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Abstract: The health issues of urban tap water are of great concern in the context of sustainability
challenges to the environmental quality of water and the security of the water supply. In this work, tap
water from the main urban areas in Wuhan and surface water from the Yangtze River and the Hanjiang
River were collected during summer (June) and winter (December), 2022. The concentrations of
10 heavy metals including Fe, Al, Mn, Co, Ni, Cu, Se, Cd, Cr and Pb were determined for water quality
evaluation and health risk assessment. The results demonstrated that almost all of the tap water
samples contained metal concentrations below the Chinese national standard limits for drinking
water (GB 5749-2022). The risk of heavy metals in tap water to human health was evaluated, and
the results showed that the total carcinogenic risk (TCR) was in the range of 106 and 10~* and the
hazard index (HI) was much lower than one in both summer and winter. The current tap water in
Wuhan is generally in a relatively safe state and will not cause acute hazards or chronic diseases in
the short term, but the long-term cancer risk is still noteworthy. The heavy metal pollution index
(HPT) showed that the overall water quality of urban drinking water sources in Wuhan has been
satisfactory, despite its slightly polluted state in winter. Pipeline corrosion was considered as one of
the important sources of heavy metals in Wuhan tap water, which can explain, to a certain extent, the
increase in the heavy metal concentrations of tap water outlets relative to the finished water reported
by waterworks, such as Fe, Ni, Cd and Pb. This study has implications for the formulation of better
urban water supply security management strategies and associated sustainability challenges.
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1. Introduction

The security and effectiveness of domestic water supplies have become a significant
concern as a result of rapid urbanization and climate change [1]. Due to the increasing
population from urban expansion, urban water security has been regarded as a major
problem in megacities [2]. Tap water, which is centrally treated and supplied through
complex pipeline networks, serves as the main source for daily household needs and other
indispensable purposes for urban residents, including drinking, cooking, bathing, washing,
etc. [3]. Generally, tap water sources include rivers, lakes, reservoirs, groundwater or a
combination of them, depending on the locally available main water resources or long-
distance water transfer projects [4]. After the natural water is taken by the waterworks, a
series of treatment measures—involving coagulation, precipitation, filtration, disinfection,
etc.—are applied to reduce the content of heavy metals, suspended solids, microorganisms
and other substances [5,6]. Then, the treated water enters the water distribution system
and is delivered through pipeline networks to individual users. The water quality of the
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sources, the treatment technology of the waterworks and the maintenance of the pipelines
are all important links to ensure the ultimate quality and safety of tap water.

The pollutants in the water environment have become more complex with the devel-
opment of technology and the intensification of anthropogenic activities [7]. Among the
numerous pollutants, heavy metals have attracted global attention for decades due to their
non-biodegradability and their high stability and persistence in either the environment or
living organisms [8-10]. The concentration levels among common heavy metals in water
vary greatly. Though some metal elements such as Fe and Cu are critical for physiological
processes, excessive bioaccumulation can still pose negative effects [11,12]. In addition, the
severity of the toxic effects of heavy metals is disproportionate to their concentrations [13].
Toxic metals such as Cr, Cd and Pb, which have been listed as carcinogens by the World
Health Organization (WHO), can induce adverse health consequences including gastroin-
testinal inflammation, blood cerebral diseases and cardiovascular diseases under long-term
exposure at low-dose levels [14,15]. In modern society, humans are significantly exposed to
tap water compared with natural water due to their frequent direct intake and contact. The
existence of heavy metals in tap water will therefore undoubtedly trigger the increasing
potential health risks.

Both natural processes such as rock weathering and anthropogenic factors such as sewage
discharge can lead to the increase in heavy metal contents in surface water [16-18]. Many past
studies have investigated the variations in heavy metals in surface water and groundwater, and
they have conducted health risk assessments in different regions [19,20]. Some studies have
also focused on developing the water quality assessment using methods such as machine-
learning techniques as water quality prediction tools [21-23]. Higher heavy metal contents
are often found in areas with rich mineral resources or less-developed economies [24], and
the serious pollution of water sources then poses a great threat to water supply security.
Water sources in highly developed cities are generally more strictly protected due to the
increasing awareness of the sustainable exploitation of natural resources [25]. Even if
the water sources are slightly contaminated as a result of resident activities and non-
point source pollution caused by rainfall and other reasons, the treatment process of the
waterworks in these cities can remove most of the heavy metals before transportation since
these kinds of pollutants are relatively easy to adsorb or precipitate [24]. However, such
cities also face the problem of pipeline aging due to their longer development duration.
The pipelines used in the past were usually made of galvanized pipes, which contained
high contents of heavy metals such as Mn, Ni and Cr, besides Fe. The corrosion of the
pipelines would lead to the release of large amounts of metal elements, which change the
chemical composition of the outlet water as it is transported through the water supply
system [26-28]. The decline in water quality after long-distance transportation through
pipelines has often been reported in previous investigations [5,29].

