and calcium carbonate (CaCO3) (Chen et al.,
2020; Li et al., 2020b). The results of proteins, polysaccharides and total
cells in top views of chlorinated Mn deposits (gradient Mn(II) concen
trations) and nondisinfected Mn deposits (100 μg/L Mn(II)) were
determined by CLSM in situ on the 150th day (Fig. 5a, b, c, d, e). Com
bined with the quantitative results in Fig. S7, the amounts of proteins,
α-polysaccharides, β-polysaccharides and total cells increased signifi
cantly with the increase of Mn deposit area, and their amounts in Mn
deposits formed by chlorination of 100 μg/L Mn(II) were 19, 137, 17 and
127 times higher than that of deposits without Mn(II), respectively.
Moreover, biomolecules (proteins and polysaccharides) in chlorinated
Mn deposits under free chlorine exposure were higher than that of
nondisinfected deposits when influent water with 100 μg/L Mn(II). Be
sides, the results for total AAs were similar with biomolecules quantities
by CLSM (Fig. S8). The sequence of AAs was: serine (Ser) > asparagine
(Asp) > glutamic acid (Glu) > arginine (Arg) > histidine (His) >
phenylalanine (Phe) > other AAs, accounting for 28%, 16%, 14%, 7%,
6%, 5% and 23% of the total AAs, respectively.
In terms of microorganisms in chlorinated Mn deposits, the amount
of total cells (including live and inactivated cells) increased with the
increase of chlorinated Mn deposits, which was consistent with the
result of colonies number (Fig. 5f). However, the amounts of total cells
and colonies number were the opposite in chlorinated and non
disinfected Mn deposits (100 μg/L Mn(II) in influent water). The amount
of total cells in chlorinated Mn deposits was higher than that in non
disinfected Mn deposits, but colonies number in chlorinated Mn deposits
was lower than that in nondisinfected Mn deposits, indicating that dead
cells inactivated by free chlorine still remained in the chlorinated Mn
deposits. Literatures have reported that biomolecules in DWDS biofilm
can increase THM concentration in tap water (Hu et al., 2021b; Wang

Fig. 4. Elastic modulus (Young’s modulus E) of chlorinated Mn deposits (50
μg/L and 100 μg/L Mn(II)) and nondisinfected Mn deposits (100 μg/L Mn(II))
on the150th day. Error bars are the standard deviations of 100 indentation tests.

deposits were difficult to be removed by pipe network flushing (a
routine pipe network maintenance measure), therefore, the effects on
the DBP formation in DWDS were continuous.
3.3. The composition of Mn deposits
3.3.1. Biomolecules in Mn deposits
The temporal variations of regulated THMs in PE pipes effluents were
closely related to the composition of Mn deposits on inner walls formed
5
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Fig. 5. CLSM images of proteins (green), α-polysaccharides
(yellow), β-polysaccharides (blue) and total cells (red) in top
views of Mn deposits: (a) 0 μg/L Mn(II), (b) 10 μg/L Mn(II), (c)
50 μg/L Mn(II), (d) 100 μg/L Mn(II), (e) nondisinfected Mn de
posits (100 μg/L Mn(II)) and (f) the colonies number and the
intensity of total cells in chlorinated Mn deposits and non
disinfected Mn deposits on the 150th day. Error bars are the
standard deviations of duplicate Mn deposit samples. (For
interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

et al., 2013). Furthermore, His, Gly (Li et al., 2017), alanine (Ala) (Chu
et al., 2009) and tryptophan (Tyr) (Chu et al., 2016a) have been re
ported to generate THMs during the chlorination process.

