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INTRODUCTION

With the rapid development of urbanization and 
industrialization in the coastal zone, pollution accu-
mulates in aquatic environments, especially in the 
estuaries due to the discharge of runoff (Gao and Chen, 
2012; Ghosh and Maiti, 2018; Jiang et al., 2017). 
Heavy metals are one of the major pollutants in aquatic 
environments characterized by degradation-resistant 
and strong toxicity. After entering the estuaries ecosys-
tem, they accumulate in the sediment mainly through 
adsorption, precipitation or flocculation, which makes 
sediment a major sink for heavy metals (Li et al., 2023; 
Zahra et al., 2014). Under certain conditions, heavy 
metals could be released from sediment and re-enter 
into the water making sediment the potential sources 
of heavy metals in the aquatic environment. The ex-
changes of heavy metals at the interface of sediment 
and water not only pose a threat to the health of the 
ecosystem, but also endanger human health through 
the food chain and drinking water (Liu et al., 2018; 
Xie et al., 2021).The study region is part of the coastal 
areas of the Yangtze River estuary (CAYRE), which is 
an important area for human production, as well as 
an ecologically fragile area. It is strongly influenced 
by sea-land interactions and human activities. On 
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the one hand, in the CAYRE, freshwater and seawater 
mix, the flow field is complex and influenced by runoff, 
tide, and wave, which affects the transport process 
of heavy metals and other substances. On the other 
hand, intensive human activities occur in the CAYRE. 
The ports, petrochemical industries, steel plants and 
shipyards, etc., generate a large amount of industrial 
wastewater and urban sewage, which affects the water 
environment in the CAYRE. The industrial and agri-
cultural activities along the Yangtze River are also very 
intense, and lots of domestic and industrial wastewater 
is brought into the Yangtze River through outfalls (e.g., 
the Wusongkou sewage outfall and the South District 
sewage outfall) and the runoffs such as the Huangpu 
River. The annual discharge of heavy metals from the 
Yangtze River estuary into the sea ranges from 20,000 
to 30,000 tons. Therefore, figuring out distributions of 
heavy metal concentrations in the water environment 
and their behaviors is essential for environmental man-
agement and health protection of the Yangtze River 
estuary region (Li et al., 2021).

According to previous studies, both anthropogenic 
activities such as industrial wastewater, mining devel-
opment, domestic sewage, agricultural production, and 
traffic pollution (Liang et al., 2023; Liu et al., 2018; 
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Su et al., 2023) and natural processes such as soil 
erosion, vegetation growth, and rock decomposition, 
have a great impact on heavy metal concentrations in 
water environment (Kang et al., 2019; Zhang, 2006), 
especially that the physicochemical parameters of 
water quality such as temperature, pH, salinity, sus-
pended sediment concentration, etc. greatly affect 
the migration and transformation processes of heavy 
metals (Apau et al., 2022; Attah et al., 2021; Hu et al., 
2021a). It has been found that the release process of 
heavy metals from sediment into water was increased 
with pH < 7, while the adsorption and precipitation of 
heavy metals by sediments was enhanced with pH > 7 
(Kang et al., 2019; Wang et al., 2018b), and dissolved 
oxygen in water allows more heavy metals to be bound 
(Atkinson et al., 2007). The relationship between heavy 
metal concentrations and physicochemical parameters 
of water quality was proved. However, the mechanism 
between them was still not clearly revealed (Ravisankar 
et al., 2019). 

In this paper, through the field observations at 
seven sampling sites along the coastal areas of the 
Yangtze River estuary, the six heavy metals (Cr, Zn, 
Ni, Cu, Pb, and Cd) in sediment and water were ana-
lyzed. Spearman correlation analysis and multiple 
linear regression were used together to qualitatively 
describe the linear relationships between heavy metal 
concentrations and physicochemical parameters of 
water quality, through which the key factors affecting 
the concentration of heavy metals can be revealed. The 
method proposed in this paper can be easily applied to 
heavy metal prevention and control in estuaries, which 
can also provide valuable information and technical 
support for water environment protection in similar 
areas.

