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This study comprehensively analyzes the environmental risk of heavy metals (HMs) in the dewatering process of
dredged sediment. First, the toxicity leaching capacity, total content, and chemical speciation of the HMs (As, Cd,
Co, Cr, Cu, Hg, Mo, Pb, Sb, Sr, Tl, Zn) in dewatered sediment were determined using toxicity characteristic
leaching procedure and modified Community Bureau of Reference sequential extraction procedure. The eco
toxicity and environmental risk of the HMs were then evaluated based on sediment quality guidelines, geoaccumulation index, enrichment factor, potential ecological risk, and risk assessment code. The results showed
that flocculants reduced the ecological risk of Hg and Mo in sediment, and promoted the transformation of Mo,
Sb, and Tl from the biologically active fraction to the more stable fraction. The transformation percentages of Mo,
Sb, and Ti were 45.15%, 50.59% and 76.44%, respectively, after chitosan (CTS) treatment, and 64.55%, 31.75%
and 99.90%, respectively, after cationic polyacrylamide (CPAM) treatment. CTS reduced the potential risks of
bioavailable As, Cr, Cu, Mo, Sb, and Hg by (at most) 46.28%, 45.92%, 43.01%, 100.00%, 44.45%, and 39.69%,
respectively, whereas CPAM decreased the ecotoxicity of bioavailable Cd, Co, and Zn by (at most) 27.49%,
16.10%, and 20.89%, respectively. According to the result of principal component analysis, the main factors
affecting the environmental risk of HMs in sediment dewatering were nitrogenous organic compounds (mainly
protein substances), fulvic acid substances, and minerals. The most essential factor was nitrogenous organic
compounds, which accounted for 89.52% of the total variance. Chemical speciation was apparently more suit
able for environmental risk assessment of sediment dewatering than total content. This study provides an
important basis for controlling the environmental risk of HMs caused by sediment dewatering.

1. Introduction
Most of the pollutants in water bodies are concentrated in sediments
(Nelson and Booth, 2002; Gao et al., 2018). Heavy metals (HMs) in
sediment are resistant to degradation, highly toxic, and accumulate in
organisms (Paramasivam et al., 2015; Redwan and Elhaddad, 2017).
Therefore, they greatly threaten the ecological environment and have
attracted worldwide attention. Seriously polluted sediment is usually
repaired by dredging (Peng et al., 2009), but the dredged sediment is
high in water content and usually requires pre-treatment by dewatering
(He et al., 2001). Dewatered sediments and residual waters produced by
dewatering are rich in pollutants that endanger the surrounding envi
ronment. Moreover, chemical addition by dewatering changes the
chemical and physical properties of sediment, which in turn can

transform the chemical speciation of HMs (Song et al., 2020). Conse
quently, HMs will be activated and migrated (Mukwaturi and Lin,
2015), posing pollution risks to the ecosystem related to the dewatering
products. However, the ecological risk of HMs released by sediment
dewatering has been insufficiently investigated and an effective solution
is lacking. Understanding the transformation and environmental risks of
HMs during sediment dewatering is essential for gaining this knowledge.
The typical indicators of sediment pollution and environmental
hazard are sediment quality guidelines (SQGs), the geo-accumulation
index (Igeo), enrichment factor (EF), potential ecological risk (RI), and
risk assessment code (RAC) (Tessier et al., 1979; Sutherland and Tolosa,
2000; Feng et al., 2011; Sundaray et al., 2011). SQGs provide the risk
thresholds of HMs contaminants in sediment, Igeo determines the envi
ronmental risk of a certain HM element, and the EF quantifies the
contribution of human activities to HMs enrichment. The RI considers
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Abbreviations

PEL
RAC
RI
SQGs
SRF
TCLP
TEL
TN
TOC
TP
XRD
3D-EEM

BCR
European Community Bureau of Reference
CPAM
Cationic polyacrylamide
CTS
Chitosan
DOM
Dissolved organic matter
D50
Average particle size
EF
Enrichment factor
ERL
Effects range low
ERM
Effects range median
HMs
Heavy metals
Igeo
Geo-accumulation index
PARAFAC Parallel factor analysis
PCA
Principal component analysis

