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Abstract Heavy metal accumulation and potential re-
leases from loose deposits in drinking water distribution
system (DWDS) can have critical impacts on drinking
water safety, but the associated risks have not been
sufficiently evaluated. In this work, the potential biolog-
ical toxicity of heavy metals in loose deposits was
calculated based on consensus-based sediment quality
guidelines, and the effects of some of the main water
quality parameters, such as the pH and bicarbonate and
phosphate content, on the release behaviors of pre-
accumulated heavy metals were investigated. The re-
sults showed that heavy metals (Cu, As, Cr, Pb, and Cd)
significantly accumulated in all the samples, but the
contents of the heavy metals were multiple magnitudes
lower than the Fe and Mn contents. The potential
biotoxicity of As and Cu was relatively high, but the
biotoxicity of Cd was negligible. The water quality can
significantly influence the release of heavy metals from
loose deposits. As the pH increased from 7.0 to 9.0, the

release of As and Cr obviously increased. The release of
As, Cu, Pb, and Cr also accelerated with the addition of
phosphate (from 1 to 5 mg/L). In contrast to the trends
for the pH and phosphate, variations in the bicarbonate
content did not have a significant influence on the
release of As and Cr. The release ratios of heavy metals
in the samples were very low, and there was not a
correlation between the release rate of the heavy metals
in the loose deposits and their potential biotoxicity.

Keywords Drinkingwater distribution system
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Introduction

Deposited solids ubiquitously exist in drinking water
distribution system (DWDS). The sources of the depos-
ited solids include pipe corrosion by-products, residual
particle deposition, dissolved substance precipitation,
and/or adsorption. Iron (Fe), aluminum (Al), and manga-
nese (Mn) are usually the main metal elements in the
deposits (Liu et al. 2017). However, heavy metals, such
as chromium (Cr), lead (Pb), copper (Cu), cadmium (Cd),
nickel (Ni), and arsenic (As), can accumulate in DWDS
deposited solids (Lytle et al. 2004; Sun et al. 2014).

The accumulation and release of heavy metals from
deposited solids in DWDS has gradually attracted atten-
tion in recent years. For metallic pipes, the deposited
solids can be divided into two categories: loose deposits
on the top surface layer that can be easily re-suspended
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under a hydraulic disturbance and so-called corrosion
scales, which are relatively hard and closely attached to
the metallic pipe surface (Peng et al. 2010). For non-
metallic pipes, no corrosion scales exist, and loose de-
posits are the only category of pipe-deposited solids.
Generally, loose deposits are responsible for the deterio-
ration of water quality in DWDS, such as the occurrence
of water discoloration (Smedley and Kinniburgh 2002).
More seriously, iron oxides (goethite, lepidocrocite,
magnetite, etc.), manganese oxides, and silicates that
are ubiquitously found in loose deposits have strong
affinities for trace contaminants (Sarin et al. 2001,
2004). Although the concentrations of some heavy
metals in treated water are extremely low or even unde-
tectable, they can accumulate and concentrate in loose
deposits over time. When the water quality conditions
change (such as a water source switch), the heavy metals
in the loose deposits could be released back into the bulk
water at a significant concentration and place consumer
health at a high risk (Li et al. 2016). A hydraulic distur-
bance of loose deposits can also result in increased heavy
metal levels in bulk water while increasing the turbidity
in DWDS (Carrière et al. 2005; McNeill and Edwards
2001; Nawrocki et al. 2010).

