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Abstract: There are more than 150 ports in China and a considerable proportion of dredged sediments
in ports and waterways are contaminated with heavy metals as the typical contaminants. It is
mandatory to remediate the contaminated dredged sediments prior to further resource utilization.
The over-arching objective of this study was to use natural organic acids (oxalic acid, citric acid,
tartaric acid, and malic acid) as leaching agents to remove heavy metals (Cu, Cd, and Pb) from
contaminated dredged sediments. Batch experiments were conducted to investigate the factors
governing the removal rate of heavy metals and leaching kinetics. Citric acid had the best leaching
effect on heavy metals Cu, Cd, and Pb with an optimal leaching concentration of 20 mmol/L and
a solid-to-liquid ratio of 1:20. The average removal rates of Cu, Cd, and Pb were 85%, 73%, 56%,
and 35% for citric acid, malic acid, tartaric acid, and oxalic acid, respectively. The leaching kinetics
showed that the removal of heavy metals increased rapidly with time and then gradually reached
the maximum value which was best described by the Elovich equation model. The outcomes of this
study suggest that citric acid is an effective and environmentally friendly leaching agent for removing
heavy metals from marine dredged sediments.

Keywords: marine sediment pollution; environmental remediation; natural organic acid; batch
experiments; ports and waterways

1. Introduction

Ports and waterways are rarely natural deep-water areas. To meet the needs of ship-
ping development, it is necessary to conduct dredging activities to continuously increase
berth tonnage and ensure navigation safety. China is the world’s largest country in terms of
dredged volume in the ocean [1], with nearly two billion cubic meters of dredged volume
in ports and waterways in 2019, and this is primarily disposed of through marine dumping
and hydraulic reclamation. The continuous expansion of the dredging scale has led to
a huge amount of dredged sediments, and the disposal of dredged sediments in China
has become a prominent problem that not only creates issues for marine environmental
protection but also increases the difficulty of marine management [2,3]. According to
the level of contaminants, dredged sediments can be divided into three categories: clean
dredged sediments, fouled dredged sediments, and contaminated dredged sediments [4].
Different types of dredged sediments have different degrees of impact on the surrounding
marine environments. Clean dredged sediments have no or nearly no impact on the water
quality of the overlying waters, and the dissolved contaminant concentration generally
does not exceed the Marine Sediment Quality (GB 18668-2002, China). Therefore, clean
dredged sediments can be directly dumped into the sea for disposal. Fouled or contami-
nated dredged sediments have a significant impact on the overlying seawater and benthic
ecosystem, and this fact has attracted widespread attention in marine environments [5].
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The Yingkou port is located on the northeast coast of Liaodong Bay in the Bohai
Sea and is an important transportation hub port for coal, steel, ore, and crude oil in
China. The early rapid expansion of the urban and industrial sectors of the Yingkou
port area, including the booming petrochemical, steel, and coal transportation markets,
discharged significant volumes of effluent into the coastal waters [6]. Steel, plastics, oils,
ores, etc., are common sources of the exposure of heavy metals to the environment [7].
Consequently, a variety of contaminants had been reported in the dredged sediment
samples of Yingkou Port, among which heavy metals (e.g., Cu, Cd, and Pb) are the most
typical contaminants [8]. Heavy metal pollution in sediments/soils has become a hot
issue due to the deficiency of the criteria between heavy metal concentrations and their
ecological or human health impacts [9]. For biological processes, Cu is essential, but it can
also have negative and toxic impacts at elevated levels [10]. By comparison, Pb and Cd
are non-essential but highly poisonous, and their pollution, even at low concentrations in
sediment, poses a serious threat to ocean environments [11]. Hence, heavy metals such as
Cu, Cd, and Pb have been regarded as priority pollutants due to their highly toxic nature
by various environmental protection agencies such as the US Environmental Protection
Agency (USEPA) and World Health Organization (WHO). Research on the remediation of
heavy-metal-contaminated dredged sediments has become more important. Among the
multitude of disposal technologies of heavy metal remediation [12], chemical leaching has
been applied in the field of actual contaminated soil and sediment remediation due to its
advantages of high efficiency, thorough treatment, and strong adaptability. For example,
data published by the USEPA showed that chemical leaching remediation has been used
in more than 16 major contaminated site remediation projects in the past decade [13].
However, the leaching operation by using strong acids or chelating agents may destroy
the physical and chemical properties of the dredged sediments, and there is also a risk of
secondary pollution in using the leaching solutions [14].

