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Drinking water discoloration is one of the most common customer complaints. The accumulation of
residual manganese (Mn) in drinking water distribution systems (DWDS) accounts for part of the discolored water that reaches household taps. Field studies were conducted at seven full-scale DWDS to
investigate the deposition and release behaviors of Mn in different forms and at different concentrations
in ﬁnished water. The results show that particulate Mn tended to accumulate in DWDS even at concentrations as low as 10 mg/L. The oxidation of soluble Mn(II) ions in DWDS was highly affected by water
chemistries as well as water age; 10 mg/L of soluble Mn could still transform into particulate Mn under
suitable conditions. When total Mn concentration in ﬁnished water was below 5 mg/L, erosion of Mn
deposits occurred in DWDS with a Mn deposit inventory. Soluble Mn release was observed when
chlorine or chlorine dioxide concentration was lower than 0.1 mg/L, and the release was speculated to be
a result of microbial reductive dissolution of Mn oxides. Ensuring the total Mn concentration is below
10 mg/L and decreasing the particulate Mn concentration to 5 mg/L in ﬁnished water are both recommended to minimize Mn accumulation risk in DWDS. Enhanced oxidation and ﬁltration for Mn removal
during water treatment processes are proposed.
© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction
The accumulation of loose deposits in drinking water distribution systems (DWDS) is a common issue regardless of the pipe
materials (Liu et al. 2014, 2017; Mussared et al., 2018; Poças et al.,
2013). Previous studies from different regions revealed that manganese (Mn) is one of the major elements in loose deposits (other
elements include aluminum, iron and silica) (Peng and Korshin,
2011; Rubulis et al., 2008; Sly et al., 1990b), especially the deposits formed in nonmetallic pipes that have been increasingly
installed worldwide to overcome corrosion problems (Cerrato et al.,
2006; Li et al., 2018; Murdoch and Smith 1999, 2000). Mn release
into bulk water can cause discoloration problems, which is
responsible for a large proportion of customer complaints

* Corresponding author. Key Laboratory of Drinking Water Science and Technology, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing, 100085, China.
E-mail address: byshi@rcees.ac.cn (B. Shi).
https://doi.org/10.1016/j.watres.2019.114897
0043-1354/© 2019 Elsevier Ltd. All rights reserved.

regarding drinking water quality (Ginige et al., 2011; Husband and
Boxall, 2011; Schlenker et al., 2008; Vreeburg and Boxall, 2007). In
addition, many kinds of trace metals, trace anionic compounds
(e.g., arsenate and chromate) and radionuclides have been found to
accompany Mn in loose deposits or bulk water and consequently
pose toxicological risks to public health (Friedman, 2009; Gerke
et al., 2016; Lytle et al., 2014; Schock et al. 2008, 2014).
Mn accumulated in DWDS is mainly from source water that
contains various concentrations of Mn. Without sufﬁcient removal,
residual Mn in ﬁnished water can undergo further transformation
and mobilization processes in DWDS (Prasad and Danso-Amoako,
2014). The formation of particulate Mn oxides in bulk water can
very easily lead to visually detectable color (Sain et al., 2014) and
the accumulation of Mn deposits on pipe surfaces. Soluble Mn(II)
species entering distribution systems can also be oxidized to form
particulate Mn oxides by either chlorine or chlorine dioxide that are
used for disinfection processes (Sly et al., 1989). Microbial oxidation
of Mn(II) also occurs in DWDS, especially in areas with insufﬁcient
disinfectant residual (Ginige et al., 2011; Murdoch and Smith, 1999;
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Sly and Arunpairojana, 1987; Sly et al. 1988, 1990a). The deposition
of particulate matter from bulk water to form loose deposits is
considerably affected by ﬂow velocity (Poças, 2014; Poças et al.,
2013). A ﬂow velocity that is neither too high nor too low is
thought to be necessary for the buildup of Mn deposits on pipe
surfaces. In addition to the oxidation of Mn(II), reductive dissolution of Mn oxides occurs under anoxic conditions, which is often
observed in natural water bodies or sediments (Myers and Nealson,
1988; Nealson et al., 2002). In real chlorinated distribution systems,
Mn-related bacteria have been isolated and can oxidize Mn(II),
reduce Mn oxides or both depending on the speciﬁc conditions
(Cerrato et al., 2006). However, the release of soluble Mn-resulting
from microbial reduction of Mn oxides has not been veriﬁed in real
DWDS.
To control Mn deposition in DWDS, there can be two practical
strategies: controlling the residual Mn concentration in ﬁnished
water and minimizing the transformation of soluble Mn(II) species
into particulate Mn oxides in DWDS (Khoe and Waite, 1989; Sly
et al., 1990b). Although drinking water standards for Mn vary
among different countries, a guideline level of 50 mg/L or 100 mg/L is
typically adopted worldwide (Sain and Dietrich, 2014). However,
neither of these two values is sufﬁcient for eliminating Mn discoloration problems in DWDS (Dietrich and Burlingame, 2015(Dietrich
and Burlingame, 2015); “yellow water” has been observed even
when the concentration of Mn entering the distribution system was
20 mg/L (Sly et al. 1989, 1990b; Waite et al., 1989). It is estimated that
approximately 40% of the public water supplies in the US contain
more than 50 mg/L Mn (Robinson et al., 1992). In China, no exact
data are available regarding the nationwide Mn concentrations in
ﬁnished water, but according to reports from water utilities and
“yellow water” publications (Chen et al., 2018; Xu et al., 2017), it can
be reasonably concluded that Mn-related discoloration is fairly
common under the current regulation standard (100 mg/L).
However, the effects of Mn concentration and species (soluble or
particulate) on its behavior (i.e., oxidation, reduction, deposition
and release) under different DWDS conditions are not clear. The
present work provides data from ﬁeld monitoring studies with the
aims of (1) revealing the behaviors of both soluble and particulate
Mn under different water quality conditions and (2) providing evidence for practical measures to minimize Mn deposition in DWDS.
2. Materials and methods