As a megacity with multiple drinking water sources, Wuhan has a complex water
supply system with important safety responsibilities that serves more than 13 million
residents. Previous studies have mainly investigated the pollution status of the surface
water environment in Wuhan, focusing on the water quality of the urban lakes, the Yangtze
River and the Hanjiang River [30-32]. However, few studies have specifically considered
the importance of tap water health issues, which is also a hot issue for water security in the
process of accelerating urbanization. In this work, two comprehensive sampling campaigns
were carried out, and the tap water from different types of users as well as the rivers serving
as their water sources were collected and analyzed for heavy metal concentrations in the
summer and winter. The objectives of this study are (1) to elucidate the concentration levels
and variations of heavy metals in tap water and (2) to estimate the potential health risks
due to exposure to heavy metals in tap water in the main urban areas in Wuhan. The results
of this study have implications for the formulation of better urban water supply security
management strategies and associated sustainability challenges.
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2. Materials and Methods
2.1. Study Area

Wuhan (113°41'-115°05" E and 29°58'-31°22’ N), located in the middle part of China,
is one of the core cities in the Yangtze River Economic Belt. Wuhan has a subtropical
humid monsoon climate with the annual average temperature of 15.8-17.5 °C and annual
average precipitation of about 1205 mm [17]. Wuhan covers an area of 8494 km?, and the
water area accounts for 26.1% of the total area [33]. Numerous rivers and lakes form a
huge urban water network with the Yangtze River and the Hanjiang River dividing the
city into three towns. With the development of the economy, Wuhan has experienced a
rapid urbanization process and the demand for water resources in the city is constantly
increasing. Both the Yangtze River and the Hanjiang River serve as the drinking water
sources for Wuhan [34], and a series of urban water supply infrastructures have been built
and upgraded to ensure the reliability of basic urban domestic water. However, the Yangtze
River and the Hanjiang River are also natural receiving water bodies for urban surface
runoff and some possible treated and untreated wastewater, which increases the potential
risks of urban water security.

2.2. Sample Collection and Measurement Method

The urban tap water sampling activities were intensively conducted in the main urban
areas in Wuhan and a total of 97 samples and 61 samples were collected during the summer
(June) and winter (December) of 2022, respectively. The tap water samples collected during
the two sampling activities involved both residential and non-residential (commercial)
areas, and the locations of sampling points are indicated in Figure 1. In addition, a total of
9 surface water samples including 6 from the Yangtze River and 3 from the Hanjiang River
were also collected as the references during each sampling activity. The cold tap water
was collected after running the tap for 1 min to ensure a stable water quality, and grab
water samples were collected from the rivers. All water samples were stored in thoroughly
pre-washed 500 mL capacity polyethylene bottles and rinsed twice on site prior to filling. It
should be noted that it is necessary to ensure that the tap water outlet has not been installed
with a water purification device. Then, all the samples were transferred to the laboratory at
low temperatures as quickly as possible for further treatment and analysis.
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Figure 1. Locations of the study area and sampling points for tap water and surface water in
(a) summer and (b) winter.

The obtained tap water samples were filtered with 0.22 um polyether sulfone filters
and added into 10 mL polypropylene tubes. A certain volume of HNO3 and HCI solution
was then added to reach the final concentration of 4% HNOj3 and 1% HCI. The obtained
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surface water samples were digested with HNO3 and HCl by a microwave digestion system
(APL MD8H, Chengdu, China) at the volume ratio of 20 mL water sample: 2 mL HNOs5:
0.5 mL HCI, and the digested solutions were transferred into 50 mL volumetric bottles,
then diluted with the ultrapure water. Inductively-coupled plasma mass spectrometry
(ICP-MS, NexION 350, PerkinElmer, Waltham, MA, USA) was used to determine the
concentrations of 10 heavy metal elements in the water samples, including Fe, Al, Mn,
Co, Ni, Cu, Se, Cd, Cr and Pb. The blank (ultrapure water) and standard samples were
analyzed regularly to control the accuracy of the analysis during the sample measurement.
In order to eliminate the influence of matrix in different samples, 3 elements that scarcely
exist in tap water and surface water (i.e., Sc, Ge, Re) were selected as the internal standard
to ensure quality control. The detection limits for metal elements from ICP-MS analysis
were according to “water quality—determination of 65 elements—inductively coupled
plasma-mass spectrometry (HJ 700-2014)” [35]. All the water samples were prepared and
analyzed at least twice.