The dredged sediments generated in most ports and waterways in China are con-
taminated by heavy metals to varying degrees [15], and the improper disposal of heavy-
metal-contaminated dredged sediments directly or indirectly has a negative impact on
marine ecosystems [16,17]. Natural organic acids are mildly acidic, biodegradable, and
inexpensive compared to artificial chelating agents. The scientific hypothesis of this study
is that natural organic acids have good application prospects in the leaching remediation
of heavy-metal-contaminated dredged sediments [18,19]. The over-arching objective of
this study was to use natural organic acids (oxalic acid, citric acid, tartaric acid, and malic
acid) as leaching agents to remove heavy metals from contaminated dredged sediments.
Batch experiments were conducted to investigate the factors governing the removal rate of
heavy metals and leaching kinetics with different natural organic acids. The relevant find-
ings provide technical support for the remediation and disposal of contaminated dredged
sediments in ports and waterways.

2. Materials and Methods
2.1. Preparation of Contaminated Dredged Sediments

The surface sediment samples (~0–10 cm) were collected from the steel base opera-
tion area of the Yingkou Port (China, 40.29◦ N, 122.10◦ E). Triplicates (total 3.0 kg) were
collected using a grab sampler with a capacity of 1.0 kg. These sediment samples remained
moist, dark in color, dominated by fine-grained sediment, and belonged to clean dredged
sediments. The scientific hypothesis is to remediate heavy-metal-contaminated dredged
sediments. Therefore, to meet the experimental requirements, the typical heavy metals Cu,
Cd, and Pb were used as target contaminants to prepare the heavy-metal-contaminated
dredged sediments using the following method. The original dredged sediments (~1.0 kg)
were sieved, placed in a plastic container, and added to a mixed solution (~1 L) of copper
nitrate (400 mg/L), cadmium nitrate (10 mg/L), and lead nitrate (500 mg/L) to contaminate
the dredged sediments. The contamination process lasted for 30 days of daily stirring, then
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the contaminated dredged sediments were dried in an oven (55 ◦C), homogenized, and
ground.

2.2. Leaching Experiments

The leaching of Cu, Cd, and Pb in the contaminated dredged sediments by the natural
organic acids was conducted in batch experiments (Table 1). All reagents used in the
experiments were of guaranteed grade. Specifically, 0.5 g of the obtained contaminated
dredged sediment was weighed in a 50 mL centrifuge tube, followed by shaking leaching
using the organic acid solutions designed for the batch experiments. The reaction system
was conducted in a constant temperature oscillator at a temperature of 25 ◦C. The mixtures
were shaken for the pre-set time and then filtered immediately through 0.45 µm pore size
membranes (Polyethersulfone, Jinteng, Tianjin, China). Those samples were stored at 4 ◦C
in a dark location until they were tested. All experiments were carried out in triplicate to
improve the statistic confidence of the experimental data.

Table 1. Experimental conditions.