respectively (Ahmed et al., 2018; Khan et al., 2020). Combining Fig. 6a,
b, when surface Mn(III) decreased under 1.0 mg/L free chlorine on the
165th day, the relative intensities of C–C/C = C and O–C = O also
decreased simultaneously. The carboxyl groups might come from bio
molecules and natural organic matters in raw water (Esparza-Soto and
Westerhoff 2003; Wang et al., 2012b), it was reported that the humic
acid and fulvic acid in raw water contained 4.9 and 6.1 mmol
COOH/g•C, respectively. Therefore, surface Mn(III) could play a
bridging role between Mn deposits and carboxyl organic matter (Huang
et al., 2020; Liu et al., 2009; Zhang et al., 2021), which enhanced the
accumulation of organic substances in Mn deposits. It was consistent
with the results previously reported that Mn(III) have the potential to
form complexes with ligands (pyrophosphate, EDTA, and citrate) under
certain natural water conditions (Klewicki and Morgan 1998; Madison
et al., 2011). And according to Schulze-Hardy rule (Nowicki and Now
icka 1994), trivalent ions are more efficient in the linkage process than
divalent and single charged ions (Ca2+, Mg2+, Na+, and K+). While the
increase of free chlorine caused the decrease of the bridging role of Mn
(III) in Mn deposits, the carboxyl groups in the Mn deposits decreased.
In addition, the results of zeta potentials of SEPS, LB-EPS and TB-EPS

3.3.2. Organic substances in Mn deposits
Within DWDS, untreated NOM has also been linked to enhanced
biological instability (Camper 2004), however, the accumulation
mechanism of organic matter in deposits of DWDS is rarely studied. XPS
analysis was performed to compare the Mn deposits formed by 100 μg/L
Mn(II) at free chlorine concentrations of 0.45 mg/L on the 150th day and
1.0 mg/L on the 165th day. The Mn 2p and C 1 s XPS spectra for the Mn
deposits formed by 0.45 mg/L and 1.0 mg/L free chlorine are given in
Fig. 6a, b. The characteristic peaks of Mn 2p in Mn deposits were at
642.8 eV and 654.2 eV (Fig. S9a, b), which were consistent with the
peaks of the electronic energy spectra of Mn 2p in MnO2 (Lan et al.,
2019). As shown in Fig. 6a, there were two peaks at binding energy =
641.6 and 642.8 eV, the components were attributable to the surface Mn
(III) and Mn(IV) species (Ji et al., 2020; Peng et al., 2020; Wang et al.,
2012a; Zhang et al., 2019), respectively. In Fig. 6b, the binding energies
at 284.8 eV and 288.7 eV attributed to C–C/C = C and O–C = O bonds,
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experiments were conducted to further observe the effects of this process
on I-THMs formation. Because I-THMs mainly comes from the NOM
oxidation by HOI/OI− , this section mainly discussed the generation of
HOI/OI− .
Fig. 7 shows the formation of HOI/OI− from I− in the presence and
absence of catalytic oxidation of Mn(II) during chlorination in beaker
experiments. The corresponding variations in dissolved Mn and residual
free chlorine concentrations are shown in Fig. S11a, b. Obviously, the
production of HOI/OI− dropped to zero after 20 min under three con
ditions (ii, iii, and iv): chlorination of Mn(II) in the absence of preformed
MnOx, chlorination of Mn(II) in the presence of preformed MnOx and
chlorination without any forms of Mn. However, when MnOx formed in
situ, the concentration of HOI/OI− could be maintained for 240 min
during catalytic oxidation of Mn(II) (i). Hence, the catalytic oxidation of
Mn(II) by MnOx resulted in higher HOI/OI− concentration.
Previous studies can explain above result, the reaction rate constant
of I− and free chlorine to form HOI/OI− is 4.3 × 108 M − 1 s − 1, the
reaction rate constant for the subsequent IO2− formation from free
chlorine and HOI/OI− is 8.20 M − 1 s − 1 (Bichsel and Gunten 1999). The
reaction rate constant for subsequent IO3− formation from IO2− and free
chlorine is 1 × 106 M − 2 s − 1 (Liu et al., 2014). In practical DWDS, the
formation of IO3− is a rapid process, which can decrease the formation of
I-DBPs. However, when MnOx formed, the reaction rate constant of Mn
(II) and free chlorine can increase from 6.4 × 10− 4 M − 1 s − 1 to 4 × 106
M − 2 s − 1 at pH=8.0 (Allard et al., 2013). Hence, the catalytic oxidation
reaction of Mn(II) could inhibit the oxidation of HOI/OI− to IO3− ,
resulting in more residue of HOI/OI− . Accordingly, if residual Mn(II) in
finished water enters chlorination DWDS, the rapid catalytic oxidation
reaction of Mn(II) is initiated by formed Mn deposits, which would in
crease the formation of I-DBPs in tap water in the presence of I− . Free
chlorine consumption by catalytic metal oxidation such as Mn(II) and Pb
(II) oxidation is common in DWDS (Li et al., 2020a; Pan et al., 2019).
However, according to the I-DBPs formation mechanism, when the ratio
of the free chlorine concentration to the I− concentration is relatively
high (the disinfectant concentration in DWDS is relatively high or the I−
concentration is relatively low), this situation is not applicable.
Previous studies mainly focus on the effects of unlined cast metal
pipes and their corrosion products on DBP formation and transformation
in drinking water, but the influences of residual metal ions in

