journal of environmental sciences 117 (2022) 37–45

Available online at www.sciencedirect.com

www.elsevier.com/locate/jes

A survey on heavy metal concentrations in
residential neighborhoods: The influence of
secondary water supply systems
Dong Hu 1,2, Jie Zeng 1, Yue Hu 3, Xiali Fei 4, Xinyan Xiao 5, Mingbao Feng 5,
Xin Yu 5,∗
1 Key

Laboratory of Urban Environment and Health, Institute of Urban Environment, Chinese Academy of Sciences,
Xiamen 361021, China
2 University of Chinese Academy of Sciences, Beijing 100049, China
3 Freshwater Fishery Research Institute of Jiangsu Province, Nanjing 210017, China
4 Xiamen Municipal Water Group. Ltd., Xiamen 361000, China
5 College of the Environment and Ecology, Xiamen University, Xiamen 361005, China

a r t i c l e

i n f o

a b s t r a c t

Article history:

Water quality deterioration often occurs in secondary water supply systems (SWSSs), and

Received 4 October 2021

increased heavy metal concentrations can be a serious problem. In this survey, twelve resi-

Revised 3 December 2021

dential neighborhoods were selected to investigate the influence of SWSSs on the seasonal

Accepted 26 December 2021
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centrations of nine evaluated heavy metals in all groups of water samples were found to
be far below the specified standard levels in China. The concentrations of Fe, Mn, and Zn
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spring and summer (p < 0.05), especially for the water samples that had been stagnant for
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a long time. Negative correlations were found between most of the heavy metals and resid-
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ual chlorine (Fe, Cu, Zn, and As, r = -0.186 to -0.519, p < 0.05). In particular, a high negative
correlation was observed between Fe and residual chlorine (r = -0.489 to -0.519, p < 0.01) in
spring and summer. Fe and Mn displayed positive correlations with turbidity (r = 0.672 and
0.328, respectively; p < 0.05). In addition, Cr and As were found to be positively associated
with some nutrients (NO3 − , TN, and SO4 2− ; r = 0.420-0.786, p < 0.01). The material of the
storage tanks had little influence on the difference in heavy metal concentrations. Overall,
this survey illustrated that SWSSs may pose a chronic threat to water quality and could
provide useful information for practitioners.
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Introduction
In the past decade, an increasing number of high-rise buildings in large cities have been constructed due to rapid urbanization in China (Peng et al., 2013). For high-rise buildings, it is
impractical to rely on the municipal pipe network water pressure to deliver water to users. Therefore, an increasing number
of secondary water supply systems (SWSSs) have been established, which are mainly used to supply water to the middle
and top floors of buildings (Li et al., 2018).
Water stagnation in storage tanks often occurs due to unreasonable management and large tank capacities. Stagnation
can significantly promote the loss of residual chlorine and the
growth of microorganisms (Miyagi et al., 2017; Li et al., 2018).
Facility corrosion can occur by iron bacteria and sulfur bacteria, and cause Fe and Mn to leach into the drinking water
(Sun et al., 2014; Lv and Du, 2018). In addition to biocorrosion,
water stagnation provides sufficient time for several chemical
reactions and their products to occur, such as reduced heavy
metals (Zhang et al., 2021); these reactions can accumulate to
the point where heavy metals can be detected and can significantly influence the water quality. The “red water” problem occurs when iron oxides turn the water red, is more likely
to occur at dead ends and in stagnant regions of the drinking water distribution system (Sarin et al., 2004; Wang et al.,
2009). Furthermore, some parts within the SWSSs have a high
iron content and the welded parts in storage tanks can be easily oxidized (Zhang and Wang, 2014), thereby releasing a large
amount of metal oxides. In addition, metal oxide was in a stable state in municipal water, while the steady stable could be
destroyed in SWSSs stagnated water as the oxides could be
reduced and then dissolved into the bulk water (Wang et al.,
2009). This phenomenon suggests that SWSSs might impose
an extra risk for heavy metals compared with municipal water
supply systems. The high health risk of Fe was evident in previous reports that demonstrated that Fe was the main unqualified heavy metal in SWSSs in Xiamen, China (Huang et al.,
2014; Fang et al., 2017; Huang and Fei, 2017; Xu et al., 2018).
Metals such as Fe, Mn, Cu, and Zn are required for human health, but they can also be toxic when ingested through
drinking water at high concentrations in the long term
(Rehman et al., 2018). Altered systemic homeostasis of Fe,
Cu, Zn, and Mn is known to be associated with neurodegenerative disorders (Roth, 2006; Zheng and Monnot, 2012;
Szewczyk, 2013). Massively exceeding Fe and Mn concentration thresholds is usually accompanied by distinguishable turbidity changes, and other heavy metals are difficult to recognize (Tian et al., 2021). To prevent harmful effects from
heavy metals in SWSSs, regular sanitary inspections are conducted but they are only focused on several types of heavy
metals, such as As, Cr, Fe, Mn, and Pb, according to the
Hygienic Specification for Facilities of Secondary Water Supply in
China (GB 17051-1997). However, routine hygiene monitoring
is limited to the quantification of heavy metal contamination in SWSSs. Little is known regarding the influence of
SWSSs on municipal water in terms of the types and concentrations of heavy metals until now. Therefore, a systematic
survey on heavy metal contamination in SWSSs is urgently
needed.