Experiment 1 Experiment 2 Experiment 3

Contaminated
dredged sediments 0.5 g per experiment

Organic acids
oxalic acid, citric acid,

tartaric acid, and
malic acid

oxalic acid, citric acid,
tartaric acid, and

malic acid

oxalic acid, citric acid,
tartaric acid, and

malic acid

Organic acid
concentration

(mmol/L)
0, 5, 10, 20, 30, 50 20 20

Solid-to-liquid ratio 1:20 1:10, 1:20, 1:30, 1:40 1:20

Leaching time (min) 20 20 0, 5, 10, 20, 30, 60

2.3. Analytical Methods and Data Processing

The dredged sediment mineral characterization was performed using XRD (D8Advance,
Bruker), and then the d value and the corresponding relative intensity I value of each
diffraction line were calculated. Finally, JCPDS cards were compared to determine the
mineral classification of each peak. The particle size distribution of the dredged sediment
was determined with a laser particle sizer (Bettersize3000Plus, Dandong, China). The pH
and conductivity of the dredged sediment were determined in a mixture of sediment:Milli-
Q water at a ratio of 1:2.5 suspensions with a METTLER TOLEDO pH meter and an
MC226 Basic Conductivity Meter. The cation exchange capacity of the dredged sediment
was analyzed according to the determination of the cation exchange capacity and the
exchangeable base of neutral soil (Y/T 295-1995, China). The total heavy metal content
of the dredged sediment was analyzed at the Shiyanjia Lab (www.shiyanjia.com). The
samples were digested and processed according to Pretreatment Guideline of Heavy Metals
Analysis in the Marine Sediments and Organisms-Microwave Assisted Acid Digestion
(HY/T 132-2010, China), and the Cu, Cd, and Pb were measured with inductively coupled
plasma optical emission spectrometry (ICP-OES).

The heavy metals in the leaching solution were determined using ICP-OES (ICP-5000,
Focused Photonics inc., Hangzhou, China) with a detection limit of 1 µg/L for Cu, Cd,
and Pb, stability ≤1.0% @ 2 h, and precision ≤1.0% [20]. To improve the quality of the
experimental data, we conducted three replicate experiments with two times the standard
deviation as the error. In this study, the removal rate (%) of heavy metal by organic acid

www.shiyanjia.com
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leaching and the amount of heavy metal leached per unit mass of sediments (q, mg/Kg)
were calculated using Equations (1) and (2), respectively:

removal rate (%) =
ClVl
Csms

× 100% (1)

q =
ClVl
ms

(2)

where Cl (mg/L) and CS (mg/kg) are the concentrations of heavy metal in leaching solution
and dredged sediment, respectively; Vl is the volume of leaching solution (L); and mS is the
mass of the sediment (Kg).

3. Results and Discussion
3.1. Characterization of the Initial Dredged Sediments

Defining the composition as well as characterizing the physicochemical properties of
the dredged sediments is therefore regarded as an essential step towards identifying suit-
able remediation methods and future beneficial uses [1]. The XRD results (Figure 1) showed
that the initial dredged sediment was composed of Quartz [SiO2], Dolomite [CaMg(CO3)2],
Mica [KAl2(Si3Al)O10(OH,F)2], Kaolinite [Al2Si2O5(OH)4], Tremolite [Ca2Mg5(Si4O11)2F2],
Calcite [CaCO3], and Albite [(Na,Ca)Al(Si,Al)3O8]. The basic characteristics of the dredged
sediment are listed in Table 2. The predominant fraction of the dredged sediment was fine
particles ≤63 µm, and the silt and clay proportions were 52% and 31%, respectively. The
pH, electrical conductivity, and cation exchange capacity of the dredged sediment were
7.47, 1.21 mS/cm, and 9.68 cmol/kg, respectively. The total contents of Cu, Cd, and Pb
in the initial collected dredged sediments were 42.1, 0.3, and 54.7 mg/Kg, respectively,
and their concentrations increased to 378.0, 6.9, and 489.0 mg/kg for the test dredged
sediments after the contamination operation, which were significantly above the tolerable
limits recommended by marine sediment quality (GB 18668-2002, China). The fine-grained
dredged sediments in this study are categorized as silt and clay which are more associ-
ated with contamination compared with sandy sediments in other ports since clay and
silt easily bind with pollutants [21]. In addition, the electrical conductivity and cation
exchange capacity are relatively high for the dredged sediments indicating a high ionic
charge on their surfaces, and it has been shown that the extraction of heavy metals with
organic solutions (e.g., natural organic acids) requires an environment with a complex ionic
charge when submitted to the leaching process [22]. The literature studies also show that
most of the heavy metals in sediments exist as cationic species, and the cations of these
metals can compound with inorganic components in sediments to form precipitation or
positively charged complexes [23]. Accordingly, leaching remediation of the heavy-metal-
contaminated dredged sediment using natural organic acids is a suitable and promising
choice.