Heavy metals in deposited solids are non-degradable,
and it is important to assess the potential biological
toxicity of heavy metals due to their persistence and
high toxicity that can seriously affect the water quality
and endanger human health. To our knowledge, there is
no research on the assessment of the potential biological
toxicity of heavy metals in deposited solids. Consensus-
based sediment quality guidelines (CBSQGs), a major
evaluation tool for sediment quality assessment, have
been extensively used for reliable prediction. Peña-Icart
et al. used the CBSQGs method to assess sediment
pollution of metals in Cienfuegos Bay (Peña-Icart
et al. 2017). Liu et al. compared the metal concentrations
in surface sediments of the Luanhe River Estuary with
the threshold effect level and the probable effect level
and discovered that Cu, Pb, Cr, Ni, and As occasionally
had adverse biological effects on aquatic ecosystems
(Liu et al. 2016). Studies have shown that the CBSQGs
method has a high reliability for the evaluation of the
potential biological toxicity of metal-contaminated sed-
iments, and the method has been successfully used for
the evaluation of sediment pollution in many countries,
such as Cuba, China, America, Australia, and Portugal
(Oliveira et al. 2011; Serafim et al. 2013). In this work,
the CBSQGs method was used to assess the potential

biological toxicity risk of heavy metals in the solid
deposits of DWDS.

The factors influencing heavy metal release from
deposited solids have been reported (Gerke et al. 2016;
Lytle et al. 2010). Water quality parameters, such as the
pH, alkalinity, and phosphate (which serves as an inhib-
itor of corrosion) and chlorine contents, are considered
important factors for the release of iron and heavy
metals (Antelo et al. 2005; Xie and Giammar 2011). In
addition, the temperature, redox potential, dissolved
oxygen, and natural organic matter also influence the
adsorption-release balance of heavy metals in deposited
solids (Gheju et al. 2016; Hsu et al. 2008; Jain and
Loeppert 2000). Yang et al. found that a significant
increase in the sulfate concentration can cause a high
iron release and even a red water occurrence (Yang et al.
2014). Sun et al. found that changes in the water chem-
istry can trigger the release of heavy metals from iron
corrosion scales. With an increase in the sulfate concen-
tration, the release of Mn, Ni, Cu, Pb, Cr, and As
increases (Sun et al. 2017). Peng et al. found that the
water quality parameters that influence the release of
iron can also result in a high heavy metal release (Peng
andKorshin 2011). However, the previous studies main-
ly focused on the release of iron or trace contaminants
from hard corrosion scales, and heavy metal releases
from loose deposits have rarely been reported.

In this work, loose deposits in real DWDS were
characterized, and the potential biological toxicity of
the heavy metals in the loose deposits was evaluated
by referencing the CBSQGsmethod. The release behav-
iors of heavy metals under the influence of some main
water quality parameters, including the pH and bicar-
bonate and phosphate contents, were investigated. The
findings of this work could provide a basis for a risk
assessment of heavy metals that originate from loose
deposits in DWDS.

Materials and methods

Sample collection

Loose deposits were collected from 11 different DWDS
sites in a metropolitan city in northern China. The whole
pipe network length is approximately 10,000 km and
serves an area of approximately 7.3 million km2. The
main pipe materials were unlined cast iron pipes and
cement-lined ductile iron pipes, which accounted for

388 Page 2 of 12 Environ Monit Assess (2018) 190: 388



nearly 70% of the pipes. In this work, the samples were
only collected from areas with relatively high pipe ages
(15–20 years old or more), and pipe materials were
mainly old unlined cast iron pipes, which could be
representative areas with relatively high loose deposit-
related risks.

Sampling process Loose deposits were obtained by
unbolting fire hydrants at the chosen sample locations,
and the suspended solids were captured from the dis-
charge stream in a customized net assembly. The assem-
bly was a fine (50 μm pore size, 380 mm length, and
105 mm diameter) synthetic nylon mesh net. The as-
sembly was joined with the hydrant, and the hydrant
was fully opened for 5 to 7 min to ensure enough
deposits were retained. Once the net was removed from
the hydrant, the net was placed into a large plastic bag
with a seal and brought back to the laboratory as soon as
possible. Each sample was vacuum freeze-dried for
18 h. The specimens were marked, Nos. 1 to 11. For
comparison, a corrosion scale sample obtained from an
iron pipe was included (sample No. 12). All of the dried
samples were crushed using an agate mortar and pestle
in an anaerobic chamber and passed through a number
90 sieve (160-μm mesh).