both the toxicity and total concentration of HMs, but is subjective to a
certain extent (Zhu et al., 2012). RACs are species-based analyses and
thereby explain the relationship between bioavailability, mineral
mobility, and environmental risk of HMs. However, none of these in
dicators properly account for the key factors affecting ecological risk of
HMs. Therefore, the main factors affecting the ecological risk of HMs in
sediment dewatering should be more thoroughly investigated.
As the largest natural freshwater lake in North China, Baiyangdian
Lake (38◦ 43′ - 39◦ 02′ N, 115◦ 38′ - 116◦ 07′ E) provides water to the
Xiongan New Area and replenishes water in the surrounding areas. The
lake also plays an important regulatory role in the ecological environ
ment of the basin (Ji et al., 2019a; Zhu et al., 2019). Large-scale human
activities and environmental evolution have released large amounts of
urban, industrial, agricultural, and tourism wastewater into the lake,
especially the serious pollutants brought by upstream rivers, including
sewage treatment, battery manufacturing, printing and dyeing, paper
and other industries waste water, previous studies have shown that the
sediment of Baiyangdian Lake has been polluted by HMs (Liang et al.,
2018; Zhang et al., 2018; Ji et al., 2019b). Meanwhile, the reduction of
water input causes the sediment siltation shrinks the water area,
sediment-pollution control is an urgent problem (Song et al., 2021). The
present study investigates the effect of two dewatering reagents—chi
tosan (CTS) and cationic polyacrylamide (CPAM)—on sediment dredged
from Baiyangdian Lake, and systematically explores the chemical
speciation and environmental risks of trace elements (As, Cd, Co, Cr, Cu,
Hg, Mo, Pb, Sb, Sr, Tl, and Zn, collectively called HMs) in the sediments.
The study aimed to (1) investigate the effects of dewatering on the
sediment quality level, leaching behavior and HMs speciation; (2) assess
the impact of dewatering on the environmental risk of dredged sediment
and provide a reference for subsequent resource utilization; and (3)
determine the contribution of various factors affecting the dewatering
environmental risk.

Probable effects level
Risk assessment code
Potential ecological risk
Sediment quality guidelines
Specific resistance to filtration
Toxicity characteristic leaching procedure
Threshold effects level
Total nitrogen
Total organic carbon
Total phosphorus
X-ray diffraction
Three-dimensional excitation–emission matrix
spectroscopy

2.2. Chemical reagents
CTS with MWs of 30 and 50 kDa (Macklin Biochemical Co., Ltd.,
Shanghai, China) and 85% deacetylation were named C1 and C2,
respectively. Meanwhile, CPAMs with MW values of 8000 and 12,000
kDa (Gongyi Tenglong Water Treatment Material Co., Ltd., China) and
80% charge density were specified as P1 and P2, respectively. All other
reagents and materials were of analytical grade and were purchased
from Sinopharm Chemical Reagent Co., Ltd.
2.3. Analytical methods
2.3.1. Procedure and performance of sediment dewatering
Based on our previous work (Song et al., 2020), the flocculant dos
ages were 1.40 (C1), 1.40 (C2), 6.00 (P1) and 4.50 g (P2) per kilogram of
dry sediment. The sediments were dewatered by adding flocculant to
every 100 g of sediment, stirring in a six-line agitator machine operated
at 400 rpm for the first 2 min and 40 rpm for the following 8 min, then
standing for 30 min. For sediment dewaterability measurements (Cao
et al., 2016), the specific resistance to filtration (SRF) was calculated as
follows:
SRF =

2PA2 b

μω

(1)

where P (kg/m2) is the vacuum filtration pressure, A (m2) is the filter
area, b is the time-to-filtration ratio, μ (kgs/m2) is the coefficient of
viscosity, and ω (kg/m3) represents the dry-filtered cake mass per vol
ume of filtrate (Niu et al., 2013). The dewatered sediment was collected
and freeze-dried for subsequent determination.
2.3.2. Effect of dewatering on sediment geochemical characteristics
The pH was tested by a pH meter (M97574, Mettler Toledo,
Switzerland). The sediment particle size (D50) and zeta potentials were
measured by a Zeta sizer nano ZS90 (Malvern, UK). Total organic carbon
(TOC) and total nitrogen (TN) were determined by an elemental
analyzer (Vario MAX cube, Elementar, Germany), and the total phos
phorus (TP) was detected using the ammonium molybdate spectropho
tometric method after treatment at 500 ◦ C (2 h) and extraction in 1 mol/
L HCl. The dissolved organic matter (DOM) and their fluorescence in
tensities were separated by three-dimensional excitation–emission ma
trix (3D–EEM) spectroscopy (Thermo FisherF− 4700, USA) and parallel
factor analysis (PARAFAC). The EEM data were then analyzed in
MATLAB 8.6 software (MathWorks Inc., USA). The mineral composition
was detected using an X-ray diffractometer (XRD) (Bruker AXS155 D8Focus, Germany). The illite crystallinity was indicated by the Kübler
Index (KI) (Kübler, 1964), and the albite crystallinity was calculated in
Jade 6.5 software.

2. Materials and methods
2.1. Source and properties of the sediment
Contaminated surface sediment samples were collected near the
Fuhe River entrance in the northwest area of Baiyangdian Lake, the
sampling site information is shown in Fig. S1. The moisture content and
pH of the sediment samples were 86.20% and 7.26%, respectively. The
total suspended solid and volatile suspended solid in the sediment were
36.90 and 8.87 mg/L, respectively, with zeta potentials and average
particle sizes (D50) of − 32.25 mV and 12.39 μm, respectively. The main
mineral composition of the sediment was illite, albite, and quartz.
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2.3.3. Total content of heavy metals
To analyze their total content, the samples were ground through 150μm mesh sieves, then weighed (0.1 g dry sample) into a microwave
digestion tank. After adding 15 ml acid solution (HCl: HNO3: HF volume
ratio = 1.5: 3.0: 1.0), the samples were processed by high throughput
microwave digestion (MDS–10, Sineo, China). The digestion procedure
is described in the supporting information (Table S1). The digested
samples were passed through a 0.45-μm glass fiber filter and the
digestion liquid extract was stored at 4 ◦ C before being analyzed by
ICP–MS (350D, PerkinElmer, USA). All analyses were performed in
triplicate and averaged to give the reported results. The quality of the
analytical procedure was checked by analyzing a reagent blank, repli
cate samples, and standard reference materials (GBW-07423, GBW07427, and GBW-07390). The analytical precisions of replicate sam
ples were within ±10%.