2.3. Statistical Analysis

Principal component analysis (PCA) was used for the dimensionality reduction of the
heavy metal concentration data in the tap water with respect to the samples collected in
two seasons and originated from different water sources. The original data were standard-
ized by z-score transformation prior to PCA, and the Kaiser-Meyer—Olkin (KMO) and
Bartlett’s sphericity test were applied to confirm the validity of PCA [17]. Spearman corre-
lation analysis was applied to measure the strength of monotonic relationships between
paired data, and hierarchical cluster analysis (HCA) was also used to group the variables
into significant different clusters by the Ward'’s linkage method, to explore potential associ-
ations among heavy metals in tap water. The normality and homogeneity of the variance
of the original data were tested using the Shapiro-Wilk test and Levene’s test, respectively.
Since the variables were not all subject to a normal distribution and homogeneity of variance,
the Mann-Whitney non-parametric test was performed to examine the statistical differences of
each metal element in the surface water samples between the Yangtze River and the Hanjiang
River, as well as the tap water samples between the residential and non-residential areas
during each season, with statistical significance established at the 0.05 level.

2.4. Health Risk Assessment Model

The health risk assessment, which reflects the threat of heavy metals in tap water to
human health, was conducted according to the model developed by the United States Envi-
ronment Protection Agency (US EPA) [36]. In general, the exposure of humans to the metal
elements in tap water includes two approaches: oral intake and dermal absorption intake.
The dose of oral chronic daily intake (CDI,,, mg-kg~!-d ') and dermal absorption chronic
daily intake (CDILgermal, mg-kg’l -d~1) can be calculated according to Equations (1) and (2),

respectively [20,37].
C x IRDW x EF x ED

Dlya = 1

Dloral BW x EAT x 103 M
EF x ED

CDIdermal — C X k X SA X BT X m (2)

where C is the concentration of each metal element detected in the tap water samples, IRDW,
EF, ED, BW, EAT, SA and BT refer to the intake rate of drinking water (L/d), exposure
frequency (d/a), exposure duration (a), body weight (kg), exposure average time (d), skin
surface area (m?) and daily bathing time (h/d), respectively. The values of such parameters
are shown in Table 1. The parameter k refers to the skin permeability coefficient (m/h),
which is dependent on the characteristics of each metal element (given in Table 2).
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Table 1. The values of exposure parameters [36,38].

Hubei Province

Parameters General China "
Summer Winter
IRDW (L/d) 2 1.85 2.3 1.2
EF (d/a) 350 350 350 350
ED (a) 70 70 70 70
BW (kg) 70 60.6 60.1 60.1
EAT (d) 25,550 25,550 25,550 25,550
SA (m?) 1.8 1.6 1.6 1.6
BT (h/d) 0.58 0.12 0.17 0.08

Note: IRDW, EF, ED, BW, EAT, SA and BT refer to the intake rate of drinking water, exposure frequency, exposure
duration, body weight, exposure average time, skin surface area and daily bathing time, respectively.

Then, the carcinogenic health risk and the non-carcinogenic health risk caused by
heavy metals in tap water can be calculated through Equations (3)-(10) [3,20]. The car-
cinogenic risk (CR) is normally considered for the toxic metals of Cr, Cd and Pb as their
carcinogenic ability has been widely reported, while the non-carcinogenic risk is considered
for all the metal elements determined in this study.

CR = CRoral + CRyermal ®3)
CRyyy = CDI,y x CSE @)
CRyermal = CDIgermal X CSF 5)
TCR =), CR (6)

HQ = HQqral + HQdermal @)
HQora1 = CDlgra1 /Rfdoral 8
HQdermal = CDldermal /Rfddermal 9
HI=} 7| HQ (10)

The value of CR of each metal element is the sum of CR,.; and CRyermal
(Equation (3)), where CR, and CRgerma refer to the carcinogenic risk of oral exposure and
dermal exposure, respectively. These two parameters were obtained by multiplying the oral
or dermal chronic daily intake and carcinogenic slope factor (CSF) (Equations (4) and (5)).
The standard assumption values of CSF for each specific metal were obtained from Selvam
et al. [20] and summarized in Table 2 for the subsequent calculations. The total carcino-
genic risk (TCR) was then obtained by calculating the sum of CR of each toxic metal
(Equation (6)), where m and CR; refer to the number of metal elements and the CR value of
the jth heavy metal, respectively. Generally, a TCR lower than 10~ indicates a negligible
carcinogenic risk to human health, a TCR between 10~° and 10~* indicates an acceptable
or tolerable risk, and a TCR higher than 10~% indicates a high risk and is detrimental to
human health [39].