Characterization of loose deposits

The inorganic contaminants in all the samples were
measured as follows: after the microwave digestion
and dilution, the pH was adjusted to 2 or lower by
adding nitric acid (HNO3). The high levels of metals
were analyzed using inductively coupled plasma atomic
emission spectrometry (ICP-OES, OPTIMA 2000,
PerkinElmer, USA), and low levels of metals were
determined using inductively coupled plasma mass
spectrometry (ICP-MS, NexION 300X, PerkinElmer,
USA). Five representative samples, namely samples 1–
4 (loose deposits) and sample 12 (corrosion scales),
were selected for X-ray diffraction (XRD) characteriza-
tion. The XRD (PANalytical X’Pert PRO MPD) was
performed to obtain the crystalline phases of the sam-
ples, and the operation parameters were Ni0-filtered Cu-
Kα radiation (λ of 1.5406 A) and a 2θ value range of
3°–70° with a 0.02° step size. The quantificationmethod
for XRDwas the same as that previously reported (Yang
et al. 2012). Furthermore, the apparent morphologies of
sample 1 (loose deposit) and sample 12 (corrosion scale)
were observed using scanning electron microscopy

(SEM, Zeiss, German), and the elemental composition
in a local area was measured using energy dispersive X-
ray spectroscopy (EDS).

Risk assessment method of the potential biological
toxicity of heavy metals

CBSQGs include two thresholds, the threshold effect
concentration (TEC) and the potential effect concentra-
tion (PEC). The former indicates that the harmful bio-
logical effect is negligible when the pollutant concen-
tration is lower than the TEC, and the latter indicates that
harmful biological effects are more likely to occur when
the pollutant concentration is higher than the PEC
(MacDonald et al. 2000). Table 1 shows the guideline
values for the heavy metals, and the data are from
MacDonald (MacDonald and Ingersoll 2010).

Heavy metal release experiments

Influence of the water quality parameters

In this work, release refers to the element migrating into
bulk water in a dissolved form via either dissolution or
desorption. All the metal release experiments were con-
ducted using background water prepared using deion-
ized water with the addition of NaNO3 as the supporting
electrolyte (20 mmol/L). The pH was adjusted to
predetermined values using 0.1 M HCl and 0.1 M
NaOH solutions.

For the pH effect experiments, 0.03 g of the deposit
samples was transferred to a 250-mL conical flask, and
100 mL of background water was added. The pH values
tested were 7.0, 8.0, and 9.0. The solutions were placed
on a constant temperature shaker at 150 rpm and main-
tained at 25 ± 1 °C for 168 h. The release dynamics were
investigated by collecting samples at pre-settled time
intervals. All the samples were digested by adding
HNO3 (pH < 2) and filtered through a 0.45-μm mem-
brane filter using a polypropylene syringe filter before
the analysis. For the bicarbonate and phosphate effect
experiments, a series of PO4

3− (1, 2, 3, 4, and 5 mg PO4
3

−/L) and HCO3
− (1, 2, 3, 4, and 5 mg HCO3

−/L) con-
centrations were selected based on potential actual con-
centrations in DWDS. The remaining experimental
steps were the same as the pH effect experiments.

Blank tests without samples were performed. The
amount of metal released (mg/kg) and the release ratio
(%) were calculated. All the release data were averages
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of duplicate determinations, and the relative errors were
approximately ± 5%.

Heavy metal release ratio calculation method

The following equation was utilized to calculate the
release ratio of heavy metals from loose deposits.

Fraction of heavy metal released ¼ A� 0:1 Lð Þ
B� 0:03 gð Þ � 100%

where A (μg/L) is the average concentration of heavy
metal released, B (mg/kg) the initial heavy metal content
in the loose deposits, 0.1 L the volume of water, and
0.03 g the amount of loose deposits.