that carried water from WTPs to service lines; the pipe materials of
the service lines and household plumbing systems mainly included
polyethylene and polyvinyl chloride.
2.2. Water sampling and analysis
All the water sampling sites in GY and SY were close to distribution mains (refer to the map of SA-ST in Supporting Information
(SI) Fig. S1 as an example) to reﬂect the water quality in the main
pipes. In YX, the sampling sites were close to both the distribution
mains (refer to the sketch map in Fig. S2a) and service lines (refer to
the sketch map in Fig. S2b). Distributed water was sampled from
the household taps that were most commonly used by residents. To
avoid the collection of stagnant water inside a building, the initial
water ﬂow after opening the faucet was discarded. Typically, a
sample was taken after allowing the water to ﬂow for one to 2 min;
the water discharge time was not ﬁxed because at each site the
amount of stagnant water in the plumbing pipes varied and could
not be accurately determined. Tap water turbidity and pH were
measured in situ using a portable turbidimeter (Hach 2100Q) and a
pH meter (Hach HQ40d), respectively. Residual chlorine or chlorine
dioxide was detected by the DPD method using a Hach Pocket
Colorimeter II.
A 15-mL polypropylene centrifuge tube was used to collect
water for the total Mn concentration analysis; an additional water
sample was ﬁltered in the ﬁeld through a 0.22-mm polyethersulfone
membrane for the analysis of soluble Mn. Because colloidal Mn
(<0.22 mm) in drinking water systems is not common and is usually
only associated with ozonation (Kohl and Medlar, 2006), 0.22-mm
ﬁltration, as an operational standard procedure, was the best choice
to deﬁne the soluble metal fraction in the ﬁeld studies and has been
used in many published studies (Clark et al., 2014; Gregory, 2005;
Lytle et al., 2010). For some water samples, a 1.0-mm membrane was
also used to ﬁlter raw tap water to determine whether particulate
Mn determined by 0.22-mm ﬁltration was greater than that by
1.0 mm in size. Then, all the water samples were acidiﬁed in the
laboratory by nitric acid to obtain solution pH < 2. Inductively
coupled plasma mass spectrometry (Thermo iCAP Q ICP-MS) was
used to analyze metal concentration. For data quality control, at
least one of the blanks or “standard sample” of known concentration was measured every ten water samples. Particulate Mn concentration was the calculated concentration difference between
total Mn and soluble Mn.