MATERIALS AND METHODS

Field observations
Four times of field surveys were conducted on July 

14th, September 22nd, November 29th in 2021 and Jan-
uary 15th in 2022 to analyze heavy metal concentrations 
and physicochemical parameters of water quality at 
seven sampling sites (Fig. 1). From northwest to south-
east along the coastline, seven sampling stations are 
LiuHeKou (LHK), ShiDongKou (SDK), WuSongKou 
(WSK), ZhuYuan (ZY), SanJiaGang (SJG), ChaoY-
angNongChang (CYNC) and DaZhiHe (DZH). These 
sampling points are distributed along the Yangtze River 
estuary and can reflect changes in heavy metal con-
centrations with geographical locations in the Yangtze 
River estuary area. 

Six heavy metals (Cr, Zn, Ni, Cu, Pb, and Cd) were 
analyzed based on the sediment and water samplings. 

Water samples were collected in middle layer of the 
water column using a 2.5L Plexiglas water sampler. 
The water samples were conserved by high-density 
polyethylene (HDPE) containers, which were rinsed 
with nitric acid and cleaned with Milli-Q water prior 
to sampling. Sediment samples of surface sediment 
(0–5 cm) were collected by plastic shovel, and sealed 
in a polypropylene bag. Three water samples were col-
lected as parallel samples at each sampling site. The 
collected sediment and water samples were transported 
to the laboratory in boxes with ice packs for testing as 
soon as possible, and all samples were stored at 4 °C 
before further analysis. 

At each site, multifunctional water quality monitor 
(AP5000, Aqueous) was used to record the physico-
chemical parameters of water quality on site, including 
Temperature (Temp), pH, Oxygen redox potential 
(ORP), Dissolved oxygen (DO), Electrical conductivity 
(EC), Electrical resistivity (RES), Total dissolved sol-
ids (TDS), Salinity (SAL), Cyanobacteria (BGA-PE), 
and turbidity (NTU). A portable turbidimeter (2100Q, 
HACH, USA) and a portable pH meter (FiveGo F2-
Field Kit, METTLER TOLEDO, Switzerland) were 
adopted to monitor the turbidity and pH at the same 
time to verify the validity of data. 

Heavy metal concentrations tests
In the pretreatment procedure, the sediment sam-

ples were thawed at ambient temperature. Subse-
quently, a portion of the sample was extracted using a 
sampling spoon and subjected to drying in a constant 
temperature blast dryer. The samples dried were ground 
with a mortar and pestle, and sieved with a 63 μm nylon 
mesh sieve and subsequently placed in sealed bags 
for measurement. The collected water samples were 
promptly filtered through a 0.45 μm microporous mem-
brane using a vacuum extraction device to scrape the 
suspended particles. The obtained suspended sediment 
samples were dried in a drying oven, ground uniformly 
and then bagged for analysis of particulate heavy met-
als. The filtered water samples were put into clean 50 
ml polyethylene bottles, and 2 drops of 10 % HNO3 
were added to inhibit the activity of microorganisms and 
placed in the refrigerator at 4 °C for further detection of 
dissolved heavy metals.

The obtained suspended sediment samples were 
pretreated and then digested by the acid dissolution 
method (Janaki-Raman et al., 2007). The experimental 
steps were as follows: 0.1 g of the homogenized mud 
sample was weighed accurately in a PTFE digestion 
vessel, and 6 ml HCl, 2 ml HNO3, 1 ml H2O2 and 2 ml 
of HF were added. The graphite digester was then pro-
grammed to perform the digestion: the temperature 
was ramped up from room temperature to 180 °C for 
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30 min and held at 180 °C for 60 min. With the finish 
of digestion, the sample was placed on the acid catcher 
until the sediment turned into white crystals. The res-
idue was washed with deionized water and transferred 
to a centrifuge tube, and placed in the refrigerator to be 
measured. All samples to be tested were analyzed by 
inductively coupled plasma mass spectrometry (ICP-
MS) for the total heavy metal concentrations. To test 
the reliability of the detection, three parallel sediment 
and water samples were collected in the vicinity of each 
sampling site. One sample was randomly selected for 
five replicate tests during the test of sediment and wa-
ter samples, and the relative standard deviations of the 
measured heavy metals (Cu, Zn, Cr, Ni, As, Pb and 
Cd) were less than 5 %, and the recoveries were in the 
range of 85 –110 %.

RESULTS AND DISCUSSION

Correlations between heavy metals
Correlations between heavy metals in sediment 

and water samples were shown in Fig. 2. For sediment 
samples, Cr concentration was positively correlated to 
Ni, Cu, Zn and Cd at 0.01 significant level, and to Pb 
at 0.05 significant level. Ni concentration was positively 
correlated to Zn and Cd at 0.01 significant level, and to 
Cu at 0.05 level. Cu concentration was positively cor-
related to concentrations of Pb at 0.01 significant level 
and to Zn at 0.05 level. Zn concentration was positively 
related to Cd at 0.05 significant level. Overall, Cr, Ni, 
Cu, Cd and Zn were positively related to each other. 