Results and discussion

Characterization of loose deposits

SEM-EDS analysis

To observe the microstructure of the loose deposits
(sample 1) and corrosion scales (sample 12), two typical
SEM images are shown in Fig. 1a, d. Both solids clearly
have a porous structure that is favorable for adsorbing
and accommodating heavy metals. The EDS analysis
(Fig. 1c, d) showed that the dominant chemical elements
in both the loose deposits and corrosion scales were Fe
and O. In addition, Si, Mg, F, and other elements were
observed on the surface of the loose deposits.

XRD analysis

Four loose deposit samples and the corrosion scale
sample, which had relatively higher contents of Mn,
As, and Cr, were selected to analyze their crystalline
characteristics (Fig. 2). Figure 3 summarizes the main
crystalline substances and their contents in the five
samples. Goethite and lepidocrocite were observed in
most samples as the iron minerals, but magnetite was
not frequently observed. Next, due to the erosion of the

cement linings of the cast iron pipes and the existence of
residual gravel, quartz had a larger proportion in the
samples. As seen, two types of aluminum silicate were
detected in most samples, which might be due to the
reaction between the residual aluminum and silica or
come from the source waters. These minerals could
accommodate heavy metals via adsorption, complexa-
tion, and other combinations. The crystal compositions
of the loose deposits and corrosion scales were not
obviously different.

Elemental composition analysis

The XRD results showed a large number of substances
in the samples with heavy metal adsorption capacity,
such as Fe3O4. The metal elements in the samples were
tested by ICP-OES/MS, and the potential biotoxicity
was analyzed.

Table 2 summarizes the contents of the major inor-
ganic elements in the samples. Similar to previous stud-
ies, the loose deposits and corrosion scales were mainly
composed of Fe and Mn. The Fe in the samples was
mainly derived from the corrosion of a ferrous metal
pipe (Benson et al. 2012), andMnmainly came from the
presence of soluble ions in the water sources, which
were released from iron pipes or from the use of man-
ganese oxidants (KMnO4) in water treatment processes
(Cerrato et al. 2006). Heavy metals, Cu, As, Cr, Cd, and
Pb, were also detected, and they may be from the pipe
materials (Veschetti et al. 2010).

The Fe content was 31,700 to 94,000 mg/kg (mg
element/kg sample). The second most prominent metal
found in the DWDS samples was Mn, and the highest
concentration of Mn was 10,950 mg/kg. Cu was the
most prominent heavy metal found in the DWDS sam-
ples. The highest concentration in the samples was
1408 mg/kg, which is harmful (see below). Cr, As, Pb,
and Cd were found in all the samples, but their concen-
trations were significantly lower compared with those of
Fe and Mn, especially Cd.

It should be noted that the contents of heavy metals in
loose deposits can be affected by the levels of heavy

Table 1 CBSQGs of five toxic
heavy metals CBSQG As (mg/kg) Cd (mg/kg) Cu (mg/kg) Pb (mg/kg) Cr (mg/kg)

TEC 9.79 0.99 31.6 35.80 43.40

PEC 33.00 4.98 111 128 111.00
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metals in the finished water. However, the finished water
before entering the distribution system can sufficiently
meet the regulation limits, and the heavy metals are
routinely monitored by the water supply company. The
heavy metal levels of the finished water are as follows
based on a 1-year monitoring report (unit mg/L): Cr <
0.007, Cd < 0.0005, Cu < 0.002, As < 0.001, Pb < 0.001.