2.1. Description of the study sites
2.3. Microbe sampling and analysis
In this ﬁeld study, water samples were taken from seven fullscale distribution systems in three different regions (i.e., GY, YX
and SY) in eastern China. These systems were chosen because of the
different Mn concentrations and species in their ﬁnished water,
which allow different Mn behaviors to be studied. The relevant
information about the study sites, the service areas (SAs) of each
water treatment plant (WTP), and sample types are listed in Table 1.
Among all the sampling areas, the service areas with histories of
water discoloration were regarded as “research areas”, while the
other areas were seen as “control areas” that were fed by ﬁnished
water containing very low levels of Mn (typically < 5 mg/L) for a
long time. As shown in Table 1, relatively small amounts of water
were supplied by the listed WTPs because all WTPs were in service
for rural towns where the residents were dispersed, and the water
demand was relatively low. It should be mentioned that each of the
study distribution areas was fed by only one WTP, allowing the tap
water quality to be compared with that of the ﬁnished water. In the
areas studied, cement mortar lined ductile iron pipes and highdensity polyethylene pipes (HDPE) were primarily used in the
laying of distribution mains (typically 400e1200 mm in diameter)

Microbe sampling was performed in two distribution systems,
SA-ST and SA-JS, in GY to investigate the possible microbial difference related to various Mn concentrations in ﬁnished water. The
two areas were selected because SA-ST was continuously fed with
water containing relatively high level of Mn (20e70 mg/L) from
WTP-ST while SA-JS received water from WTP-JS with very low Mn
residual (<2 mg/L) (Table S1), suggesting that the microbial communities in their pipe wall bioﬁlms could be different and thus
suitable for the comparative study. To collect microbial samples for
molecular biological analysis, ﬂushing water was collected during
water discharge from the distribution main outlets which are
similar to urban ﬁre hydrants. Then, 2 L of water was ﬁltered
through a 0.20-mm polycarbonate GTTP membrane (Millipore) to
collect materials for DNA extraction using FastDNA Spin Kits (MP
Biomedicals, USA) following the manufacturer's instructions.
The bacterial 16S rRNA genes were ampliﬁed through a polymerase chain reaction with the detailed conditions and primers
presented in the SI. Sequencing (2  250) was performed on the
Illumina MiSeq platform (Majorbio Co. Ltd., Shanghai, China). The
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Table 1
Relevant information about the sampling events at seven WTPs and SAs.
Location Water treatment plant
(WTP)

Water production
(104 m3/d)

Service area (SA) ID Disinfectant Water
sampling

Microbe
sampling

Deposit
sampling

Discoloration
history

GY

WTP-ST
WTP-JS
WTP-JB

3.5
1.0
20.0

WTP-ZZ
WTP-HF
WTP-EC
WTP-CZH

5.0
1.0
7.5
4.0

SA-STa
SA-JSa
SA-YX, SA-WS, SADSb
SA-ZZa
SA-HFa
SA-ECa
SA-CZHa

YX

SY

ClO2
ClO2
NaClO

Yc
Y
Y

Y
Y
N

N
N
Y

Y
N
Y

NaClO
NaClO
NaClO
ClO2

Y
Y
Y
Y

N
N
N
N

Y
N
N
N

Y
Y
N
N

a

Named after the WTP that fed them.
Named after three booster station facilities, YX, WS and DS, that pressurized the water delivered by the distribution mains from the WTP-JB and then delivered the water
by service lines to customers. Water samples were taken at the booster stations to represent the “ﬁnished water” from SA-YX, SA-WS and SA-DS.
c
“Y” means "Yes", “N” means "No".
b