There were no significant relationships between Pb 
concentration and most other heavy metals (except Cu). 

For water samples, Cr concentration was positively 
correlated to Ni and Cu at 0.01 significant level, and 
to Cd and Pb at 0.05 significant level. Ni was positively 
correlated to Cu at 0.01 significant level. Cd had sig-
nificant positive correlations with Pb at 0.01 significant 
level. The positive correlation between heavy metals 
suggests a potential source or similar environmen-
tal pathways for the heavy metals, indicating shared 
geological, industrial, or anthropogenic influences 
that contribute to their concurrent presence. Similar 
to sediment samples, significant correlations were 
found between Cr, Ni, Cu, which indicates the similar 
sources of them. Pb and Cd were poorly correlated to 
other heavy metals but significant relationship was 
found between them. Zn had no significant correlation 
with other heavy metals. In sediment and water sam-
ples, there is a significant correlation among Cu, Cr, 
and Ni. However, the correlation between other heavy 
metal elements varies. Dissolved organic compounds 
in sediments and microorganisms in the water may 
influence this process.

Relationships between heavy metal concentrations 
and physicochemical parameters of water quality

The chemical interactions of heavy metals in sed-
iment and water samples are affected by the physical 
and chemical properties of water. In order to discuss the 
linear relationship between the physical and chemical 

Fig. 1. Study area and sampling stations
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properties of water and the concentration of heavy met-
als, Spearman correlation analysis and Multiple linear 
regression were conducted.

Spearman correlation analysis was used to describe 
the correlations between heavy metal concentrations 
and physicochemical parameters of water quality (Fig. 
3). For sediment samples, most heavy metal concen-
trations were positively correlated with Temp. The rise 
in temperature promotes the hydrolysis of fats, sugars, 
and proteins into small molecules, causing heavy met-
als to lose their binding sites and be released, which 
are adsorbed by sludge particles and deposited into 
sediment. pH was negatively correlated with the con-
centration of most heavy metals. This was due to the 
fact that heavy metal ions can form precipitates or com-
plexes with other substances at higher pH values. ORP 
had positive correlations with most heavy metals. Heavy 
metals were commonly present in aquatic systems in 
the form of ions. Cr, Ni, Cd, and Zn ions exhibited high 
electron transfer capabilities, enabling them to act as 
effective oxidants in redox reactions. Consequently, the 
oxidation-reduction potential (ORP) increased with the 
rising concentration of these heavy metals. Most heavy 
metals exhibited negative correlations with dissolved 
oxygen (DO). Heavy metal ions can react with oxygen 
in the aquatic environment, forming insoluble precip-
itates, thereby reducing the concentration of DO in 
water. EC was positively correlated to most heavy met-
als, while RES was negatively correlated to most heavy 
metals. When the concentration of heavy metal ions in-
creased, the conductivity of the water also increased ac-
cordingly, resulting in an increase in the EC value. The 
increase in salinity could modify the solubility of heavy 
metal ions. Certain heavy metal ions were more readily 

soluble under high salinity conditions, as the increasing 
salt concentration provided a greater number of ions to 
stabilize the dissolved state of these ions. There was no 
significant correlation between most heavy metals and 
BGA, NTU and Chlorophyll. In general, water quality 
physicochemical parameters of Temp, PH, ORP, DO, 
EC, RES, TDS and SAL had relatively stronger influ-
ences on heavy metals in sediments. 

For water samples, positive correlations between 
temperature and most heavy metals were observed. As 
the temperature increases, the solubility of water also 
increases, which makes it easier for heavy metal ions to 
dissolve in water, resulting in an increase in concentra-
tion. EC was positively correlated to most heavy metals, 
and RES was negatively correlated to most heavy metals, 
which were similar to those for sediment sample. TDS and 
SAL showed positive correlations to most heavy metals. 
In Yangtze River estuary, most heavy metals in water 
were in particulate form (Yin et al., 2016). The increase 
in TDS, EC, and SAL resulted in the enrichment of neg-
ative charges on the surface of clay particles (Nieto et al., 
2007). The surface charges and deposits were capable of 
precipitating fine particle-associated heavy metals through 
adsorption and flocculation reactions, and formed oxides, 
hydroxides, carbonates and phosphates in the surrounding 
environment (Sun et al., 2018). Therefore, the concen-
tration of heavy metals in water samples increased. The 
sedimentation of fine particles was greatly affected by the 
physicochemical parameters of water quality at salty and 
fresh water mixing areas (study region in present paper). 
NTU was negatively correlated with most heavy metals 
in water. In general, the water quality physicochemical 
parameters of Temp, pH, ORP, EC, RES, TDS and SAL 
were more strongly related to heavy metals in water. 