Potential biological toxicity risk of heavy metals

The elemental composition results showed that heavy
metals (As, Cd, Pb, and Cr) were detected in all the
samples. The potential biotoxicity risk of the five heavy
metals was evaluated. The accumulated concentration of
Cd in the samples was very low, and there was no

Fig. 1 SEM images and EDS results of samples. a–c Loose deposits (sample 1). d–f Corrosion scales (sample 12)
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biotoxicity, which is not listed in this paper. As seen
from Fig. 4, some samples had toxic heavy metal con-
centrations that exceeded the corresponding PEC con-
centration, indicating that the other four heavy metals
will produce harmful biological effects.

The concentrations of the heavy metals (As, Cd, Cu,
Pb, and Cr) in the corrosion scale (sample 12) were
below the TEC. The concentration of As in all the loose
deposits was higher than the TEC of 9.79 mg/kg, and
five of the loose deposit samples had concentrations
higher than the PEC. There were six samples with Cu
concentrations between the TEC and PEC, and five
samples have concentrations above the PEC. The Pb
concentration in most samples was less than the TEC,
and two sample concentrations were higher than the
PEC. The Cr concentration in nine samples was between
the TEC and PEC, and one sample was higher than the

PEC. The potential biotoxicity of As and Cu in the
samples was relatively large.

The enrichment of heavy metals with potential bio-
logical toxicity in pipe scale may have an effect on the
microbial community structure that exists in pipes. This
may possibly interfere with the diversity of the microbes
and cause the dissolution and release of trace contami-
nants from the scale, leading to unsafe water.

Effect of the water quality parameters on heavy metal
release

The potential biological toxicity risk assessment results
showed that 4 of the 11 loose deposits had a biological
toxicity, especially for As, which had a high level of
potential biotoxicity. Heavy metals in loose deposits can
enter bulk water either via hydraulic re-suspension in a
particulate form or dissolution/desorption in a dissolved
form. The dissolution/desorption processes can be af-
fected by the water quality conditions. Here, the effects
of the pH and bicarbonate and phosphate contents on the
heavy metal release from loose deposits were
investigated.

Effect of the pH on heavy metal release

The effects of the pH on the release of As, Cu, Pb, and
Cr are shown in Fig. 5. The concentration of As and Cr
noticeably increased as the time and pH increased. The
release of Cu and Pb from the loose deposits had the
same trend with the change in the pH, and the highest
release was at pH 8.

The maximum concentrations of As during the exper-
imental period were 0.12 μg/L at pH 7, 0.20 μg/L at pH
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8, and 0.60 μg/L at pH 9, respectively. The effect of the
pH can be attributed to adsorption site competition be-
havior between arsenate anions and hydroxyl ions. At a

higher pH, more hydroxyl ions adsorbed on the loose
deposits, and more arsenate anions were displaced from
the adsorption sites into the bulk water (Copeland et al.
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Table 2 Contents of inorganic
elements in the samples

B–^ indicates undetected

Sample Fe
(mg/kg)

Mn
(mg/kg)

As
(mg/kg)

Cr
(mg/kg)

Cu
(mg/kg)

Pb
(mg/kg)

Cd
(mg/kg)

1 75,500 1132 36 68 83 33 –

2 34,900 417 11 29 30 9 –

3 53,500 1078 16 49 192 77 0.5

4 70,000 772 25 74 1408 563 –

5 49,900 1290 96 109 171 68 –

6 73,500 10,950 39 44 69 32 0.8

7 84,000 800 64 81 54 14 0.5

8 31,700 1835 13 46 36 14 –

9 94,000 4678 97 231 45 18 0.5

10 48,800 1128 19 54 622 249 0.3

11 43,700 800 10 63 243 97 –

12 64,500 725 5 22 111 16 0.3
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2007). In addition, the As adsorbed on Al minerals was
released in a dissolved form when the amphoteric Al
compounds dissolved under the higher pH conditions.
The released Cu and Pb concentrations increased when
the pH increased from 7 to 8, and the concentrations
decreased as the pH increased to 9. The maximum re-
lease concentrations of Cu and Pb were 1.02 and
0.67 μg/L, respectively. Under acidic conditions, the
surface of the loose deposits had a more positive charge,
which led to stronger electrostatic adsorption with anions
(CrO4

2−, HCrO4
−, and Cr2O7

2−). The positive charge on
the surface of the loose deposits decreased as the pH
increased. Therefore, the adsorption capacity of Cr de-
creased, and the release concentration increased. Gener-
ally, the loose deposits had a strong adsorption effect on
anions within a neutral pH range (Turgut et al. 2005).