generated sequences were then processed (i.e., ﬁltered, clustered,
and taxonomically assigned and aligned) using Quantitative Insights Into Microbial Ecology (QIIME). High-quality sequences were
clustered into operational taxonomic units (OTUs) based on 0.97
sequence similarity thresholds with Usearch. The taxonomy of each
16S rRNA gene sequence was analyzed by the RDP Classiﬁer against
the SILVA (SSU128) database using a conﬁdence threshold of 70%.
To identify possible microbial activities associated with Mn metabolism in DWDS, potential metabolic function proﬁles of the bacterial communities were predicted with PICRUSt (Phylogenetic
Investigation of Communities by Reconstruction of Unobserved
States, http://picrust.github.com, version 1.1.3) using the rareﬁed
OTU data with the copy number of the marker genes in the microbial genomes removed (Langille et al., 2013). Functional genes
were classiﬁed into clusters of orthologous groups (COGs) by
PICRUSt.
2.4. Pipe deposit collection
Pipe segments were exhumed from two distribution systems to
provide direct evidence for Mn deposition on the pipe surfaces of
distribution mains. In two planned exhuming projects, they were
harvested by cold sawing from a ductile iron pipe (800 mm in
diameter) in the service area of WTP-ZZ and a ductile iron pipe
(1000 mm in diameter) in the service area of WTP-JB. After these
segments were transported to the lab, the surface deposits were
gently scraped off with a spatula and collected for vacuum-freezedrying prior to further analysis. X-ray ﬂuorescence (Thermo ARL
Advant'XP þ) was used for the elemental composition analysis.
2.5. Statistical analysis
This study utilized some basic assumptions about the change in
particulate or soluble Mn concentrations in DWDS: (1) the ﬁnished
water sampled at a WTP and the distributed water sampled from
DWDS were from the same “package” of water and they were
comparable to each other (more details related to hypothesis (1)
were provided in the SI); (2) after the water entered DWDS, a
decrease in the particulate Mn concentration reﬂected deposition;
(3) an increase in the particulate Mn concentration indicated a
release from Mn deposits or the formation of particulate Mn
through Mn(II) oxidation; (4) a decrease in the soluble Mn concentration suggested the oxidation of Mn(II) ions; (5) an increase in
the soluble Mn concentration indicated reductive dissolution of Mn
oxides that had accumulated on the interior of pipes; and (6) the
change in the total Mn concentration indicated the net accumulation or net release of Mn in DWDS. A one-sample t-test was carried
out using SPSS Statistics (version 22) to determine whether there

was a signiﬁcant difference between Mn concentrations in ﬁnished
water and tap water. Before the t-test, the normality of the data was
tested, and the results showed that the variables (total Mn, soluble
Mn and particulate Mn) were approximately normally distributed
(signiﬁcance > 0.05) with no signiﬁcant outliers, which is required
for a one-sample t-test to give a valid result.

3. Results and discussion
3.1. Particulate Mn deposition
Particulates from a WTP are an important external source of
loose deposits in DWDS (Vreeburg et al., 2008). As shown in Fig. S3,
in the ﬁnished water of WTP-ST, there was often a relatively high
concentration of particulate Mn, ranging from 6 to 59 mg/L during
the whole study period, with an average concentration of 18.3 mg/L
and a proportion of 38.1%. This high concentration could be
attributed to the poor capacity of the ﬁltration process in the WTP
to retain Mn particles. As a result, discolored ﬁnished water was
observed several times even before it entered the distribution
systems.
As shown in Fig. 1a, when the total Mn concentration in the
ﬁnished water of WTP-ST was 63.9 mg/L, a signiﬁcant decrease in
the total Mn concentration was detected in tap water, with an
average reduction of 23 mg/L (p ¼ 0.000), indicating a signiﬁcant net
accumulation of Mn in DWDS. Furthermore, we found that particulate Mn mainly contributed to the decrease in the total Mn in tap
water. After entering the distribution systems, particulate Mn, with
a concentration of 58.1 m/L in ﬁnished water, experienced a nearly
50% decrease in DWDS, with an average reduction of 28 mg/L
(p ¼ 0.000).
As shown in Fig. 1b, the total Mn concentration in the ﬁnished
water of WTP-JB was less than 10 mg/L, and the particulate Mn
concentration was approximately 5.5 mg/L. In SA-YX, compared
with the ﬁnished water, the total Mn concentration decreased by
3.9 mg/L (p ¼ 0.000) and the particulate Mn concentration
decreased by 2.2 mg/L (p ¼ 0.003) on average. These results indicated that if the particulate form of Mn accounted for the main
proportion of Mn, Mn deposition could still occur in DWDS even
when the total Mn concentration was as low as approximately
10 mg/L. It should be noted that the sampling sites in SA-YX were
close to service lines with slow ﬂow velocities and long hydraulic
residence times, which might be beneﬁcial for particle deposition.
Fig. S4 shows a comparison of particulate Mn in tap water in SAST with particle sizes >1.0 mm and >0.22 mm. Most of the particulate
Mn identiﬁed by 0.22-mm ﬁltration was larger than 1.0 mm in
diameter, with only an average difference of 5.0 mg/L. Because
particles larger than 1.0 mm are thought to more easily settle
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Fig. 1. The decrease in particulate Mn concentration in distribution mains in (a) SA-ST and (b) SA-YX when the proportion of particulate Mn was dominant in ﬁnished water.
Sampling sites with larger numbers denote distances farther from the WTP. Short dashes are for ease of comparison between ﬁnished water (FW) and tap water.