                                    

                                       A                                                                                     B  

Fig. 2.  Correlation among heavy metal concentrations:  A – Sediment samples; B – Water samples
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Fig. 3.  Spearman correlation anal-
yses between heavy metal 
concentrations and water 
quality physicochemical 
parameters. A – sediment 
samples; B – water samples

A

B
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CONCLUSIONS

In this study, six heavy metals were investigated in 
surface sediment and water samples at seven sampling 
stations in the Yangtze River estuary. By analyzing the 
relationship between heavy metal concentrations and 
physicochemical parameters of water quality, it was 
found that Temp, pH, ORP, EC, RES, TDS and SAL 
significantly correlate with heavy metal concentration 
in sediment samples, and Temp, PH, ORP, DO, EC, 
RES, TDS and SAL are related to heavy metal con-
centration in water samples. The results in this study 
provide significant information and technical support for 
environmental protection and management in coastal 
areas of Yangtze River estuary and other similar areas.

ACKNOWLEDGEMENT

This study was funded by the National Natural 
Science Foundation of China (42072281, 41602244), 
Shanghai Innovation Action Plans (22230712900, 
22ZR1464200, 20230742500), Top Discipline Plan 
of Shanghai Universities-Class I (2022-3-YB-03), and 
Interdisciplinary Project in Ocean Research of Tongji 
University (2022-2-YB-01). 

REFERENCES

Apau, J., Osei-Owusu, J., Yeboah, A., Gyamfi, O., 
Darko, G., Akoto, O., Dodd, M., 2022. Distribution of 
heavy metals in sediments, physicochemical and mi-
crobial parameters of water from River Subin of Kumasi 
Metropolis in Ghana. Sci Afr 15, e01074.

Atkinson, C.A., Jolley, D.F., Simpson, S.L.J.C., 
2007. Effect of overlying water pH, dissolved oxygen, 
salinity and sediment disturbances on metal release 
and sequestration from metal contaminated marine 
sediments.  69, 1428–1437.

Attah, U.E., Chinwendu, O.C., Chieze, C.P., Obia-
hu, O.H., Yan, Z., 2021. Evaluating the spatial distri-
bution of soil physicochemical characteristics and heavy 
metal toxicity potential in sediments of Nworie river 
micro-watershed Imo state, southeastern Nigeria. En-
vironmental Chemistry and Ecotoxicology 3, 261–268.

Fan, J.Y., Fan, D.D., Wu, Y.J., 2023. Spatiotemporal 
variations of heavy metal historical accumulation re-
cords and their influencing mechanisms in the Yangtze 
River Estuary. Science of the Total Environment 854.

Gao, X., Chen, C.-T.A., 2012. Heavy metal pollution 
status in surface sediments of the coastal Bohai Bay. 
Water research 46, 1901–1911.

Ghosh, S.P., Maiti, S.K., 2018. Evaluation of heavy 
metal contamination in roadside deposited sediments and 
road surface runoff: a case study. Environ Earth Sci 77.

Gokkus, K., Berber, S., 2019. Heavy metal pollution 

in Inebolu and Bartin Ports, Black Sea, Turkey. Indian 
J Geo-Mar Sci 48, 1600–1608.

Hauke, J., Kossowski, T., 2011. Comparison of 
values of Pearson’s and Spearman’s correlation coeffi-
cients on the same sets of data. Quaestiones geograph-
icae 30, 87–93.

Hu, B., Guo, P., Wu, Y., Deng, J., Su, H., Li, Y., 
Nan, Y., 2021a. Study of soil physicochemical prop-
erties and heavy metals of a mangrove restoration 
wetland. Journal of Cleaner Production 291, 125965.

Hu, X.P., Shi, X.Y., Su, R.G., Jin, Y.M., Ren, S.J., 
Li, X.X., 2022. Spatiotemporal patterns and influencing 
factors of dissolved heavy metals off the Yangtze River 
Estuary, East China Sea. Marine Pollution Bulletin 182.