Effect of bicarbonate on the release of heavy metals

In a series of release experiments, bicarbonate was
added into the aqueous system. The results indicated
that the presence or absence of bicarbonate did not have

a significant influence on the release of As and Cr from
the loose deposits, but bicarbonate had a slight influence
on the release of Pb and Cu (Fig. 6). Stachowicz and
Williams et al. observed a slight effect or no effect on the
release of As(V) from different goethite materials with
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bicarbonate, but they observed a clear effect on As(III)
(Stachowicz et al. 2007).

Effect of phosphate on the release of heavy metals

Figure 7 shows the release of As, Cu, Pb, and Cr as
the phosphate concentration changes. When the con-
centration of phosphate approached 5 mg/L, the max-
imum concentrations for the metals were As
1.8 μg/L, Pb 2.5 μg/L, and Cr and Cu approximately
1.0 μg/L. Clearly, as higher concentrations of phos-
phate were added, more heavy metals were released
from the DWDS loose deposits. This was in accor-
dance with previous studies that showed phosphate
had a higher affinity for iron hydroxide sites in the
loose deposits than the heavy metals. Therefore,
phosphate competes for adsorption sites with the
anions in the loose deposits, causing the high mobil-
ity of the heavy metals (Morillo et al. 2015).

The results showed that changes in the water quality
parameters have a remarkable effect on the release of
heavy metals. Within the study scope, the maximum
concentrations of As, Cu, Pb, and Cr released from the
loose deposits were 1.80, 1.02, 2.50, and 1.04 μg/L,

respectively. A comparison of the heavy metal release
concentrations with the drinking water regulations
(Table 3) showed that the As, Cu, Pb, and Cr release
concentrations were far less than the drinking water
standards of China, the USA, Japan, and the EU.

Relationship between the release concentrations
of different inorganic elements

Aluminiferous loose deposits can effectively accu-
mulate various heavy metals under the action of
adsorption and coprecipitation. As and Cr, which
are biologically toxic and high release, were selected
to study their correlation with Al in the release pro-
cess. Figure 8 shows that the correlations between the
release concentrations of Al and Cr (R2 > 0.93), As
and Cr (R2 = 0.9172), and As and Mn (R2 = 0.9041)
in the studied pH range were significant. Under a pH
of 9, there was a high correlation (R2 = 0.9375) be-
tween the release concentrations of Al and As. The
release of As and Cr may occur with the release of Al
and Mn compounds. Mn decreased as the pH in-
creased, which explained the negative correlation
between Mn and As (Silva et al. 2012).

Release ratio of the heavy metals from the loose deposits

The heavy metal release concentrations in samples 1–5
(Table 4) were different and consistent with the total
content in the original loose deposits (Table 2). The
release ratio of the heavy metals in the different samples
did not have a trend as the pH changed. In the study pH
range, the highest release ratios of Cr, Mn, Cu, As, and
Pb in the five samples were 5.12, 6.12, 3.78, 5.57, and
0.68%, respectively. The release experimental data il-
lustrated that the release ratio of the heavy metals was
quite low.