corresponding to the EF values are given in Table S4 (Han et al., 2006).
2.4.3. Potential ecological risk index
The potential ecological risk (RI) index is calculated as follows
(Hakanson, 1980):
Eri = Tri × Cfi = Tri ×
n
∑

RI =

2.4.4. Risk assessment code
RAC is based on the proportion of metal content in the fraction of F1
(Perin et al., 1985). The five-level risk classification is detailed in
Table S6.
2.5. Statistical analysis
A multivariate statistical analysis was conducted in SPSS software
(IBM SPSS STATISTICS 25.0). The correlations between the leaching
characteristics, bioavailability, environmental risk, and physicochem
ical properties of the dewatered sediment were established in a Pearson
correlation analysis. The different factors affecting the ecological risk of
dewatered sediment were identified in a PCA with varimax rotation.
3. Results and discussion
3.1. Effect of dewatering on sediment characteristics
The effect of dewatering on the physical and chemical properties of
the sediment was investigated in the presence of two flocculants (CPAM
and CTS). As shown in Table 1, the pH of raw sediment was neutral and
little affected by dewatering. After flocculation, the zeta potential and
particle size of the sediment flocs were significantly increased. This may
be because the functional group on the flocculant molecular chain is
positively charged, and the colloidal particles of the sediment are elec
trically neutralized and adsorbed, so that the flocs enlarge and finally
settle to achieve the separation of sediment and water (Ying and George,
2006; Yu et al., 2010). Dewatering increased the TOC and TN values by
contributing carbon and nitrogen from the organic flocculants. This may
be due to the adsorption of clay minerals to organic flocculants. Both the
protonated amino groups of CTS and the amide groups of CPAM are
positively charged (Vasudevan and Ran, 2007), while the interlayer of
clay minerals is negatively charged because of the charge imbalance
(Cuadros, 2012). In dewatering process, CTS and CPAM replaced sodium
ions, magnesium ions and so on between the clay mineral layers through
coulomb interaction (Laird, 1997; Malik and Letey, 1991), thus adsor
bed on the surface of dewatered sediment (Darder et al., 2003), resulting
in the increase of TOC and TN in dewatered sediment. CTS exhibited a
higher dewatering efficiency than CPAM, possibly because CTS exerted
a stronger electrical neutralizing effect than CPAM (as also demon
strated by the zeta potentials). The crystallinity of the clay mineral
components (illite and albite) changed after dewatering. Moreover, in
our previous work, the contents of Na+, K+, Ca2+ and Mg2+ in the
separated water produced by sediment dewatering increased (Song
et al., 2020). The exchangeable elements in clay minerals, such as Na+,
K+, Ca2+, Mg2+, etc., can be replaced and leached (Monteiro et al.,
2012), thus making the minor rearrangement in the mineral’s structure

2.4. Ecological risk assessment
2.4.1. Geo-accumulation index
The geo-accumulation index (Igeo) of each HM was calculated by
using the following equation (Muller, 1969):
(2)

where Ci is the concentration of metal i in the sample, Bi is the con
centration of metal i in the geological background (CNEMC, 1990), and
the constant 1.5 accounts for possible variations in the background value
caused by lithological variability. The Igeo values are classified in
Table S3.
2.4.2. Enrichment factor
EF was obtained by standardizing the measured value of the element
to the reference value (Fe) (Martin and Whitfield, 1983; Taylor and
McLennan, 1995). The calculation is given by (Varol, 2011):
Cn /CFe
Bn /BFe

(5)

where Cis is the content of the element in the samples, Cin is the back
ground content of the element, Tri is the toxic response factor of an in
dividual element (As = 10, Cd = 30, Co = 1, Cr = 2, Cu = 5, Hg = 40, Mo
= 18, Pb = 5, Sb = 13, Sr = 6, Tl = 17, Zn = 1) (Hakanson, 1980; Li et al.,
2019), and Eir is the RI index of an individual element. The RI values are
categorized in Table S5.

2.3.5. Leaching tests
Leaching of the HMs was characterized through the toxicity char
acteristic leaching procedure (TCLP) of US EPA Method 1311 (Nair
et al., 2008). The sediment sample was mixed with glacial acetic acid
solution (pH = 2.88) at a liquid: solid ratio of 20:1, then shaken for 20 h
at 250 rpm, centrifuged, and filtered through a 0.45-μm membrane fil
ter. The organics in the filtrates were digested in H2O2/HNO3 and
analyzed by inductively coupled plasma mass spectroscopy (ICP–MS).