(Gregory, 2005), residual particulate Mn in ﬁnished water could
have a high potential to accumulate on pipe surfaces. Decreasing
the load of Mn particles in ﬁnished water as much as possible is
necessary to minimize Mn deposition.
3.2. Stable transport of soluble Mn when the disinfectant
concentration and pH were relatively low
When Mn in ﬁnished water is mainly in a soluble form, then Mn
behavior in DWDS can be affected by water chemistry parameters,
such as the pH and disinfectant concentration. Sampling was performed in SA-ST when the soluble Mn fraction accounted for a large
proportion (~75%) of Mn in ﬁnished water. As shown in Fig. 2a, the
soluble Mn concentration did not apparently decrease during a 22km transport. The results of the one-sample t-test (Table S2)
conﬁrmed that the difference between the soluble Mn concentration in ﬁnished water and tap water (p > 0.05) was not signiﬁcant,
indicating no signiﬁcant transformation of soluble Mn into particulate Mn. This observation was further conﬁrmed by another
sampling, and the results are shown in Fig. 2b.
These results can be attributed to the low residual disinfectant
concentration and low pH of the ﬁnished water from WTP-ST.
During the above two sampling periods, the chlorine dioxide concentration in ﬁnished water was maintained at a very low level
(~0.1 mg/L) to avoid the occurrence of “yellow water”. Consequently, the chlorine dioxide residual concentration was quite low
in the tap water collected from SA-ST (0.07 mg/L for Figs. 2a and
0.06 mg/L for Fig. 2b on average). At the same time, the pH of the

source water, ﬁnished water and tap water was weakly acidic (pH
6.6e6.8), which would retard Mn(II) oxidation by chlorine dioxide
in DWDS (Knocke et al., 1991).
3.3. Transformation of soluble Mn when the disinfectant
concentration and pH were relatively high
When the residual disinfectant concentration and pH of ﬁnished
water are relatively high, chemical oxidation of soluble Mn(II)
species can be rapid in DWDS. As shown in Fig. 3a, soluble Mn at a
concentration as low as 6 mg/L in ﬁnished water still continued to
transform into particulates in the distribution process. When the
soluble Mn concentration in ﬁnished water reached 20 mg/L, the
soluble Mn concentration dropped by approximately 50% in DWDS
(Fig. 3b). For this sampling, the residual chlorine and chlorine dioxide concentrations in the ﬁnished water from WTP-ZZ and WTPST were 0.35 mg/L and 0.23 mg/L, respectively, and the pH values
were 7.75 and 8.05, respectively. Under conditions with high
oxidant concentration and pH, Mn(II) ions are kinetically much
easier to be oxidized into oxides in particulate form. In addition, the
decrease of soluble Mn concentration was overall greater at locations farther from the WTP, indicating that water age could also be
an important factor affecting Mn(II) oxidation in DWDS.
Consequently, although the concentration of particulate Mn in
ﬁnished water was only approximately 5 mg/L, the Mn accumulation risk increased in DWDS because of the formation of particulate
Mn in the distribution process. As shown in Fig. 3, at some of the
sampling sites, the net accumulation of Mn (i.e., the decrease in

Fig. 2. Soluble Mn concentration in the tap water in SA-ST with an average tap water ClO2 concentration of (a) 0.07 mg/L and (b) 0.06 mg/L. Short dashes are for ease of comparison
between ﬁnished water (FW) and tap water.
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Fig. 3. Variation in the total and soluble Mn concentrations at (a) SA-ZZ and (b) SA-ST. Sampling sites with larger numbers denote distances farther from the WTP. Short dashes are
for ease of comparison between ﬁnished water (FW) and tap water.