Table 2. Basic features of the initial collected dredged sediment.

Particle
Composition pH Conductivity Cation Exchange

Capacity Total Heavy Metals (mg/kg)

(mS/cm) (cmol/kg) Cu Cd Pb

Dredged
sediment

Silt (<63 µm): 52%
Clay (< 2 µm): 31% 7.47 1.21 9.68 42.1 0.3 54.7
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3.2. Factors Governing the Leaching Efficiency of Heavy Metals by Natural Organic Acids

Influence of the organic acid and its concentration: Acid leaching is a common method
for removing heavy metals from contaminated sediments, and among which, natural or-
ganic acid is considered as a promising leaching agent because it is biodegradable, yielding
little damage to the sediments with a low risk of secondary pollution [24,25]. The contami-
nated dredged sediments were leached with various concentrations of natural organic acids
to investigate their effects on heavy metal removal. The results of the leaching experiments
(Figure 2) showed that with an increase in the organic acid concentration, the removal of
Cd, Cu, and Pb gradually increased and then tended to stabilize. The concentration of the
organic acids was the key factor in the reaction. An important contribution of the organic
acid leaching mechanism is the formation of highly soluble complexes between organic
acid functional groups and heavy metals [14]. As the concentration of the leaching agent in-
creases, the number of functional groups participating in the reaction is saturated for heavy
metals, and therefore the leaching efficiency gradually plateaus [26]. Other explanations
might be attributed to the Fe3+ in the sediments hindering the ability of the leaching agents
to bind to the target heavy metals [27]. The results indicate that the concentration needs to
be appropriate for the actual project due to the fact that high concentrations of leaching
agent could lead to an increase in costs.

Oxalic acid showed a good leaching effect on Cd, with a maximum removal of 62%,
while only approximately 20% of Cu and Pb were removed. Citric acid had the best
leaching effect on all three heavy metals, removing greater than 80% at a concentration of
20 mmol/L. Tartaric acid had a good leaching effect on Cd and Cu, removing close to 80%
at a concentration of 20 mmol/L, while its effect on Pb was not significant. Malic acid also
performed well in the leaching of Cd, Cu, and Pb, and its removal rate of heavy metals
reached the highest level at a concentration of 20 mmol/L, but the overall performance
was lower than that of citric acid. The leaching effects of the different organic acids on the
removal of Cu, Cd, and Pb from the test dredged sediments were ranked in descending
order as citric acid > malic acid > tartaric acid > oxalic acid. Therefore, citric acid had
the best leaching effect on Cd, Cu, and Pb, with an optimal leaching concentration of
20 mmol/L. The difference in removal efficiencies might be ascribed to different functional
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groups in the organic acids that could bind heavy metal ions to different degrees [28]. Citric
acid has an increased number of carboxyl compared to other acids, which could bind heavy
metal ions more easily. The findings are in accordance with the results of a study conducted
by Geng et al. [29] which indicate that citric acid preferably leached metal ions.
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Influence of the solid-to-liquid ratio (SLR): The SLR is the ratio of the mass of the
contaminated dredged sediment remediated by leaching to the volume of the leaching
agent and can directly influence the effect and cost of leaching [30]. The results of this
study showed that as the SLR gradually decreased from 1:10 to 1:40, the leaching effect
of organic acids on the heavy metals Cu, Cd, and Pb first showed an increasing and then
stabilizing trend (Figure 3). As the SLR decreased, the content of organic acids that can
participate in the desorption and chelation of Cu, Cd, and Pb increased [31], and therefore,
their relative leaching efficiency increased. The decreasing SLR led to a decrease in the
diffusion resistance, which in turn led to an increase in the interaction of sediments and
acid during leaching [32]. A lower SLR increases the amount of organic acids available, but
may also decrease the heavy metal concentration in the leaching solutions. A concentration
of heavy metals in the leaching solutions that is too low is detrimental to the leaching
process [33]; hence, an SLR of 1:20 is appropriate.