EF =

Eri

(4)

i=1

2.3.4. Chemical speciation of heavy metals
The chemical species in the HMs were determined using the
sequential extraction procedure of the European Community Bureau of
Reference (BCR). The toxic metals were classified into four defined
fractions: the exchangeable and acid-soluble (F1), the reducible (F2), the
oxidizable (F3), and the residual (F4) (Tessier et al., 1979; Nemati et al.,
2011; Huang and Yuan, 2016). After extraction through a 0.45 μm glass
fiber filter, the liquid fraction was stored at 4 ◦ C until required for
ICP–MS (350D, PerkinElmer, USA). The residual fractions were also
characterized by ICP–MS after digestion in HCl: HNO3: HF (3:1:1, v/v).
To check the accuracy of the results, the contents of the four fractions
were summed and expressed as a ratio of the total HMs content. This
ratio is called the recovery rate. The concentrations and recovery rates
are given in Table S2.

Ci
Igeo = log2 (
)
1.5 × Bi

Csi
Cni

(3)

where Cn and CFe represent the contents of the studied and reference
elements in the sediments, respectively, Bn is the background concen
tration of metal n in the soil of the location, and BFe is the Fe concen
tration in the soil of the location (CNEMC, 1990). The pollution levels
3
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Table 1
Effects of dewatering on the physicochemical properties of sediment.
Raw

C1

C2

P1

P2

Physicochemical index

pH
Zeta (mV)
Particle size
TOC (mg/kg)
TN (mg/kg)
TP (mg/kg)

7.29
− 32.25
12.39
30,100
3050
1500

7.02
− 4.13
27.22
47,500
3570
1488

7.07
− 9.17
14.21
36,000
3620
1463

7.30
− 21.95
75.10
31,900
4900
1479

7.51
− 13.15
276.03
38,600
3770
1507

Dewaterability
Crystallinity

SRF(m/kg) (×1011)
Illite
Albite

7.71
0.45
87.07

3.99
0.47
81.46

5.79
0.49
84.07

6.55
0.43
83.19

6.05
0.50
83.34

DOM fluorescence intensity

Tyrosine and tryptophan protein
Fulvic acid

520
151

307
151

391
228

499
143

348
156

(Andrade et al., 2020). As evidenced by the fluorescence intensities of
DOM, the protein-like substances were significantly reduced in the
dewatered sediment. Previous studies have proven that flocculants can
interact with extracellular polymeric substances (especially protein
substances) on the sediment surfaces, thereby releasing bound water
and enhancing the dewatering performance of the sediment (Guan et al.,
2017; Zhang et al., 2019).

maximum of 8.15% and 1.09%, respectively. Manganese oxyhydroxides
play a dominant role in transporting trace elements through their
geochemical cycles (Prabakaran et al., 2020), and might influence the
release of HMs into the F2 fraction. Meanwhile, the changing redox
conditions caused by flocculation might stimulate the mobilization and
migration of organically bound HMs in the F3 fraction (Prabakaran
et al., 2019). As depicted above, appropriate flocculants can facilitate
the transformation of specific HMs from the biologically active fraction
(F1 + F2) to the more stable fraction (F3 + F4). This mechanism sta
bilizes the HMs in dewatered sediment.

3.2. Effect of dewatering on total content and speciation of heavy metals
The total content of HMs in raw and dewatered sediments are shown
in Table 2. The total content of HMs, except As, Co, and Sr, exceeded
their respective local background values. For CTS treated samples, the
total content decreased to varying degrees (except Sr), while only Hg
and Mo decreased in the samples treated with CPAM. Fig. 1 shows the
distribution of HMs speciation in the dewatered sediment samples. The
proportions of fractions F1, F2, F3, and F4 largely differed among the
HMs. Based on the bioavailability and ecotoxicity of each fraction (Devi
and Saroha, 2014; Gao et al., 2018), we investigated the effect of dew
atering on the biologically active fraction (F1 + F2) and relatively stable
fraction (F3 + F4) of HMs. In the raw sample, the proportions of bio
logically active fractions of As, Cd, Mo, Sr, and Zn were relatively high,
as the percentage of fraction (F1 + F2) exceeded 40.00%. Sb and Tl
mainly occupied the F4 fraction. After CTS flocculation, the As, Cu, Mo,
Sb and Tl in fraction (F1 + F2) were partially transformed to fraction
(F3 + F4). The maximum reductions of As, Cu, Mo, Sb and Tl in fraction
(F1 + F2) were 5.52%, 14.04%, 45.15%, 50.59% and 76.44%, respec
tively. Conversely, the Cd, Co, Cr, Hg, Pb, Sr and Zn in fraction (F3 + F4)
were partially transformed to fraction (F1 + F2), which correspondingly
increased by 2.76%, 12.77%, 14.94%, 94.47%, 15.12%, 8.94%, and
4.93%, respectively. After the CPAM treatment, the As, Co, Mo, Sb and
Tl in fraction (F1 + F2) were partially transformed to fraction (F3 + F4);
accordingly, their proportions in fraction (F1 + F2) decreased by (at
most) 1.67%, 1.87%, 64.55%, 31.75% and 99.90%, respectively.
Meanwhile, some of the Pb and Sr in fraction (F3 + F4) were trans
formed to fraction (F1 + F2), which correspondingly increased by a