total Mn) could exceed 30%. Thus, reducing soluble Mn concentrations in ﬁnished water is necessary to minimize the formation of
particulate Mn. The observed sporadic release of particulate Mn
may be explained by the sloughing of Mn deposits under sudden
hydraulic disturbance during water sampling process. Site 5 in
Fig. 3b shows an apparently higher concentration of soluble Mn
than ﬁnished water, which could be related with the dissolution of
Mn oxides in DWDS. This phenomenon will be discussed in detail in
the following section.
3.4. Release of particulate Mn from pipe deposits
Fig. 4a shows an obvious increase in particulate Mn in tap water
sampled from locations close to the service lines in SA-ZZ (fed by
WTP-ZZ; sampling sites shown in Fig. S2b), indicating a dramatic
release of particulate Mn from the pipe surface. Although the total
Mn concentration in the ﬁnished water was as low as 5 mg/L, the
concentration in the tap water could still exceed 50 mg/L, a typical
regulation value for Mn. As shown in Fig. 5, the increase in the
particulate Mn concentration in tap water was found to be significantly correlated with the increase in water turbidity (p ¼ 0.001).
This evidence suggested that Mn deposits in DWDS are a potential
risk to drinking water quality and turbidity could possibly be an
indicator of particulate Mn increase in DWDS. Compared to Fig. 4a,
the tap water sampled near the distribution mains in SA-ZZ (see
Fig. S2a) showed a much lower release of particulate Mn (Fig. 4b).
Two reasons might explain this difference: 1) Mn was hardly

Fig. 5. Positive correlation between turbidity and particulate Mn concentration in SAZZ.

deposited on the inner surface of the distribution mains because
the water ﬂow velocity could be relatively high; or 2) Mn deposition did occur within distribution mains, but the formed Mn deposits were stable and not likely to be released into bulk water.

Fig. 4. The release of particulate Mn observed in (a) service lines and (b) distribution mains in SA-ZZ. Sampling sites with larger numbers in (b) denote distances farther from the
WTP. Short dashes are for ease of comparison between ﬁnished water (FW) and tap water.
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The results of the analysis of the pipe deposits collected from
distribution mains excluded the ﬁrst hypothesis. As shown in
Fig. 6a and Fig. 6b, brown pipe scale (2.1e8.5 g dry solids per square
meter of pipe surface) was present on the surface of the ductile iron
pipes. The scale was tightly attached to the pipe surface. The
elemental composition of the scale revealed by XRF analysis
showed that Mn and aluminum were the most abundant metallic
elements, followed by iron (and silicon). Because the water ﬂow
velocities in distribution mains are relatively high and steady, it is
reasonable to predict that deposits attached to the pipe surface are
relativley stable under the regular shear force caused by water ﬂow.
In contrast, the hydraulic conditions in service lines with smaller
diameters could be unstable due to the large variations in water
consumption from morning to night in rural areas. In conclusion,
the difference in Fig. 4a and b can be explained by the stability of
both the pipe deposits and hydraulic conditions. Since the hydraulics in DWDS may change greatly at different time of a day, for
example, in the morning peak and in the midafternoon, more
attention should be paid to the sampling time to obtain more details on hydraulics inﬂuenced particulate Mn release (e.g., multiple
samples could be taken at a single location but over a time span).

3.5. Release of soluble Mn when the disinfectant concentration was
low
As clearly shown in Fig. 7, compared to ﬁnished water, the soluble Mn concentration signiﬁcantly increased in the tap water
sampled in SA-ST, which suggested the release of soluble Mn during
the distribution process. In addition, the increase in soluble Mn was
overall consistent with the decrease of residual disinfectant concentration in tap water (typically the chlorine dioxide residual was
less than 0.1 mg/L). During the study period, the dose of chlorine
dioxide was almost always at a very low level, typically less than
0.2 mg/L, to avoid the occurrence of “yellow water” before the
ﬁnished water entered DWDS. However, microbial problems occur
when the residual disinfectant in distributed water is insufﬁcient.
In SA-ST, the total bacterial counts in tap water detected through
agar cultivation often exceeded 100 colony-forming units per
milliliter, the Chinese standard for drinking water quality. A similar
phenomenon also appeared sporadically at other service areas (e.g.,
at sampling site No. 5 shown in Fig. 3b and sampling site No. 11
shown in Fig. 4a). At the sites where the soluble Mn concentration
was signiﬁcantly higher than ﬁnished water, the tap water often
had a lower residual disinfectant concentration, typically less than
0.05 mg/L chlorine, and a higher total bacterial count (Fig. S5). Thus,
the elevated microbial activity was speculated to be responsible for
the reductive dissolution of Mn oxide deposits that had previously
accumulated. Previous studies have reported the release of soluble

Fig. 7. The increase in soluble Mn and decrease in residual chlorine dioxide in tap
water along the pipeline in SA-ST. Short dashes are for ease of comparison between
ﬁnished water (FW) and tap water.