Hu, Y., He, N., Wu, M.X., Wu, P.L., He, P.M., 
Yang, Y., Wang, Q.Y., Wang, M.Q., Fang, S.B., 2021b. 
Sources and ecological risk assessment of the seawater 
potentially toxic elements in Yangtze River Estuary 
during 2009-2018. Environ Monit Assess 193.

Janaki-Raman, D., Jonathan, M.P., Srinivasalu, S., 
Armstrong-Altrin, J.S., Mohan, S.P., Ram-Mohan, V., 
2007. Trace metal enrichments in core sediments in 
Muthupet mangroves, SE coast of India: Application of 
acid leachable technique. Environ Pollut 145, 245–257.

Jia, H., Huo, J., Fu, Q., Duan, Y., Lin, Y., He, Y., 
Cheng, J., 2022. Insights into characteristics, source 
variation, and health risks mitigation of airborne heavy 
metal (loid) s in Shanghai during China International 
Import Expo. Urban Climate 44, 101193.

Jiang, Y., Chao, S., Liu, J., Yang, Y., Chen, Y., 
Zhang, A., Cao, H., 2017. Source apportionment and 
health risk assessment of heavy metals in soil for a 
township in Jiangsu Province, China. Chemosphere 
168, 1658–1668.

Kang, M., Tian, Y., Peng, S., Wang, M., 2019. 
Effect of dissolved oxygen and nutrient levels on heavy 
metal contents and fractions in river surface sediments. 
Science of the total environment 648, 861–870.

Ke, X., Gui, S., Huang, H., Zhang, H., Wang, C., 
Guo, W., 2017. Ecological risk assessment and source 
identification for heavy metals in surface sediment from 
the Liaohe River protected area, China. Chemosphere 
175, 473–481.

Li, X., Yang, J., Fan, Y., Xie, M., Qian, X., Li, H., 
2021. Rapid monitoring of heavy metal pollution in lake 
water using nitrogen and phosphorus nutrients and 
physicochemical indicators by support vector machine. 
Chemosphere 280, 130599.

Li, Y.Z., Ma, L., Ge, Y.X., Abuduwaili, J., 2022. 
Health risk of heavy metal exposure from dustfall and 
source apportionment with the PCA-MLR model: A 
case study in the Ebinur Lake Basin, China. Atmos 
Environ 272.

Li, Z., Li, X.Z., Wang, S.H., Che, F.F., Zhang, Y., 



57INFLUENCING FACTORS OF HEAVY METALS IN THE COASTAL AREAS OF YANGTZE RIVER ESTUARY

ЭРОЗИЯ ПОЧВ И РУСЛОВЫЕ ПРОЦЕССЫ, 2025, № 2

Yang, P.J., Zhang, J.B., Liu, Y.X., Guo, H.C., Fu, Z.H., 
2023. Adsorption and desorption of heavy metals at 
water sediment interface based on bayesian model. J 
Environ Manage 329.

Liang, J., Liu, Z., Tian, Y., Shi, H., Fei, Y., Qi, J., 
Mo, L., 2023. Research on health risk assessment 
of heavy metals in soil based on multi-factor source 
apportionment: A case study in Guangdong Prov-
ince, China. Science of The Total Environment 858, 
159991.

Liu, X., Jiang, J., Yan, Y., Dai, Y., Deng, B., Ding, 
S., Su, S., Sun, W., Li, Z., Gan, Z., 2018. Distribution 
and risk assessment of metals in water, sediments, 
and wild fish from Jinjiang River in Chengdu, China. 
Chemosphere 196, 45–52.

Nieto, J.M., Sarmiento, A.M., Olias, M., Canovas, 
C.R., Riba, I., Kalman, J., Delvalls, T.A., 2007. Acid 
mine drainage pollution in the Tinto and Odiel rivers 
(Iberian Pyrite Belt, SW Spain) and bioavailability of 
the transported metals to the Huelva Estuary. Environ 
Int 33, 445–455.

Ravisankar, R., Tholkappian, M., Chandraseka-
ran, A., Eswaran, P., El-Taher, A., 2019. Effects of 
physicochemical properties on heavy metal, magnetic 
susceptibility and natural radionuclides with statistical 
approach in the Chennai coastal sediment of east coast 
of Tamilnadu, India. Applied Water Science 9, 1–12.