The probability of a non-carcinogenic risk from an individual metal element is repre-
sented by the hazard quotient (HQ), which is the sum of HQ,; and HQgermar (Equation
(7)). HQgora1 and HQgermar refer to the hazard quotient of oral exposure and dermal ex-
posure, respectively. These two results were the ratio of the oral or dermal chronic daily
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intake to the corresponding reference dose (Rfd,;,) and Rfdgermal, shown in Table 2) using
Equations (8) and (9). The combined potential non-carcinogenic risks were further ap-
praised by estimating the hazard index (HI), which can be obtained by calculating the
sum of HQ of each metal element (Equation (10)), where n and HQ) refer to the number of
metal elements and the HQ value of the jth heavy metal, respectively. A HI higher than
1 indicates that there may be some concerns about the adverse effects on human health,
and a HI lower than 1 indicates the opposite applies [40].

Table 2. Reference dose, skin permeability coefficient and carcinogenic slope factor for each metal
element [3,20,41].

Metals Rfdoral Rfdgermal k CSF
(mg-kg—1.d—1) (mg-kg=1-d—1) (m/h) (mg-kg—1.d-1)-1

Fe 0.7 0.14 0.00001

Al 1 0.2 0.00001
Mn 0.024 0.00096 0.00001

Co 0.0003 0.00006 0.00004

Ni 0.02 0.0008 0.00004

Cu 0.04 0.012 0.00001

Se 0.005 0.00015 0.00001

Cd 0.0005 0.000025 0.00001 6.1
Cr 0.003 0.000075 0.00003 0.5
Pb 0.0014 0.00042 0.00001 0.0085

Note: Rfdra), Rfdgermal, k and CSF refer to the oral reference dose, dermal reference dose, skin permeability
coefficient and carcinogenic slope factor, respectively.

2.5. Heavy Metal Pollution Index (HPI)

HPI, a method that comprehensively evaluates the influence of various heavy metals
on the overall surface water quality based on a weighted arithmetic mean, has been widely
used worldwide. It can be used to classify the pollution levels and toxicity degree caused
by heavy metals in water. HPI can be calculated according to Equations (11)—(13) [42,43]:

1 QiW;

HPI = (11)
im1 Wi
G -1
Qi = o x 100 (12)
K
W= — 13

where 7 is the number of heavy metal elements determined in this study, Q; is the sub-
index of the ith heavy metal element and W; is the ith unit weight as the reflection of
its importance. Among these, Q; is obtained by Equation (12), where C; and S; are the
concentrations of the ith heavy metal in the surface water samples and its corresponding
standard limit value for drinking purposes according to the “standards for drinking water
quality (GB 5749-2022)" [44], respectively, and I; is the ideal limit of ith heavy metal, which
is routinely set as “0” to simplify in this case. In Equation (13), the proportional constant
K is consistently set as “1” for all the metal elements for a convenient calculation, that is,
W; is actually inversely proportional to the standard limit value. The final obtained HPI
values can be divided into 3 levels to characterize the degree of heavy metal pollution: low
pollution with a value <15, medium pollution with a value between 15 and 30, and high
pollution with a value >30 [39].
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3. Results and Discussion
3.1. Concentrations of Heavy Metals in Surface Water and Tap Water

The statistical results of heavy metal concentrations in surface water and tap water
are demonstrated in Tables 3 and 4, respectively. All the 10 heavy metal elements can be
detected in the surface water samples, with Fe and Al concentrations several orders of
magnitude higher than other metals, as reported in the previous studies [41,45]. Specifically,
Fe and Al concentrations in the Yangtze River were obviously higher than those in the
Hanjiang River in both seasons, especially in summer (p = 0.024). About two-thirds of all
surface water samples collected in summer and winter had Fe concentrations that exceeded
the surface water standard limit for centralized drinking water in “environmental quality
standards for surface water (GB 3838-2002)" [46].

For the other eight metal elements, the concentrations of Co and Pb in the Yangtze
River in summer were statistically higher, and the concentrations of Cu and Se were lower
than those in the Hanjiang River (p < 0.05). In winter, the concentrations of Cd, Cr and Pb
in the Yangtze River were obviously higher (p < 0.05). Nevertheless, the concentrations
of these eight heavy metal elements in the Yangtze River and the Hanjiang River were
significantly lower than the corresponding limit values (GB 3838-2002). Moreover, the
concentrations of heavy metals in the surface water displayed great seasonality with overall
average concentrations higher in winter than in summer. Such results were commonly
reported and might be due to the relatively steady domestic sewage discharge during each
season whereas there is a lower river runoff in winter [47,48].