In this study, the concentrations of nine heavy metals (i.e.,
Al, Cr, Mn, Fe, Cu, Zn, As, Cd, and Pb) in input, tank, and tap
water in SWSSs within twelve residential neighborhoods from
six administrative districts of Xiamen city, China, were seasonally quantified. The influence of SWSSs on heavy metal
concentrations was also investigated. This will provide important information to help improve the management and supervision of SWSSs by the government.

1.

Materials and methods

1.1.

Sampling sites and water sample collection

This study was conducted in Xiamen, Fujian Province, Southeast China. Xiamen is a central city along the southeast coast
of China, with an average annual temperature of approximately 21°C and an average annual rainfall of approximately
1200 mm (Huang et al., 2015). Due to the rapid urbanization
process, high-rise residential buildings are increasing, and the
water supply management forms are diverse. Two residential
neighborhoods were selected in each administrative district
(six in total), for a total of twelve residential neighborhoods
(Fig. 1a) (Hu et al., 2021). Four types of SWSSs were selected
in this survey (Fig. 1b). Some residential neighborhoods employed double-tank infrastructure, but only one tank is usually
connected with a water inlet from the pipe network. The water in the other tank without an inlet will therefore stagnate
for a long time. The storage tanks are mainly made of stainless
steel or concrete tiles and are cleaned manually four times a
year. A total of four sampling periods were selected according
to changes in temperature (autumn, from Oct. 14, 2019 to Nov
21, 2019; winter, from Dec. 27, 2019 to Jan. 14, 2020; spring, from
May 6, 2020 to June 2, 2020; summer, from July 10, 2020 to Aug
8, 2020). The number of water samples in each quarter were as
follows: autumn = 36, winter = 18, spring = 34, summer = 37.
Due to the impact of the COVID-19 epidemic in China, fewer
water samples in winter were collected.
During water collection in each SWSS, input water, tank
water, and tap water were collected concurrently. The faucet
for collecting the input water samples was located on the first
floor of the residential buildings or in the park of the residential neighborhood. Most of the tank water samples were
collected through siphons equipped on the side of the storage tanks; however, some tank water samples were collected
through the drain-pipe of the storage tank. The 7-30 floors of
the residential buildings were randomly selected for collecting tap water samples. To better reflect the quality of water
that people are exposed to, after the water was flushed for
5 min at each faucet or drain-pipe at maximum flow, representative water samples were collected using a 20 L polyethylene plastic bucket. The water samples were then transported
to the laboratory within 2 hr. Ten milliliters of water was filtered through a 0.22 μm nitrocellulose membrane (Millipore,
USA) to remove impurities. The purified water was placed in
a polyethylene plastic tube and stabilized with ultrapure nitric acid (0.5% HNO3 , Merck, Germany). Finally, the water samples were stored at 4°C for analysis of heavy metals within
3 days.
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Fig. 1 – (a) Map showing the location of the sampling sites in Xiamen, in which the residential neighborhoods employing
concrete tile water tanks are indicated by blue dots, and the others applying stainless steel water tanks are indicated by
orange dots. The number is the year that the residential neighborhoods were constructed. (b) Schematic diagram of the
secondary water supply systems selected in this study. Four kinds of SWSS layouts were noted. One residential
neighborhood in the HuLi district employed an on-site underground tank coupled with a rooftop tank (Fig. 1b-1). Two
neighborhoods in the HaiCang district employed one storage tank (Fig. 1b-2). Most of the selected neighborhoods employed
double tanks (Fig. 1b-3); however, the water valve of one storage tank in some neighborhoods was closed (Fig. 1b-4)
(Hu et al., 2021).