Soon, Z.Y., Jung, J.H., Yoon, C., Kang, J.H., Kim, 
M., 2021. Characterization of hazards and environmen-
tal risks of wastewater effluents from ship hull cleaning 
by hydroblasting. J Hazard Mater 403.

Soroldoni, S., Castro, Í.B., Abreu, F., Duarte, F.A., 
Choueri, R.B., Möller Jr, O.O., Fillmann, G., Pinho, 
G.L.L., 2018. Antifouling paint particles: sources, oc-
currence, composition and dynamics. Water research 
137, 47–56.

Su, C., Wang, J., Chen, Z., Meng, J., Yin, G., Zhou, 
Y., Wang, T., 2023. Sources and health risks of heavy 
metals in soils and vegetables from intensive human 
intervention areas in South China. Science of The Total 
Environment 857, 159389.

Sun, X.S., Fan, D.J., Liu, M., Tian, Y., Pang, Y., 
Liao, H.J., 2018. Source identification, geochemical 
normalization and influence factors of heavy metals in 
Yangtze River Estuary sediment. Environ Pollut 241, 
938–949.

Wang, G., Liu, Y., Chen, J., Ren, F.F., Chen, Y.Y., 
Ye, F.Z., Zhang, W.G., 2018a. Magnetic evidence for 
heavy metal pollution of topsoil in Shanghai, China. 
Front Earth Sci-Prc 12, 125–133.

Wang, J., Su, J.W., Li, Z.G., Liu, B.X., Cheng, 
G.H., Jiang, Y.H., Li, Y.C., Zhou, S.Q., Yuan, W.Y., 
2019. Source apportionment of heavy metal and their 
health risks in soil-dustfall-plant system nearby a typi-

cal non-ferrous metal mining area of Tongling, Eastern 
China. Environ Pollut 254.

Wang, X., Zhang, L., Zhao, Z., Cai, Y., 2018b. 
Heavy metal pollution in reservoirs in the hilly area of 
southern China: Distribution, source apportionment 
and health risk assessment. Science of the Total Envi-
ronment 634, 158–169.

Wold, S., Esbensen, K., Geladi, P., 1987. Principal 
component analysis. Chemometrics and intelligent 
laboratory systems 2, 37–52.

Xie, T., Shi, Z., Gao, Y., Tan, L., Meng, L., 2021. 
Modeling analysis of the characteristics of seleni-
um-rich soil in heavy metal high background area and 
its impact on main crops. Ecological Informatics 66, 
101420.

Yang, X., Zhou, X., Kan, T., Strezov, V., Nelson, 
P., Evans, T., Jiang, Y., 2019. Characterization of size 
resolved atmospheric particles in the vicinity of iron and 
steelmaking industries in China. Science of the Total 
Environment 694, 133534.

Yin, S., Wu, Y.H., Xu, W., Li, Y.Y., Shen, Z.Y., Feng, 
C.H., 2016. Contribution of the upper river, the estu-
arine region, and the adjacent sea to the heavy metal 
pollution in the Yangtze Estuary. Chemosphere 155, 
564–572.

Zahra, A., Hashmi, M.Z., Malik, R.N., Ahmed, 
Z., 2014. Enrichment and geo-accumulation of heavy 
metals and risk assessment of sediments of the Kurang 
Nallah-Feeding tributary of the Rawal Lake Reser-
voir, Pakistan. Science of the Total Environment 470, 
925–933.

Zhang, C., 2006. Using multivariate analyses and 
GIS to identify pollutants and their spatial patterns 
in urban soils in Galway, Ireland. Environ Pollut 142, 
501–511.

ABOUT THE AUTHORS

Sha Lou, College of Civil Engineering, Tongji 
University; Key Laboratory of Yangtze River Water 
Environment, Ministry of Education, Tongji University.
Associate professor. lousha@tongji.edu.cn

Yuwen Zou, College of Civil Engineering, Tongji 
University. Doctoral student. zouyuwen@tongji.edu.cn

Shuguang Liu, College of Civil Engineering, Tongji 
University; Key Laboratory of Yangtze River Water 
Environment, Ministry of Education, Tongji University. 
Professor.  liusgliu@tongji.edu.cn

Guihui Zhong, College of Civil Engineering, Tongji 
University. Professor.  guihui_zhong@tongji.edu.cn

Zhirui Zhang, College of Civil Engineering, Tongji 
University. Doctoral student. 2111014@tongji.edu.cn