Whether in summer or winter, the concentrations of most heavy metals in tap water
were significantly lower (p < 0.01) than those of its corresponding water sources (i.e.,
the Yangtze River or the Hanjiang River) based on the locations of the sampling points.
However, it is of concern that the concentrations of the toxic metals Cd and Pb in tap water
increased significantly in summer compared with the water sources (p < 0.01), whether
the water was drawn from the Yangtze River or the Hanjiang River. Among the tap water
samples collected from residential and non-residential areas, the detection frequency of Fe
and Al was 100%, while the remaining metal elements were detected at a relatively lower
frequency, with the detection frequency of Mn and Cu being less than 50%. The ranking
order of the average concentrations of heavy metals in tap water detected in this study was
Fe > Al >Pb > Ni > Cu > Cr >Se > Mn > Co > Cd and Fe > Al > Ni > Pb > Se > Cu > Mn
> Cr > Co > Cd in summer and winter, respectively. Similar to the seasonal patterns of
metal concentrations in surface water, more than half of metal elements in tap water were
found at slightly higher concentration levels in winter than in summer, but the discrepancy
between the two seasons was not as significant, reflecting the effective function of water
treatment technology in waterworks. Except for Co, Ni, Cr and Pb in summer, all metal
elements showed no statistical difference between residential and non-residential areas.
When compared with the drinking water guidelines by the WHO and Chinese national
standards (GB 5749-2022), the heavy metal concentrations in almost all tap water samples
were below the corresponding limits, with only four winter samples containing higher
concentrations of Al



Water 2023, 15, 3709 8 of 15

Table 3. Concentrations of heavy metals in surface water sources in Wuhan (ug/L).

Chinese National Standard Limits [46]

Summer Winter Surface Water Envi tal Qualit
Metals Htace Tater Mhvironienta’ SHaTy Surface Drinking Water Sources
Yangtze River Hanjiang River Yangtze River Hanjiang River 1 I 111 v \%
Fe 304.10 4+ 42.93 146.13 £+ 42.65 1014.87 + 271.94 832.12 +93.19 300
Al 364.70 + 117.17 65.82 £+ 47.48 1417.82 + 669.92 788.10 4 144.65
Mn 5.01 +£1.33 2.83 +1.44 26.67 + 5.24 37.83 £9.95 100
Co 0.19 £ 0.02 0.14 £ 0.02 0.67 £0.18 0.66 + 0.34 1000
Ni 195+ 0.20 2.16 £0.32 474 £097 5.00 + 0.23 20
Cu 1.92 £0.15 227 £0.11 3.68 £ 0.58 3.10£0.13 10 1000 1000 1000 1000
Se 0.30 £ 0.08 0.56 + 0.05 0.78 £0.17 0.88 £ 0.06 10 10 10 20 20
Cd 0.02 £+ 0.01 0.02 + 0.01 0.05 £+ 0.02 0.02 £+ 0.01 1 5 5 5 10
Cr 3.37 £0.29 3.46 £ 0.50 1.38 +0.39 0.77 £0.26 10 50 50 50 100
Pb 0.21 £0.12 0.04 + 0.01 1.48 +0.37 0.70 £ 0.25 10 10 50 50 100

Table 4. Concentrations of heavy metals in tap water in Wuhan (ug/L).