3.3. Leaching test
Table 3 depicts the results of the leaching test. The leached con
centrations of HMs in raw sample followed the order of Sr > Zn > Pb >
Cu > As > Cd > Co > Cr > Sb > Mo (Hg and Tl were not detected). The
leached concentrations of both raw and dewatered sediments were
lower than their corresponding SEPA (State Environmental Protection
Administration) threshold (GB/T 50853, 2007). The influence of pH on
HMs leaching concentration was not obvious (Zhang et al., 2020). The
leached amount of As, Co, Cr, and Pb increased in CTS dewatered
samples, but Cu, Mo, Sb, and Zn decreased. As for CPAM dewatered
samples, the leached amount of As, Pb, and Zn increased, while Cd, Cu,
Mo, Sb, and Sr decreased. In order to better understand the proportion of
leachable HMs, we calculated the leaching rate of HMs (ratio of the
leached amount of the target HM to the total amount), as shown in
Fig. 2. After flocculation with CTS, the leaching rates of As, Cd, Co, Cr,
Pb, and Zn increased, while Cu, Mo, and Sr decreased. After CPAM
treatment, the leaching rates of As and Pb increased, whereas Cd, Co, Cu,
Mo, Sb, and Sr decreased. Overall, the leaching toxicity of CPAM treated
samples was lower than that of CTS treated samples. The HMs leaching
risk of CPAM flocculation was lower. This may be related to the higher
molecular weight, more effective long-chain net capture and stronger
bridging function of CPAM (Zheng et al., 2017).

Table 2
Comparison of HMs concentrations (mg/kg dry weight), sediment quality guidelines (SQGs), and background values.
As

Cd

Co

Cr

Cu

Hg

Mo

Pb

Sb

Sr

Tl

Zn

Sample concentration

Raw
C1
C2
P1
P2

13.56
12.71
11.90
14.22
14.35

1.97
1.87
1.79
2.14
1.95

8.66
7.91
7.07
8.54
8.81

103.05
94.34
84.88
107.20
108.97

49.87
43.70
40.26
50.38
50.09

1.03
0.21
0.40
0.18
0.29

1.01
0.72
0.41
0.60
0.80

70.56
67.18
61.63
71.90
71.65

1.41
1.31
1.14
1.44
1.43

136.28
171.16
153.13
147.56
142.43

0.55
0.52
0.45
0.53
0.58

157.04
142.94
132.58
169.22
158.90

SQG value

TEL
PEL
ERL
ERM

5.90
17.00
8.2
70

0.60
3.53
1.2
9.6

37.30
90.00
81
370

35.70
196.60
34
270

0.17
0.49
0.15
0.71

Background value

BV

13.60

0.09

68.30

21.80

0.04

12.40

4

35.00
91.30
46.7
218
0.70

21.50

123.10
314.80
150
410
1.22

179.00

0.45

78.40
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Fig. 1. Effect of dewatering on chemical speciation of HMs in sediment.
Table 3
HMs leach concentration in the TCLP test.
Raw
C1
C2
P1
P2
Threshold values

As

Cd

Co

Cr

Cu

Hg

Mo

Pb

Sb

Sr

Tl

Zn

1.019
1.169
1.159
1.259
1.269
5

0.897
0.997
0.893
0.813
0.863
1

0.735
0.780
0.775
0.710
0.735

0.207
0.234
0.245
0.179
0.230
15

1.120
0.647
0.604
0.529
0.540
100

0.000
0.000
0.000
0.000
0.000
0.1

0.014
0.008
0.005
0.004
0.004

3.766
4.426
4.486
4.186
4.126
5

0.031
0.025
0.027
0.028
0.026

91.500
94.450
87.850
86.050
86.900

0.000
0.000
0.000
0.000
0.000

54.271
49.971
50.971
61.771
54.371
100

3.4. Risk assessment of the dewatered sediment

contributed to external pollution and accumulated to a higher degree
than the other HMs. The finding is consistent with the previous studies of
Baiyangdian Lake (Chen et al., 2008; Ji et al., 2019b), and the anthro
pogenic inputs may be related to the pollutants from industrial and
agricultural production, coal burning, gasoline combustion and ship
repair, etc. (Zhang et al., 2016, 2018). HMs with higher-than-threshold
TEL values (As, Cd, Cr, Cu, Hg, Pb, and Zn) and PEL values (especially Cr
and Hg, which surpassed the PEL threshold by more than 14 times and
113 times, respectively) pose a high ecological risk and cause adverse
biological effects. The CTS treatment reduced the contents of all HMs in
sediment except Sr, whereas the CPAM treatment significantly
decreased the Hg and Mo contents but little affected or even increased
the contents of the other HMs. Notably, the flocculants decreased the Hg

3.4.1. Sediment quality level
Four sets of SQGs were used to assess the toxicological significance of
HMS in the dewatered sediment (Long et al., 1995; Macdonald et al.,
1996; NYSDEC, 1999; Buchman, 1999; MacDonald et al., 2003): the
threshold effects level (TEL), the probable effects level (PEL), the effects
range low (ERL), and the effects range median (ERM). SQGs and the
concentrations and background values (CNEMC, 1990) of HMs are
shown in Table 2. The Cd, Cr, Cu, Hg, Pb, Tl, and Zn concentrations in
the raw samples all exceeded their background levels. In particular, the
Hg, Cd and Pb concentrations were 29, 21, and 3 times above the
background levels, respectively, indicating that these HMs were largely
5
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Fig. 2. HMs leaching rates in the TCLP test.