Mn from full-scale ﬁlter media in WTPs due to the reduction of Mn
coatings by microorganisms (Islam, 2010; Swain et al., 2018).
The results obtained from DNA sequencing and metabolic
function predictions are presented to provide some evidence for
the above hypothesis. As expected, the sequencing results show
that the bacterial community structures in the ﬂushing water
collected from SA-ST were signiﬁcantly different from those in the
control area SA-JS at the phylum level (Fig. S6), genus level (Fig. S7),
and OTU level (Fig. 8). In addition, the functional gene prediction
results in Table 2 show that in SA-ST, the Mn-related metabolic
gene abundance was one or more orders of magnitude higher than
that in the control area SA-JS, which partly supports the presence of
more active microbes in SA-ST that are potentially associated with
the reductive dissolution and release of Mn deposits observed in
DWDS.
3.6. Factors inﬂuencing the visibility of particulate Mn and control
strategies for Mn deposition in DWDS
It has been reported that oxidized Mn(IV) at concentrations as
low as 5 mg/L can be visually detected; however, the detection of
Mn(IV) in a household environment can be affected by other factors, such as water depth, container size and color (Sain et al., 2014).
During this study, we did not observe a visible color when the
particulate Mn concentration exceeded 50 mg/L or even 100 mg/L in
the tap water sampled from SA-ZZ. However, according to the water
utilities surveyed in this and previous studies, ﬁnished water containing Mn at concentrations as low as 30 mg/L can be obviously

Fig. 6. Images of ductile iron pipe segments scavenged from (a) the service area of WTP-ZZ and (b) the service area of WTP-JB.
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Fig. 8. Principal coordinate analysis (PCoA) based on Bray_Curti distance matrix at
OTU level.