Summer Winter D . Chinese
. . . . . . . . etection WHO National
Residential Non-Residential Total Residential Non-Residential Total Fre- Limit Standard
Metals Range 43 Samples 54 Samples 97 Samples Range 26 Samples 35 Samples 61 Samples qu(ie/n)cy }zngl] S Limits
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD ’ [44]
Fe 64.58- 102.72 18.6 99.94 17.96 101.17 18.3 23.18- 101.48 37.87 113.80 33.23 108.55 35.8 100.00 300
159.61 : . : : : ’ 175.97 : : : : i : :
Al el 76.25 36.3 64.24 28.43 69.56 32.71 o) 74.96 74.20 66.33 48.45 70.01 60.93 100.00 200
Mn n.d.-3.26 0.3 0.61 0.24 0.51 0.27 0.56 n.d.-2.35 0.27 0.29 0.30 0.46 0.29 0.39 36.08 100
Co n.d.-0.45 0.09 0.05 0.08 0.06 0.11 0.04 n.d.-0.23 0.08 0.05 0.09 0.05 0.09 0.05 97.47 50
Ni ?0339_ 1.53 1.01 1.22 1.48 1.36 13 n.d.-2.95 1.58 0.84 1.62 0.75 1.6 0.79 98.10 70 20
Cu {10%5 1.27 2.14 0.89 2 1.04 2.08 n.d.-2.99 0.62 0.84 0.21 0.27 0.39 0.62 49.37 2000 1000
Se n.d.-0.68 0.38 0.11 0.38 0.11 0.38 0.11 n.d.-1.01 0.67 0.19 0.67 0.19 0.67 0.19 94.94 40 10
Cd n.d.—0.10 0.03 0.01 0.03 0.01 0.03 0.01 n.d.-0.33 0.03 0.01 0.04 0.05 0.04 0.04 51.27 3 5
Cr n.d.—6.65 1.18 152 0.27 0.33 0.68 1.14 n.d.-1.28 0.24 0.29 0.16 0.13 0.2 0.22 55.06 50 50
Pb n.d.-8.10 212 1.77 1.29 1.15 1.66 1.52 n.d.—6.09 0.87 1.06 0.81 1.27 0.84 1.19 73.42 10 10

Note: n.d. denotes that the metal element measurements were below the detection limits.
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The tap water supplies in Wuhan are mainly from the Yangtze River and the Hanjiang
River, which are distributed according to the location and pipeline laying. The distribution
pattern of metal elements in tap water originated from the Yangtze River and the Hanjiang
River in summer and winter was investigated using PCA. The values of KMO (0.63) and
Bartlett’s sphericity test (p < 0.01) indicated that PCA was effective for the dimensionality
reduction. As was shown in Figure 2a, the accumulated variance of the first (PC1) and
second (PC2) principal components accounted for 52.1% of the total variance, where PC1
was dominated by the loadings from Fe, Al, Ni and Co, and PC2 was dominated by the
loadings from Pb and Cr. The score plots of tap water originated from the Yangtze River
and the Hanjiang River were similar in each season, revealing an insignificant effect of
water sources on the tap water characteristics, which was related to the performance of the
water purification effect in waterworks. Though parts of the samples collected in winter
had lower scores on PC2 and several samples collected in summer had higher scores on
PC2, as a whole, the plots for these two seasons were scattered in a similar range. Further,
Spearman correlation analysis and HCA were conducted to analyze the correlations among
the 10 metal elements and the results are shown in Figure 2b,c. Positive correlations with
a p value higher than 0.6 were found between Fe-Al (p = 0.69), Fe-Co (p = 0.81), Fe-Ni
(0 =0.69), Al-Co (p = 0.66) and Co-Ni (p = 0.82). Three groups were generated from HCA,
indicating similar results to PCA, where group I included Fe, Al, Se, Ni and Co, revealing
their potential common sources and mutual dependence during water intake from sources,
pretreatment and transportation.
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Tap water from the Yangtze River in Summer
Tap water from the Hanjiang River in Summer
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Figure 2. Results of (a) principal component analysis, (b) Spearman correlation analysis, and
(c) hierarchical cluster analysis among heavy metals in tap water in Wuhan.
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3.2. Health Risk Assessment on Human Health

The comprehensive analysis combining the exposure pathways, dose and duration
could reflect the total potential human health risks from various heavy metals. The health
risks of tap water were therefore evaluated to quantify its suitability in terms of the daily
consumption using TCR and HI in this study. It is generally considered that tap water
in residential areas is most closely associated with human daily consumption, since the
exposure to tap water in non-residential areas is relatively less frequent. For this reason,
only the samples collected from residential areas were used to conduct the health risk
assessment. The results for both TCR and HI based on the general, China and Hubei values
of the exposure parameters were shown in Figures 3 and 4, as well as the individual risk
for each metal element.