contents below the PEL and close to the TEL, indicating that dewatering
can effectively control Hg pollution in the sediment. Active functional
groups of CTS and CPAM, such as − NH2, –CONH2 (Vasudevan and Ran,
2007), can interact with metal ions through complexation or chelation
(Guibal et al., 2006; Renault et al., 2009). Moreover, the long molecular
chains of CPAM have catch-bridge function, which is conducive to
capture and removal the HMs (Zheng et al., 2017; Hans et al., 2008). The
flocculation has the greatest effect on Hg, it may be related to the dis
tribution pattern of its chemical speciation. Unlike other HMs, fraction
F3 of Hg account for the largest proportion (54%), which is usually
chelated with the active groups of organic matter to form ligands (Wang
et al., 2001; Peng, 2002). While HMs in fraction F2 are usually bound by
strong ionic bonds (Wang et al., 2001), and HMs in fraction F4 are
mostly related to lithogenic source (Islam et al., 2015). Therefore, the
coordination bonds in fraction F2 with smaller bond energy are rela
tively easy to be broken, and the released Hg chelates with flocculants
(Rabea et al., 2003).
The concentrations of the most HMs in both raw and dewatered
samples were between their respective ERL and ERM values. According
to the ERL and ERM guidelines proposed by Long et al. (1995), these
HMs will likely exert biological toxicity effects. The ecotoxicity of most
HMs was not obviously affected by dewatering (the exceptions were Zn
and Hg). The Zn concentration fell below its ERL value in the
CTS-treated sediment, but was increased in the CPAM-treated sediment.
Notably, the Hg concentration in the raw sample exceeded the ERM
value, reaching levels that could harm the surrounding ecosystem. After

flocculation, the Hg concentration dropped to between the ERL and
ERM, and the risk was reduced.
3.4.2. Geo-accumulation index
As depicted in Fig. 3, the Igeo values of As, Co, Mo, Sb, Sr, and Tl in
the raw samples were negative and the pollution levels were zero,
indicating that these elements presented at non-polluting levels. The Igeo
values of Cu and Zn were in the 0–1 range (denoting unpolluted to
moderately polluted). The Pb vales were 1–2 (moderately polluted). Cd
and Hg, with Igeo grades of 4 and 5, respectively (denoting strongly or
very strongly polluted), pose a considerable risk to the ecological sys
tem. The Igeo values of the CTS-dewatered samples (excluding Cd and Sr)
were lower than in raw sediment, but those of the CPAM-dewatered
samples (excluding Cd, Co, Hg, Mo, and Tl) were higher than in raw
sediment. Therefore, CTS more effectively reduced the geoaccumulation risk of HMs than CPAM, and was especially effective for
Cu, Hg, As, Cr, Mo, Sb, and Tl. Notably, the pollution level of Hg was
significantly reduced (from 5 to 2) after the dewatering treatment.
3.4.3. Enrichment factor
The EF values, which quantify the contribution of human activities to
HMs accumulation, were calculated by normalizing the sediment
pollutant levels to their background concentrations (Fe background
concentration was selected as the reference value). An EF value less than
2 indicates that the pollutant derives only from natural weathering
processes, whereas a high EF suggests that the pollutant is mainly

Fig. 3. Geo-accumulation indices of HMs in dewatered sediment.
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released by human activity (Barbieri, 2016). As shown in Fig. 4, the
enrichment degree of the HMs decreased in the order Hg > Cd > Pb >
Cu > Zn > Cr > Mo > Tl > Sb > As > Sr > Co. The EFs of As, Co, Sb, Sr,
and Tl in the raw sediment were 1.43, 1.00, 1.66, 1.09, and 1.75,
respectively, indicating that they were minimally enriched in the sedi
ment, and were probably mainly sourced from natural geochemical
processes. The EFs of Mo, Cr, Cu, Pb, and Zn were 2.06, 2.16, 3.28, 4.71,
and 2.87 respectively, which correspond to moderate enrichment,
indicating mainly natural geochemical source and slight anthropogenic
source. In contrast, the EF values of Cd and Hg correspond to very high
and extremely high enrichment (30.04 and 41.06, respectively), indi
cating severe anthropogenic pollution as also reported in previous
studies (Ji et al., 2019b). The serious Hg and Cd pollution in the sam
pling area may arise from industrial production and sewage discharge,
such as batteries, electroplating, and dyeing in the upper river basin
(Liang et al., 2018; Ji et al., 2019b; Song et al., 2021).
The EFs of Hg and Mo were significantly reduced after dewatering,
with maximum reductions of 82.71% and 85.69%, respectively. Floc
culation effectively reduced the typical contamination levels of Hg and
Mo in the sediment from the study area, consistent with the Igeo results.