Fig. 6. Mn 2p (a) and C 1 s (b) XPS spectra for Mn deposits formed by chlo
rination of 100 μg/L Mn(III) on the 150th day (0.45 mg/L free chlorine) and on
the 165th day (1.0 mg/L free chlorine).

in Mn deposits formed by chlorination of gradient Mn(II) concentrations
on the 150th day confirmed the above analysis (Fig. S10). The zeta po
tentials decreased significantly when Mn deposits increased (Mn(II)
concentration increased in influent water), the compressed electrical
double layer decreased the potential energy between Mn deposits and
organic substances (Esparza-Soto and Westerhoff 2003; Wang et al.,
2012b), resulting in easier functional groups interactions, which can be
explained by Derjaugin, Landau, Verwey, and Overbeek (DLVO) theory
(Chen et al., 2020; Hermansson 1999).
3.4. Mechanism of I-THMs formation enhanced by Mn
As mentioned above in the formation of I-THMs in pipe experiments,
the presence of Mn could increase the I-THMs formation. I-THMs is
formed by the reaction of HOI/OI− with organic matter when I− intrudes
chlorinated DWDS (Gong and Zhang 2013). I− can be oxidized to
HOI/OI− when the concentration of chlorine is relatively low (Jones
et al., 2012), however, when there is enough free chlorine, preformed
HOI/OI− can be further oxidized to iodate (IO3− ) (Ullman et al., 1990).
Since the catalytic oxidation of Mn(II) consumes free chlorine, beaker

Fig. 7. HOI/OI− formation from I− during (i) the chlorination of Mn(II) with
preformed MnOx; (ii) the chlorination of Mn(II) without preformed MnOx; (iii)
the chlorination with preformed MnOx but without Mn(II) and (iv) the chlori
nation without Mn(II) and preformed MnOx. Error bars are the standard de
viations of duplicate beaker experiments.
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chlorinated DWDS are not paid much attention yet. Particularly, dis
solved Mn(II) that is difficult to be removed by traditional water treat
ment processes, could be gradually oxidized into particulate MnOx by
disinfectant in DWDS. It is reported that some areas have the problem of
water discoloration in tap water caused by formed MnOx in DWDS
whether it is rural or urban (Kurajica et al., 2021; Li et al., 2019).
Moreover, water flow condition would influence the thickness and
hardness of Mn deposits on pipe walls (Shen et al., 2016). The deposition
of particulate MnOx on the pipe wall not only cause the problem of water
discoloration in tap water but also the accumulation of microorganisms
and organic matter, which would inevitably affect the DBP formation
and transformation behaviors. Therefore, the practical implications of
this study are to reveal the influence of the chlorination and deposition
of the residual Mn(II) in finished water on the generation and trans
formation of THMs, which could provide more understanding on the
effective control of DBP risks and even together with the discoloration
issue control with a more comprehensive strategy from water treatment
plant to consumers’ taps.
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4. Conclusion
The present study, which revealed that Mn in chlorinated DWDS
gave rise to the DBP risk in tap water, can lead to the following
conclusions:
The formation of both regulated THMs and I-THMs could be
enhanced by Mn chlorination and deposition in chlorinated DWDS.
The accumulation of biomolecules and organic matters, which can
act as THM precursors, could be facilitated by the residence of inacti
vated cells and the bridging role of Mn(III) in Mn deposits on pipe walls.
I-THMs formation was enhanced by the free chlorine competition
between catalytic oxidation reaction of Mn(II) and further oxidation of
HOI/OI− to IO3− when Mn deposits formed in chlorinated DWDS.
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