J. Mar. Sci. Eng. 2022, 10, 636 7 of 11

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 7 of 11 
 

 

participate in the desorption and chelation of Cu, Cd, and Pb increased [31], and therefore, 
their relative leaching efficiency increased. The decreasing SLR led to a decrease in the 
diffusion resistance, which in turn led to an increase in the interaction of sediments and 
acid during leaching [32]. A lower SLR increases the amount of organic acids available, 
but may also decrease the heavy metal concentration in the leaching solutions. A concen-
tration of heavy metals in the leaching solutions that is too low is detrimental to the leach-
ing process [33]; hence, an SLR of 1:20 is appropriate. 

 
Figure 3. Effect of the solid-to-liquid ratio on the removal of heavy metals from polluted dredged 
sediments ((a), oxalic acid; (b), citric acid; (c), tartaric acid; (d), malic acid). 

3.3. Kinetics of Leaching by Natural Organic Acid 
The evaluation of the leaching kinetics can provide important information about the 

interactions between heavy metals, organic acid, and dredged sediment [23]. The kinetics 
of the leaching of Cu, Cd, and Pb from the contaminated dredged sediment by citric acid 
was studied, and the results can be seen in Figure 4a. It is clear that the removal of heavy 
metals increased rapidly with the leaching time initially and then gradually reached the 
maximum value. The leaching of Cu from the contaminated dredged sediment increased 
with the leaching time and began to balance after 20 min with the removal rate reaching 
90% (37.9 mg Cu/kg dredged sediment). A similar trend was observed for Cd and Pb, 
while the equilibrate removal rate reached 85% (0.9 mg Cd/kg dredged sediment) and 
80% (43.8 mg Pb/kg dredged sediment) after 20 min of leaching, respectively. The leaching 
process makes the heavy metals continuously adsorb and desorb between the dredged 
sediments and the leaching agent, eventually reaching a dynamic balance [34]. 

Figure 3. Effect of the solid-to-liquid ratio on the removal of heavy metals from polluted dredged
sediments ((a), oxalic acid; (b), citric acid; (c), tartaric acid; (d), malic acid).

3.3. Kinetics of Leaching by Natural Organic Acid

The evaluation of the leaching kinetics can provide important information about the
interactions between heavy metals, organic acid, and dredged sediment [23]. The kinetics
of the leaching of Cu, Cd, and Pb from the contaminated dredged sediment by citric acid
was studied, and the results can be seen in Figure 4a. It is clear that the removal of heavy
metals increased rapidly with the leaching time initially and then gradually reached the
maximum value. The leaching of Cu from the contaminated dredged sediment increased
with the leaching time and began to balance after 20 min with the removal rate reaching
90% (37.9 mg Cu/kg dredged sediment). A similar trend was observed for Cd and Pb,
while the equilibrate removal rate reached 85% (0.9 mg Cd/kg dredged sediment) and 80%
(43.8 mg Pb/kg dredged sediment) after 20 min of leaching, respectively. The leaching
process makes the heavy metals continuously adsorb and desorb between the dredged
sediments and the leaching agent, eventually reaching a dynamic balance [34].