1.2.
Measurement of heavy metals and other chemical
water quality parameters
The quantification of the concentrations of all heavy metals was performed with an inductively coupled plasma-mass
spectrometry (ICP-MS, Agilent 7500cx, USA), and the detected
heavy metal indicators were Al, Cr, Mn, Fe, Cu, Zn, As, Cd, and
Pb. The element standards were multi-metal mixed solutions
(GSB 04-1767-2004, 100 μg/mL), which were purchased from
the National Nonferrous Metals and Electronic Materials Analysis and Testing Center (Beijing, China). Standard solutions
(0, 1, 2.5, 5, 10, 25, 50, 100 μg/L) were prepared by the gravimetric method with 0.5% ultrapure nitric acid (Merck, Germany). The correlation coefficients of the standard curves of
these nine heavy metals were all above 0.999. In addition, 0.05
μg/L was set as the detection limit, and if a measured heavy
metal concentration was below this limit it was designated
undetectable. All measurements were carried out in triplicate
(n = 3).
The following chemical water quality parameters were
measured to evaluate the relationship between the concentrations of heavy metals and these other water quality parameters: pH, dissolved oxygen (DO), temperature, residual chlo2−
rine, turbidity, nitrate (NO−
3 ), total nitrogen (TN), sulfate (SO4 ),
and total organic carbon (TOC). The detailed detection methods and data were presented in a previous study (Hu et al.,
2021).

1.3.

Statistical analysis

Most of the selected residential neighborhoods used double
tanks (Fig. 1b-3); however, the inlet water valve of one storage tank in some neighborhoods was closed (Fig. 1b-4). The
physicochemical properties of water samples collected from
closed valve storage tanks with long stagnation times were

different from those collected from storage tanks with open
valves (Hu et al., 2021). Therefore, two types of datasets were
created. One in which the water samples were collected from
residential neighborhoods with closed valves and the other
with opened valve storage tanks. These two datasets were
used to analyze the difference in heavy metal concentrations
among the input, tank, and tap water samples. This difference
was conducted by one-way analysis of variance (ANOVA) using the IBM SPSS 22.0 statistical analysis package. Differences
were deemed to be significant when p < 0.05. In addition, two
residential neighborhoods with stainless steel tanks and concrete tile tanks, located in HaiCang district, due to their similar SWSS design (Fig. 1b-2), were selected to compare the influence of tank materials on the heavy metal concentrations.
The relationships between the individual concentrations of
heavy metals and water quality parameters from the total, input, tank, and tap water samples were generated using the
IBM SPSS 22.0 statistical package based on Spearman’s correlation coefficient. In addition, correlations were also generated between the heavy metal concentrations and water
quality parameters of seasonal water samples collected from
the residential neighborhood with an opened valve storage
tank.

2.

Results

2.1.
The influence of SWSSs on the detected heavy metal
concentrations
The seasonal changes in the concentrations of nine detected
heavy metals are presented in Fig. 2. The concentrations of
all detected heavy metals were far lower than the acceptable
drinking water standard in China (GB 5749-2006), and Cd was
undetected in all water samples (data not shown).
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Fig. 2 – Boxplot of the concentrations of nine heavy metals (a, Al; b, Cr; c, Mn; d, Fe; e, Cu; f, Zn; g, As; h, Pb) in the collected
total and seasonal water samples. Groups share no common letters (a and b) are significantly different (p < 0.05).
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Fig. 3 – Boxplot of (a) Al, (b) Cr, (c) Mn, (d) Fe, (e) Cu, (f) Zn, (g) As, and (h) Pb concentrations in the collected water samples
with the tank water samples collected from closed valve storage tanks. Groups share no common letters (a and b) are
significantly different (p < 0.05).

Due to the mismatch between Fe (58, mass number of the
element) and the He model of ICP-MS, only concentrations of
Fe (56) in spring and summer water samples were used. As
shown in Fig. 2a-1, the average Fe concentrations in the input, tank, and tap water samples were 2.06 ± 1.51 μg/L, 10.71
± 12.72 μg/L, and 7.93 ± 8.17 μg/L, respectively. Significantly
higher Fe concentrations were observed in the tank and tap
water samples than in the input water samples in spring and
summer (p < 0.05, Figs. 2a-4 and 2a-5).
The average Mn concentrations in the input, tank, and tap
water samples were 0.444 ± 0.945 μg/L, 0.595 ± 0.483 μg/L, and
0.602 ± 0.475 μg/L, respectively (Fig. 2b-1). However, significantly higher Mn concentrations were observed in the tank
water samples than in the input water samples in spring and
summer (p < 0.05, Figs. 2b-4 and 2b-5). Additionally, significantly higher concentrations of Mn were observed in the tap
water samples than in the input water samples in spring (p <
0.05, Fig. 2b-4).
Zn concentrations exhibited the same trend as Mn, as
shown in Fig. 2c-1. The average Zn concentrations in the input,
tank, and tap water samples were 3.451 ± 5.090 μg/L, 6.166 ±
7.280 μg/L, and 5.245 ± 5.459 μg/L, respectively. However, Zn
concentrations presented a significant increase from the input water samples to the tank water samples in spring (p <
0.05, Fig. 2c-4).
No significant differences in Al, Cr, Cu, As, and Pb concentrations were observed among the input, tank, and tap water samples (p > 0.05, Figs. 2d-2h). Relatively high Al concentrations were detected in this study, and the average Al concentrations in the input, tank, and tap water samples were
11.73 ± 6.64 μg/L, 10.30 ± 5.31 μg/L, and 11.33 ± 4.26 μg/L, respectively (Fig. 2d). In addition, several high Cu concentrations
were observed in tap water samples (Fig. 2f-1). Furthermore,
some autumn water samples presented extremely high concentrations of Pb (> 1 μg/L, Fig. 2h-2).