The evaluation results showed that the potential
biotoxicity of As and Cu in the samples was relative-
ly high. However, the release results found that the
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Table 3 Comparison of heavy
metal release levels with different
regulation limits

Heavy
metals

Maximum release
concentration (μg/L)

China (mg/L) USA (mg/L) Japan (mg/L) EU (mg/L)

As 1.80 0.01 0.01 0.01 0.01

Cu 1.02 1.0 1.3 1.0 2.0

Pb 2.50 0.01 0.015 0.01 0.01

Cr 1.04 0.05 0.1 0.05 0.05
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release ratio of the heavy metals in the samples was
very low; there was no correlation between the re-
lease rate of the heavy metals in the loose deposits
and their potential biotoxicity. The release rate was
influenced by the form of the heavy metals in the
loose deposits (Peng et al. 2012).

The maximum amount of the heavy metals could
reach 3 mg/L for As, 34 mg/L for Cu, 19 mg/L for
Pb, and 1 mg/L for Cr if the metals were completely
released to the pipe system under extreme conditions,
concentrations much higher than the regulation limits
of 0.01, 0.05, 1.0, and 0.01 mg/L for As, Cr, Cu, and
Pb, respectively (taking China’s regulation limits as
example). Although the heavy metals in loose de-
posits cannot be completely released from the DWDS
in a short time, the potential release of heavy metals
should not be ignored.
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Fig. 8 Correlations between As and Al, Cr and Al, Cr and As, and As and Mn under different pH levels

Table 4 Percent heavy metal release with respect to the pH for
five solid samples

Sample pH Cr (%) Mn (%) Cu (%) As (%) Pb (%)

1 7 1.91 3.04 1.99 2.96 0.45
8 1.04 1.92 1.17 2.29 0.34
9 0.56 0.78 0.30 2.58 0.68

2 7 0.56 2.11 1.53 1.07 0.09
8 1.86 1.34 0.93 1.93 0.13
9 2.20 0.64 0.86 5.57 0.07

3 7 3.64 1.16 1.67 0.74 0.21
8 3.98 0.17 1.10 3.85 0.16
9 5.12 0.07 1.30 4.23 0.17

4 7 0.09 6.12 0.41 1.03 0.12
8 0.11 2.33 0.52 1.02 0.36
9 0.13 1.36 0.50 1.05 0.15

5 7 1.16 0.96 3.78 4.27 0.05
8 0.72 0.91 3.60 4.80 0.00
9 0.76 0.65 3.03 5.30 0.03
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Conclusions

Due to changes in water quality parameters, heavy
metals accumulated in loose deposits and corrosion
scales may be released into DWDS, affecting the water
quality. In this study, the potential biotoxicity risk of
loose deposits was evaluated, and the effects of the
water quality parameters on the release of heavy metals
in loose deposits were studied by batch experiments.
The main conclusions are as follows:

The accumulation of Fe and Mn in the loose deposits
can reach up to 94,000 and 10,950 mg/kg, respectively.
Cu was the most prominent heavy metal found in the
DWDS solids, and Cu can have a concentration of
1408 mg/kg. Cr, As, Pb, and Cd were found in all the
samples. The evaluation results found that the potential
biotoxicity of As and Cu in the samples was relatively
large, and there was no biotoxicity for Cd. Therefore,
the release risks of heavy metals cannot be ignored.

The maximum concentrations of As, Cu, Pb, and Cr
released into the aqueous system from the loose deposits
were 0.60, 1.02, 0.67, and 1.04 μg/L, respectively,
under different pH conditions. With an increase in the
phosphate concentration, the release of As, Cu, Pb, and
Cr progressively increased. In addition, bicarbonate had
a weak competitive power with other competing ions for
the adsorption sites, and it did not have a significant
effect on the release of heavy metals from the loose
deposits. The correlations between the release concen-
trations of Al and Cr (R2 > 0.93), As and Cr (R2 =
0.9172), and As and Mn (R2 = 0.9041) were significant
in the studied pH range.

Although the release ratio of the heavy metals in the
loose deposits was small within the water quality param-
eter study scope, subsequent investigations should be
conducted to further elucidate the effect of other water
quality parameters on heavy metal release, such as nat-
ural organic matter and oxidation-reduction potential.
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