decreased in the order Sr > Cd > Zn > As > Mo > Co > Pb > Cr > Hg >
Tl. The Tl, Hg, and Cr elements, with RACs below 1.0, pose no envi
ronmental risk. The RACs of Zn and Cd were 36.00 and 45.59, respec
tively, which were in the high-risk range (30–50). The value of Sr was
the highest, reaching 76, corresponding to the very high risk level. After
dewatering with CTS, the RAC values of As, Cr, Cu, Hg, Mo, and Sb
decreased with maximum drops of 46.28%, 45.92%, 43.01%, 100.00%,
44.45%, and 39.69%, respectively, but the RACs of Cd, Co, Pb, and Sr
increased by 9.67%, 26.80%, 30.44%, and 12.04% respectively. CTS
reduced the fraction F1 of these HMs, probably because CTS contains a
large number of amino and hydroxyl groups, which can act as electron
donors, forming stable chelates with HMs (Muzzarelli, 1977). Kurita
et al. (2010) prepared CTS with about 50% amino group content, and
suggested that CTS had the highest adsorption capacity for Cu2+ and
Hg2+. Muzzarelli (1977) carried out a large number of studies on
chelating various metal ions with CTS, and proposed that CTS showed
good adsorption on transition metal ions and HMs ions, but did not
adsorb alkali metals and alkaline earth metals.
After dewatering with CPAM, the RAC values of Mo, Sb, Cu, Zn, Cd,
and Co decreased, with maximum decreases of 27.49%, 16.10%,
20.89%, 4.50%, 2.89%, and 3.47%, respectively, but the RACs of As, Cr,
and Pb increased significantly by 17.39%, 163.91%, and 51.87%,
respectively. Active groups such as amide group of CPAM can adsorb a
variety of metal ions. Liu et al. (2017) prepared polypropylene hollow
fiber membrane, and the adsorption study in the multi-component sys
tem showed that the adsorption capacity on Hg2+ was better than that
on Pb2+, and the adsorption capacity was significantly different. Li et al.
(2015) synthesized magnetic PAM with doping presented good floccu
lation for Cu2+, Pb2+ and Hg2+, and higher selective adsorption for
Hg2+.
In the dewatering process, CTS can decrease bioavailable As, Cr, Cu,
Mo, Sb, and Hg, whereas CPAM was more appropriate for Cd, Co, and
Zn. According to the above discussion, the difference may be related to
the selective adsorption of flocculants. Meanwhile, the reduction effect
of CTS was more significant than that of CPAM, which may be due to the
higher adsorption capacity of CTS under experimental conditions.
Flocculants can reduce the environmental risk of HMs in sediments to a
certain extent. According to the pollution characteristics of sediments
from different sources, appropriate flocculants can reduce major HMs
and reduce environmental risks.

3.4.4. Potential ecological risk index
As indicated in Fig. 5, the Eir in the raw samples decreased in the
order Hg > Cd > Mo > Tl > Pb > Sb > Cu > As > Sr > Cr > Zn > Co. The
Eir values of Hg and Cd in the raw samples exceeded the threshold (320),
indicating that these elements are extremely high ecosystem threats.
After dewatering, the risk indices of Hg were reduced by 79.27% (C1),
61.76% (C2), 82.58% (P1), and 72.30% (P2), and those of Mo decreased
by 26.92% (C1), 57.69% (C2), 42.31% (P1), and 19.23% (P2). The
flocculants effectively controlled the potential ecological risks of Hg and
Mo. The CTS treatment also mitigated the ecological effects of As, Cr, Cu,
Pb, Sb, Tl, and Zn. In contrast, CPAM little affected these HMs, and
actually increased the ecological impacts of As, Cr, Cu, Pb, Sb, Sr, and
Zn. The RIs were also calculated, and the results are plotted in Fig. 6. The
RI in the raw sample reached 1885, 3.14 times higher than the RI range
of serious pollution, indicating severe ecological risk. After dewatering,
the RIs of the sediment were decreased by 47.08% (C1), 42.10% (C2),
47.87% (P1), and 44.45% (P2), respectively, indicating that flocculants
can effectively reduce the overall ecological risks of HMs in sediment.
3.4.5. RAC assessment
RAC based on HMs speciation assesses the risk and mobility of the
bioavailable metals in dewatered sediment (Singh et al., 2005). The
detailed level criteria of the RAC classification are given in Table S6, and
the RAC results are given in Fig. 7. The RAC in the raw sediment

3.5. Factors affecting the environmental risk of dewatering sediment
Fig. 8 and Table S9 present the correlations between the sediment
properties and environmental risks. The pH value was negatively

Fig. 4. Enrichment factors of HMs in dewatered sediment.
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Fig. 5. Potential ecological risk indices of individual HM in dewatered sediment.