There are many theoretical models that could serve to understand the dynamics of
leaching processes. In this study, the experimental results were analyzed using the Elovich
equation [35] and the two-constant rate equation [36]. The Elovich equation describes a
series of reaction mechanisms and is commonly used to describe the chemical kinetics of
heavy metal adsorption and desorption at the interface of sediments. The Elovich equation
is expressed as follows:

q = (1/βs)ln(αsβs) + (1/βs)× ln(t) (3)

where q is the amount of heavy metals removed from the test dredged sediments; t is the
time; αs is the initial adsorption rate; and βs is the desorption coefficient, respectively.
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The two-constant rate equation is the modified Freundlich equation and is suitable for
describing the kinetics of heavy metal adsorption and desorption with a complex reaction
process. The double constant equation is expressed as follows:

q = a·tb (4)

where q is the amount of heavy metals removed from the test dredged sediments; t is the
time; a is the initial metal desorption rate constant; and b is the desorption rate coefficient.

Kinetic models are shown in Figure 4b,c. The Elovich and two-constant rate models
converge well with acceptable regression coefficients which indicates the suitability of
the two kinetic models for the description of the leaching of heavy metals from contam-
inated dredged sediment by citric acid. The model parameters were calculated and are
summarized in Table 3. It was found that the Elovich equation results had a much better
fit with correlations at significant levels indicating that the kinetics of remediating heavy-
metal-contaminated dredged sediments by natural organic acid leaching is a heterogeneous
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diffusion process. The same observations were found compared with other literature
reports, e.g., Cu desorption of calcareous soils [37] and Cd desorption from sub-tropical
soils [38]. These results indicated that the leaching remediation process by organic acid
depended on the sediment properties as well as the heavy metal species in sediments.

Table 3. Kinetic model parameters for the leaching of Cu, Cd, and Pb from dredged sediments.

Heavy Metal
Elovich Equation Two-Constant Rate Equation

αs βs R2 a b R2

Cu 359 0.329 0.9931 27.9 0.09 0.9805
Cd 5.3 1.667 0.9911 0.7 0.07 0.9843
Pb 152 0.229 0.9943 28.9 0.12 0.9891

4. Conclusions

The contaminated dredged sediments in ports and waterways should be decontami-
nated and disposed of according to their contamination level prior to dumping or resource
utilization. This study investigated the pattern of removing heavy metals from dredged
sediments by natural organic acid leaching. The leaching effects of organic acids were
ranked in descending order as citric acid > malic acid > tartaric acid > oxalic acid. Citric acid
had the best leaching effect on heavy metals Cu, Cd, and Pb from contaminated dredged
sediments, with an optimum organic acid concentration of 20 mmol/L and an optimum
SLR of 1:20. The leaching kinetics was best fitted using the Elovich equation, indicating
that the remediation of heavy-metal-contaminated dredged sediments by natural organic
acid leaching is a heterogeneous diffusion process. The contaminated dredged sediments
could be remediated by using the citric acid leaching process effectively and successfully
within a short period of time which can provide technical support for the remediation and
disposal of contaminated dredged sediments in ports and waterways.

Author Contributions: Conceptualization, Z.W. and W.Y.; methodology, B.L.; software, Z.W.; vali-
dation, Z.W. and W.Y.; formal analysis, Y.S.; investigation, B.L. and Y.S.; resources, Z.W. and W.Y.;
data curation, W.Y.; writing—original draft preparation, Z.W.; writing—review and editing, W.Y.;
visualization, W.Y.; supervision, W.Y.; project administration, W.Y.; funding acquisition, Z.W. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China (52001042),
the National Key Research and Development Program of China (2021YFB2601100), the List of Key
Transportation Science and Technology Projects (2020-MS4-108), the Innovation and Entrepreneurship
Projects for High-Level Talents of Dalian (2020RQ015), and the Research Projects supported by State
Environmental Protection Key Laboratory of Marine Ecosystem Restoration (202104) and State Key
Laboratory of Coastal and Offshore Engineering, Dalian University of Technology (LP 2008).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data for this study are available from the corresponding author
via email: wcyang@nmemc.org.cn.