—_
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Figure 3. (a) Carcinogenic risk of Cd, Cr and Pb and (b) total carcinogenic risk in tap water from
residential areas in Wuhan. Note: only the box diagram based on the general values of the exposure
parameters is shown for better visualization of CR in (a), and the average values of CR based on
different exposure parameters are shown for each metal element.
10’
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Figure 4. (a) Hazard quotient and (b) hazard index of heavy metals in tap water from residential
areas in Wuhan. Note: only the box diagram based on the general values of the exposure parameters
is shown for a better visualization of HQ in (a), and the average values of HQ based on different
exposure parameters are shown for each metal element.
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As we can see from Figure 3a, the obtained CR for the toxic metals (Cd, Cr and Pb)
calculated by the general values of the exposure parameters were all lower than the level
of 10~% in both seasons, and the CR for Pb was even lower than the level of 107¢. Such
low CR values indicated that the carcinogenic risk of the tap water in residential areas
caused by Pb is negligible, and the carcinogenic risks from Cd and Cr were acceptable,
although some still existed. In this case, the average values of the obtained TCR were
2.24 x 107° and 9.11 x 10~% in summer and winter, respectively. When the values of the
China-oriented exposure parameters were used instead for the calculation, the obtained
TCR values were slightly magnified to 2.37 x 107> in summer and 9.67 x 10~ in winter
as shown in Figure 3b. Though the values of the exposure parameters from daily oral
intake (IRDW) and dermal intake (SA and BT) in China were lower than the general values,
the average body weight (BW) was also at a lower level, leading to an increase in TCR
outcomes. Further replacing the exposure parameters with local values in Hubei Province,
an even higher TCR result can be obtained for the tap water in summer (2.98 x 10~°), while
this was much lower in winter (6.32 x 10~°), depending on the disparity in water intake
and bathing time during these two seasons. Despite this, the obtained TCR values were
assessed within the non-negligible risk range.

Some metal elements, such as Fe, Mn and Ni, are essential to maintain the normal
metabolism of the human body. However, long-term exposure to high concentrations of
these metals will also pose a negative effect to human health. For example, excessive Fe can
cause hemochromatosis, excessive Ni can cause allergy and hand eczema, and excessive
Mn can cause neurotoxicity [50,51]. In the meantime, the toxic metals mentioned above
also have such risks besides carcinogenicity. Therefore, calculating the HQ values of all
these metals to reveal the non-carcinogenic risk is necessary and important. As can be seen
from Figure 4a,b, the obtained HQ values based on different exposure parameters for all of
the determined metal elements were much lower than one in either summer or winter, and
even HI, which is the sum of the HQs of all the 10 metals, was also lower than one. This
result means that the non-carcinogenic risk of tap water in Wuhan is currently kept at a
very low level. The value of HI in summer (8.38 x 1072) was higher than that in winter
(4.58 x 1072) based on the general values of the exposure parameters, which was mainly
caused by the higher amount of Pb in summer. When the general values were replaced
with the values of China-oriented parameters, the obtained HI values decreased slightly in
both winter and summer. Similarly, replacing the exposure parameters to the local values in
Hubei Province, the obtained HI values increased in summer (1.02 x 10~!) and decreased
in winter (2.95 x 1072).

As discussed above, both the water quality and exposure parameters influenced the
health risk assessment of tap water. Such risks therefore varied among different regions
and were also related to differences in living habits and physical conditions. Even under
similar exposure conditions, people with lighter weight and more water intake were more
easily threatened at the same metal concentrations. In a survey of drinking water in Bihair,
India, nearly 28% of the water samples collected in summer exceeded the corresponding
limit of Mn (400 pg/L), resulting in the non-carcinogenic risk reaching 1.5 with serious
health risks [52]. Heavy Pb contamination has been reported to make the HQ value reach
1.96 in Ilam, Iran, nearly twice the safety standard limit [37]. Lu et al. [14] assessed the
tap water in Shenzhen, China, and the result showed that the CRs of Cd and Cr were
2.1 x 1078 and 2.5 x 1077, respectively, both lower than our study. Overall, the tap water
in Wuhan is currently in a relatively safe state and will not cause acute hazards or chronic
diseases in the short term, but the long-term cancer risk is still noteworthy. In addition, it
should also be noted that the health risk assessment was calculated without taking into
account the forms and valence states associated with the direct toxicity of the metals, and
the actual health risk may still be biased to some extent.
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3.3. Potential Contamination of Heavy Metals from Water Supply Pipelines

Conventionally, the accumulation of heavy metals in tap water can be attributed to the
atmospheric deposition, wastewater discharge, or even seepage of external groundwater
into the water supply system [53,54]. In addition, significant levels of contaminants may
also be extracted from materials in water supply pipelines due to water bodies coming into
contact with them. Previous studies have reported that materials used in water distribution
systems (Pb, Cu and other metals, etc.) can lead to a deterioration of the water quality,
emphasizing the significant increase in the relative contribution of Pb exposure from
drinking water when water was consumed after stagnation [55]. However, the occurrence
of such pollution processes, the extent of its contribution and the relevant data are actually
difficult to ascertain and need to be investigated.