2.2.
The influence of long-term water stagnation on the
concentrations of heavy metals
A common type of SWSS with double tanks was studied; however, the inlet valve of one storage tank was always closed for a
long time in some residential neighborhoods (Fig. 1b-4). Therefore, the water in the closed valve storage tanks stagnates for
a long time. Only Fe and Zn were found to have higher concentrations in water samples from the closed valve tank than in
the input water samples (p < 0.05, Fig. 3), which suggests that
long-term water stagnation can increase the heavy metal concentration.

2.3.
The influence of tank materials on the concentrations
of heavy metals
Two residential neighborhoods with stainless steel tanks and
concrete tile tanks, located in HaiCang district and had similar
SWSS designs, were selected to compare the influence of storage tank materials on the heavy metal concentrations. Only
Mn was found to have a higher concentration in the concrete
tile tank water samples than in input water samples (p < 0.05,
Fig. 4c). The tap water samples from the stainless steel tank
had higher Mn concentrations than the input and tank water
samples (p < 0.05, Fig. 4c). In addition, concrete tile tank water samples presented significantly higher Mn concentrations
than the stainless steel tank water samples (p < 0.05, data not
shown).

2.4.
Relationship between heavy metal concentrations
and water quality parameters
Spearman correlation coefficients were calculated to determine the relationship between heavy metal concentrations
and water quality parameters in the selected water samples

42

journal of environmental sciences 117 (2022) 37–45

Fig. 4 – Boxplot of (a) Al, (b) Cr, (c) Mn, (e) Cu, (f) Zn, and (g) As concentrations in the collected water samples in Haicang
District with different tank materials. Groups share no common letters (a and b) are significantly different (p < 0.05).

(Fig. 5). Cr (r = 0.436-0.786, p < 0.01) and As (r = 0.420-0.601,
p < 0.01) displayed high positive associations with NO3 − , TN,
and SO4 2− in the total, input, tank, and tap water samples
(Figs. 5a, 5b, 5c, and 5d), which might be due to the different
heavy metal contaminations brought by different source water types. Negative correlations were found between most of
the heavy metals (Mn, Cr, Fe, Cu, Zn, and As) and residual chlorine (Fig. 5a; Mn and Cr, r = -0.023 to -0.124, p > 0.05; Fe, Cu, Zn,
and As, r = -0.186 to -0.516, p < 0.05) in all of the water samples. Turbidity displayed a weak positive association with Mn
(r = 0.328, p < 0.05) and a strong positive association with Fe
(r = 0.672, p < 0.01) in the tank water samples (Fig. 5c). In addition, high negative correlations were observed between Fe
and residual chlorine (r = -0.489 to -0.519, p < 0.01) in spring
and summer (Figs. 5g and 5h), and high positive correlations
were observed between Mn/Fe and turbidity (r = 0.594-0.608,
p < 0.01) in summer (Fig. 5h).

3.

Discussion

The ICP-MS method for determining elemental metal concentrations has the advantage of being capable of analyzing
small sample volumes, having an extremely low detection
limit, excellent accuracy, and good precision for many geochemically important elements (Jenner et al., 1990). It has been
widely used to determine the concentrations of heavy metals
in drinking water (Donovan et al., 2016; Quarles et al., 2020).
In this study, the average concentration of Al was the highest
in the input water samples, which might be due to Al-based
coagulants used in drinking water treatment (Li et al., 2020).
However, all of the concentrations of the nine detected heavy
metals, including Al, in the water samples collected from the
SWSSs, were far below the specified level of the National Standard for Drinking Water Quality in China (GB 5749-2006). These
results indicate that tap water is still safe in terms of the investigated heavy metals, despite the employment of SWSSs.
Moreover, the concentrations of several heavy metals (e.g., Fe,
Mn, and Zn) in the tank and tap water samples were signifi-