yellowish.
The size of Mn particles may be responsible for these seemingly
contradictory observations. In the experiment conducted by Sain
and Dietrich (2014), the Mn(IV) synthesized through the oxidation of Mn(II) by sodium hypochlorite at pH > 11 was thought to
have a small particle size because the newly formed Mn(IV) particles did not tend to aggregate to form larger particles in the absence
of substances that can act as coagulants to enhance particle aggregation (Huangfu et al., 2013). However, in ﬁnished water, the
particle size of Mn oxides can be larger because there are many
kinds of coexisting metal ions, such as Mg2þ and Ca2þ, that can lead
to the aggregation of small Mn(IV) particles (Huangfu et al., 2013;
Liu et al., 2009). In regard to the Mn(IV) particles released from Mncontaining loose deposits, their particle size may be large. The size
of the particles can inﬂuence their optical properties, including
light scattering and adsorption (Banin and Lahav, 1968; Kelly et al.,
2003). In addition, the number of particles could also vary for
different particle sizes at the same mass concentration. Particulate
Mn(IV) oxides with different properties, including the particle size,
could result in different visibility. Thus, there is a possibility that
consumers drink the water with a high level of Mn when they
cannot visually detect the problem.
Mn release in DWDS could happen at any time because local
shear forces may change due to varying hydraulic conditions, which
explained some irregular increase of particulate Mn concentration.
The accumulation of Mn depends on the net effect of deposition
and release. Mn deposition very easily happens when the concentration of particulate Mn in ﬁnished water reaches 50 mg/L. Even
when particulate Mn concentration was as low as 10 mg/L, the net
accumulation of Mn was still observed. The overall trend of particulate Mn change in DWDS reversed when its concentration was
maintained below 5 mg/L in ﬁnished water. As shown in Figs. S8a, b,
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c, particulate Mn release occasionally occurred in three SAs with
Mn inventory when particulate Mn concentration was below 5 mg/L
in ﬁnished water, which was consistent with the observation
shown in Fig. 4a. In the control areas where the Mn concentration
in ﬁnished water was always maintained at levels less than 5 mg/L
and Mn-related discoloration had never been reported, the level of
Mn concentration in tap water was the same with that in ﬁnished
water (Fig. S8d), indicating no Mn deposits were released. Stable
transport of Mn in DWDS without deposition or release is a desired
scenario. Thus, maintaining particulate Mn concentration below
5 mg/L in ﬁnished water is proposed to eliminate the net accumulation risk of Mn and gradually decrease the Mn deposits already
present in DWDS. Improving the efﬁciency of ﬁltration process to
retain particles is critical to achieve the goal of controlling particulate Mn. In drinking water treatment practice, a regular and efﬁcient backwash program can be useful to ensure a stable ﬁltering
process.
Considering that soluble Mn(II) ions in ﬁnished water can also
transform into particulate Mn oxides in DWDS, simply reducing
particulate Mn in ﬁnished water is not enough. A low pH and
disinfectant concentration could be beneﬁcial for controlling the
formation of particulate Mn through a chemical pathway in DWDS.
However, microbial concerns arise when the residual disinfectant
concentration is insufﬁcient for bacterial inhibition. Soluble Mn
should be controlled before it enters the distribution systems to
decrease Mn deposition in DWDS. As found in this study, soluble
Mn at concentrations less than 10 mg/L can still transform into
particulate Mn under suitable conditions. Given the autocatalytic
effect of Mn(II) oxidation, increasing soluble Mn(II) concentration
and the presence of particulate Mn in ﬁnished water would both
accelerate the oxidation rate of Mn(II) in DWDS (Gregory and
Carlson, 2003; Hao et al., 1991). In addition, as the disinfectant
dose of the WTPs studied in this research was relatively low, the
formation of Mn particles might be much faster in DWDS with
higher residual disinfectant concentrations. Considering all the
factors, controlling the particulate Mn concentration below 5 mg/L
and the total Mn concentration below 10 mg/L in ﬁnished water is
recommended to well eliminate the net accumulation of Mn in
DWDS. This measure could also bring about gradual erosion of
stored Mn deposits and alleviate the risk of discoloration caused by
Mn release in large quantities.
To minimize Mn deposition potential in DWDS requires water
treatment techniques (such as enhanced chemical and biological
oxidation technologies) that can sufﬁciently remove Mn before it
enters distribution systems. If the water treatment control of Mn
fails, it can be necessary for water utilities to conduct pipe cleaning,
including routine ﬂushing, unidirectional ﬂushing, etc., to decrease
the inventory of Mn deposits in DWDS. As found by this study and
previous survey (Li et al., 2018), large amounts of Mn deposits were
found in both distribution mains with large pipe diameters and
service lines with smaller pipe diameters, suggesting the risks of
Mn deposition existing in the whole DWDS. Hydraulic ﬂushing
could start with the distribution mains that have inﬂuence on the

Table 2
Abundance of COGs (clusters of orthologous groups) related to Mn metabolic genes in the bacterial communities of ﬂushing water collected from SA-ST (research area) and SAJS (control area).
COGs

COG1227
COG1321
COG1971
COG3887

Sample ID

Description

ST1

ST2

ST3

ST4

ST5

JS

580
12746
608
477

142
7766
443
70

857
12101
2029
912

310
5968
2597
99

283
7855
580
89

20
314
193
13

Manganese-dependent inorganic pyrophosphatase
Cellular manganese ion homeostasis
Most likely functions as a manganese efﬂux pump
Manganese-ion binding
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water quality of the whole distribution systems.
4. Conclusions
C This study revealed that particulate Mn had the highest potential to accumulate in DWDS. Simply controlling total Mn
concentration is not effective enough to decrease Mn deposition in DWDS.
C Decreasing particulate Mn in ﬁnished water is the preferred
solution to the control of Mn deposition in DWDS. Control of
particulate Mn concentration below 5 mg/L is recommended.
To achieve this goal, the whole water treatment processes,
particularly the ﬁltration process in WTPs must be
strengthened to retain particles.
C Since soluble Mn at a concentration as low as 10 mg/L could
still form Mn particulates in DWDS if the conditions of pH
and disinfectant (e.g., Cl2, ClO2) were suitable for Mn(II)
oxidation, sufﬁcient removal of soluble Mn through
enhanced oxidation treatment in a WTP might be indispensable for Mn deposit control.
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