The heavy metal concentrations in tap water measured in this study were much
lower than the standard limits, and even close to the detection limit values of the mass
spectrometer except for Fe and Al. As mentioned above, the water quality of water sources,
the treatment technology at the waterworks and the maintenance of the pipelines are all
crucial to guarantee the security of tap water. The obtained HPI of the Yangtze River
and the Hanjiang River in summer were 4.92 £ 0.52 and 3.34 & 0.32, respectively, both of
which were much lower than the pollution limits of 15, revealing a very low pollution level
of the water sources in this season. Meanwhile, such HPI values were 17.05 & 5.23 and
12.26 £ 1.36 for the Yangtze River and the Hanjiang River in winter, reflecting a slightly
polluted state and potential environmental risks of heavy metals. Even so, the overall water
quality assessment of urban water sources in the study area has been quite satisfactory,
compared to many cities around the world [42,56].

Nevertheless, according to the data reported by the waterworks in Wuhan, the contents
of heavy metals in the finished water are at very low concentration levels before entering
the water transmission network (Table 5), which are mostly lower than the amount detected
in tap water collected from the faucet outlet. This means that the minor contamination we
detected at the water supply terminal may come from the water transmission network, i.e.,
the pipelines. The relatively high Fe concentrations in tap water can be caused by the high
contamination from the pipe dissolution. Kavacr et al. [57] indicated that the corrosion
of pipelines was one of the important sources of heavy metals in tap water. The higher
concentrations of Ni, Cd and Pb in tap water relative to the finished water of waterworks
can also be explained through this perspective. That is to say, in order to ensure the urban
domestic water safety, it is of importance to maintain and update the pipes of the water
supply network, especially for the old residential areas.

Table 5. Concentrations of heavy metals in the finished water of waterworks in Wuhan (ug/L).

Waterworks Fe Al Mn Co Ni Cu Se Cd Cr Pb
W1 14 85 0.6 0.4 0.9 <0.1 <4 <0.1
W2 17 90 4.1 0.6 14 <0.1 <4 <0.1
W3 <50 94 <100 2 <100 <1 <4 <5
W4 <50 88 <100 04 <100 <1 <1 <5
W5 13 131 1.1 0.8 14 <0.1 <4 <0.1
W6 54 119 24 0.4 0.8 <0.1 <4 <0.1
W7 11 95 0.2 0.4 0.9 <0.1 <4 <0.1
W8 12 99 0.5 0.4 0.9 <0.1 <4 <0.1
W9 12 59 <0.1 0.6 0.6 <0.1 <4 <0.1

W10 12 94 0.4 0.6 0.8 <0.1 <4 <0.1
Wi11 16 112 0.7 0.3 1 <0.1 <4 <0.1
W12 13 104 49 0.7 1.2 <0.1 <4 <0.1
W13 11 103 0.2 15 0.8 <0.1 <4 <0.1

Note: W1-W13 represent 13 waterworks distributed in Wuhan, and data are obtained from https:/ /www.whwater.com
accessed on 19 July 2023.
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4. Conclusions

This study evaluated the quality of tap water and surface water (the Yangtze River and
the Hanjiang River) in Wuhan based on the concentrations of heavy metals (Fe, Al, Mn, Co,
Ni, Cu, Se, Cd, Cr and Pb) during the summer (June) and winter (December) of 2022, and
conducted a health risk assessment on human health. Among all the tap water samples,
the detection frequency of Fe and Al was 100%, while the remaining metal elements were
detected at a relatively lower frequency, with the detection frequency of Mn and Cu less
than 50%. Almost all of the tap water samples contained metal concentrations below the
Chinese national standard limits for drinking water (GB 5749-2022), except for a very small
number of winter samples with excessive Al concentrations. Statistical analysis revealed
the correlations among different heavy metals in tap water, such as Fe, Al, Se, Ni and
Co. The obtained TCR based on the general values of the exposure parameters for the
residential areas were 2.24 x 107> and 9.11 x 10~° in summer and winter, respectively, and
the obtained HI were 8.38 x 1072 and 4.58 x 1072 in summer and winter, respectively. The
results of health risk assessment indicated that the tap water in residential areas in Wuhan
is currently in a relatively safe state and will not cause acute hazards or chronic diseases in
the short term, but the long-term cancer risk is still noteworthy. The obtained HPI showed
that the overall water quality of urban drinking water sources is satisfactory, despite its
slightly polluted state and the potential environmental risks of heavy metals in winter.
According to the heavy metal concentration data of finished water reported by waterworks
and tap water outlets, pipeline corrosion was considered as one of the important sources of
heavy metals in Wuhan tap water, which can explain, to a certain extent, the increase in the
heavy metal concentrations, such as Fe, Ni, Cd and Pb.
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