factors, possibly because dewatering was accompanied by the adsorp
tion and agglomeration of particles. Besides enabling sedimentation and
separation, the enlarging flocs promoted the adsorption and stabiliza
tion of HMs, thus decreasing their release activity. The correlation co
efficients between TP and As-(F1 + F2) and RAC-As were 0.683 and
0.656, respectively, showing a positive correlation. Arsenic and phos
phorus have similar electron layer structure, and the phosphate (PO3−
4 )
and arsenate (AsO3−
4 ) formed in natural environment also have similar
chemical speciation, so arsenic and phosphorus are considered chemical
analogues (Strawn, 2018), indicating that they have similar chemical
properties and behaviors (Hartland et al., 2015). Meanwhile, the TCLPs
of Cd, Co, Cr, and Pb were positively correlated with TOC (with corre
lation coefficients of 0.773, 0.702, 0.606, and 0.643, respectively). The
acid-leaching part of these elements can bind with organic carbon
compounds. In addition, RAC-Cr, RAC-Cu, RAC-Hg, RAC-Pb, RAC-Sb,
and RAC-Zn were positively correlated with TN and tyrosine
protein-like substances, indicating that the bioavailability fractions of
these HMs were mainly combined with nitrogenous compounds such as
protein-like substances. In the dewatering process, the HMs bound to
protein-like substances might be released by interacting with the active
groups of the flocculant molecular chains (Rabea et al., 2003). By this
mechanism, the organic binding fraction can be transformed into a
bioavailable fraction with high activity. Fractions (F1 + F2) of Co, Cr,
Pb, and Sr were mainly positively correlated with fulvic acid substances,
showing that the biologically active part of these HMs was mainly
released from fulvic acid-binding metals.
In order to understand the correlation between the bioavailability,

Fig. 6. Potential ecological risk indices of HMs in dewatered sediment.

correlated with TCLP, RAC and fraction (F1+F2). It probably because
that acid environment enhances the dissolution of HMs in sediment,
leading the increase of water-soluble HMs (He et al., 2019), which
contributed to the rise of TCLP, RAC and fraction (F1+F2). Particle size
was also negatively correlated with most of the environmental risk

Fig. 7. RAC analyzed by HMs fraction.
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Fig. 8. Pearson correlation analysis between the physicochemical properties and environmental risks of dewatered sediment.

mineral mobility and environmental risk, PCA analysis was conducted
using varimax rotation to simplify the RAC data and identify the
contribution of each factor. The statistical result showed that KaiserMeyer-Olkin (KMO) was 0.716, and the significance probability of
Bartlett’s sphericity test was 0.000, which was less than the significance
level of 0.05. Therefore, the selected data was suitable for PCA analysis.
The PCA reduced the factors affecting RAC to three principal compo
nents (PCs) (Table 4), which collectively explained 98.66% of the data
variance. The first PC (explaining 52.36% of the total variance) was
heavily loaded with Hg, Cu, Cr, Sb, Pb, and moderately loaded with Zn.
The Zn might exhibit quasi-independent behavior within this group. The
second PC (accounting for 37.18% of the total variance) represented
observable loadings of Sr, Cd and Co, and moderate loading of Zn. The
third PC was strongly correlated with Mo (correlation coefficient =

0.979), and accounted for 9.13% of the total variance. Combined with
the correlation analysis results, we associated the PCs to different
influencing factors of RAC. Specifically, PC1 represented nitrogenous
substances (mainly protein substances), PC2 represented fulvic acid
substances, and PC3 represented the mineral factor. In the sediment
dewatering process, the environmental risk factors of HMs were thus
identified as nitrogenous organic compounds (mainly protein sub
stances), fulvic acid substances, and minerals. The risk was dominated
by nitrogenous organic compounds and fulvic acid substance, which
together accounted for 89.53% of the total variance. Therefore, the
environmental risks of sediment dewatering can be controlled by bind
ing HMs to organic substances. The chemical speciation of HMs was
required for accurately identifying the environmental risk of dewatered
sediments.
4. Conclusions

Table 4
Rotated component matrix of principal component analysis loadings of RAC in
dewatered sediment.
Heavy metals
Hg
Cu
Cr
Sb
Pb
Zn
Sr
Cd
Co
As
Mo
Eigenvalue
% of variance
% of cumulative

This study showed that flocculation changed the total content of HMs
in sediment and significantly reduced the environmental risk of Hg and
Mo. Flocculants also promoted the transformation of HMs species in the
sediment. The CTS treatment reduced the potential risks of bioavailable
As, Cr, Cu, Mo, Sb, and Hg, whereas CPAM decreased the potential risks
of bioavailable Cd, Co, and Zn. Therefore, by considering the pollution
characteristics of HMs, we can select an appropriate flocculant that re
duces the environmental risk of the target HMs in the dewatering pro
cess. This work is of high practical significance, as dewatering is a
common disposal approach for dredged sediment. Furthermore, the
main factors affecting the environmental risk of HMs in sediment dew
atering were identified as nitrogenous organic compounds (mainly
protein substances), fulvic acid substances, and minerals. The most
critical factor was HMs binding to organic substances, which accounted
for 89.52% of the total variance. These results demonstrated the

Component
PC1
0.988
0.943
0.918
0.916
0.809
0.763
− 0.250
0.316
− 0.350
0.531
0.142
5.759
52.354
52.354

PC2
− 0.077
− 0.297
− 0.293
− 0.304
0.579
0.533
0.959
0.937
0.930
− 0.829
0.134
4.089
37.175
89.529

PC3
0.035
0.095
0.02
0.256
− 0.058
0.365
− 0.007
0.095
0.115
− 0.157
0.979
1.004
9.129
98.658
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appropriateness of chemical speciation for environmental risk assess
ments of sediment dewatering.
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