cantly higher than those in the input water samples in spring
and summer (Fig. 2), which might pose a chronic threat to the
water quality.
Oxidation of metals might be an important cause of metal
leaching. Although the materials of the storage tank were
stainless steel and concrete tile, some parts (e.g., screws) contain a high iron content and the welded parts can be easily oxidized. Corrosion scales were observed in all the storage tanks
during this investigation. The water level in the storage tanks
changes as the demand for water changes, and loose corrosion
scales might be deposited into the water. Moreover, DO is an
important electron acceptor in the corrosion of metallic iron
(McNeill and Edwards, 2001), and high DO concentrations (i.e.,
7.58-7.98 mg/L) might facilitate the oxidation rate of metallic iron in SWSSs (Sarin et al., 2004; Zhang and Wang, 2014).
The oxidation of zinc coatings might also occur as galvanized
steel is frequently applied in service lines (Lin et al., 2001;
Sarin et al., 2001). Therefore, SWSSs might deposit a large
amount of heavy metal oxides.
Unreasonable management and large capacity of the storage tanks can lead to water stagnation in SWSSs (Miyagi et al.,
2017; Li et al., 2018; Hu et al., 2021), especially in closed valve
storage tanks such as those in this study (Fig. 1b-4). A significant decrease in residual chlorine was observed from input
water samples (0.66±0.25 mg/L) to tank (0.46±0.18 mg/L) and
tap (0.38±0.18 mg/L) water samples in summer (p < 0.05), and
a decreasing trend of chlorine disinfectant was also observed
(from 0.55±0.30 mg/L to 0.41±0.28 mg/L and 0.38±0.29 mg/L,
respectively) in spring (Hu et al., 2021), which is beneficial for
the reproduction of microorganisms (Hu et al., 2021). In addition, Novak Babič and Gunde-Cimerman (2021) isolated various acid-producing fungi found on the tank walls. These microorganisms and acid-producing fungi may attack metal materials, causing metal release and local scaling. Furthermore,
a decline in the residual chlorine might present a low reductive environment (Wang et al., 2009); corrosion scales made
up of ferric compounds act as electron acceptors and would
be reduced to ferrous ions and dissolved in water. Therefore,
enhanced microbial activity and a low reductive environment
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Fig. 5 – Heatmap of the Spearman correlation coefficient between heavy metals and water quality parameters in the
collected water samples. ∗ , p < 0.05; ∗∗ , p < 0.01.

in spring and summer might contribute to the release of heavy
metals, such as Fe, Mn, and Zn.
Local scale is another problem that accompanies microbial corrosion (Monika and Nina, 2021 and ultimately leads to
an increase in turbidity. It has been reported that metal release increases with the scale dosage (Tian et al., 2021). Turbidity was positively correlated with Mn and Fe in the tank
water samples (p < 0.05, Fig. 5c), and previous studies found
that large releases of Fe and Mn can cause noticeable changes
in turbidity (Husband and Boxall, 2011; Gerke et al., 2016;

Kurajica et al., 2021). Higher concentrations of Mn were detected in both the concrete tile tank and the stainless steel
tank (Fig. 4c). Thus, it seems that tank materials have no clear
influence on the change in heavy metal concentrations, which
might be due to the low sample size. Abnormally high Cu
concentrations were detected in several tap water samples
(Fig. 2f), which might be ascribed to the corrosion of copper
and brass fittings in domestic plumbing systems (Nicolle and
Marc, 2001. In addition, highly positive correlations were
observed between NO3 − /TN/SO4 2− and Cr/As. Two types of
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water (Jiulongjiang River and several reservoirs) jointly supply source water to seven water plants in Xiamen. The NO3 − ,
TN, and SO4 2− concentrations in water samples originating
from the Jiulongjiang River were higher than those from the
reservoirs (Hu et al., 2021). This phenomenon illustrates the
potential risk of heavy metals coming from Jiulongjiang River.
Therefore, abnormal water quality parameters could provide
an early warning of heavy metal pollution.

4.

Conclusions

This is the first study to comprehensively investigate the influence of SWSSs on changes in heavy metal concentrations
in China. The concentrations of heavy metals in all collected
water samples were far below the specified standard level in
China. However, oxidation, low residual chlorine (low reductive environment), and microbial corrosion might increase the
risk of heavy metals (such as Fe, Mn, and Zn) in SWSSs, especially for water samples collected in spring or summer, or
water that has stagnated for a long time.
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