Acknowledgments: The authors would like to thank Siyuan Wang from Shiyanjia Lab for support in
the total heavy metal content analysis.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ferrans, L.; Jani, Y.; Gao, L.; Hogland, M. Characterization of dredged sediments: A first guide to define potentially valuable

compounds—The case of Malmfjrden Bay, Sweden. Adv. Geosci. 2019, 49, 137–147. [CrossRef]
2. Hamdoun, H.; Van-Veen, E.; Basset, B.; Lemoine, M.; Coggan, J.; Leleyter, L.; Baraud, F. Characterization of harbor sediments

from the English Channel: Assessment of heavy metal enrichment, biological effect and mobility. Mar. Pollut. Bull. 2015, 90,
273–280. [CrossRef] [PubMed]

http://doi.org/10.5194/adgeo-49-137-2019
http://doi.org/10.1016/j.marpolbul.2014.10.030
http://www.ncbi.nlm.nih.gov/pubmed/25455788


J. Mar. Sci. Eng. 2022, 10, 636 10 of 11

3. Donázar-Aramendía, I.; Sánchez-Moyano, J.E.; García-Asencio, I.; Miró, J.M.; García-Gómez, J.C. Environmental consequences of
dredged-material disposal in a recurrent marine dumping area near to Guadalquivir estuary, Spain. Mar. Pollut. Bull. 2020, 161,
111736. [CrossRef] [PubMed]

4. Assessment Procedure for Marine Dumping of Dredged Material, GB 30980-2014. Available online: www.sac.gov.cn (accessed on
10 March 2022).

5. Abdallah, M.A.M.; Badr-ElDin, A.M. Ecological risk assessment of surficial sediment by heavy metals from a submerged
archaeology harbor, South Mediterranean Sea, Egypt. Acta. Geochim. 2020, 39, 226–235. [CrossRef]

6. Li, H.; Xu, L.; Feng, N.; Lu, A.; Chen, W.; Wang, Y. Occurrence, risk assessment, and source of heavy metals in Liaohe River
Protected Area from the watershed of Bohai Sea, China. Mar. Pollut. Bull. 2021, 169, 112489. [CrossRef] [PubMed]

7. Kapoor, D.; Singh, M.P. Heavy metal contamination in water and its possible sources. In Heavy Metals in the Environment; Elsevier:
Amsterdam, The Netherlands, 2021; pp. 179–189.

8. Guo, W.; Zou, J.; Liu, S.; Chen, X.; Kong, X.; Zhang, H.; Xu, T. Seasonal and Spatial Variation in Dissolved Heavy Metals in
Liaodong Bay, China. Int. J. Environ. Res. Public Health 2022, 19, 608. [CrossRef]

9. Chen, S.B.; Wang, M.; Li, S.S.; Zhao, Z.Q.; Wen-di, E. Overview on current criteria for heavy metals and its hint for the revision of
soil environmental quality standards in China. J. Integr. Agr. 2018, 17, 765–774. [CrossRef]

10. Saleh, Y.S. Evaluation of sediment contamination in the Red Sea coastal area combining multiple pollution indices and multivariate
statistical techniques. Int. J. Sediment Res. 2021, 36, 243–254. [CrossRef]

11. Mensah, M.B.; Lewis, D.J.; Boadi, N.O.; Awudza, J.A. Heavy metal pollution and the role of inorganic nanomaterials in
environmental remediation. Roy. Soc. Open Sci. 2021, 8, 201485. [CrossRef]

12. Luo, Y.; Tu, C. Twenty Years of Research and Development on Soil Pollution and Remediation in China; Science Press: Beijing, China,
2018; pp. 389–398.

13. Remediation Case Studies: Thermal Desorption, Soil Washing, and In Situ Vitrification. Available online: https://www.epa.gov/
Exe/ (accessed on 30 March 2022).

14. Liu, J.; Zhao, L.; Liu, Q.; Li, J.; Qiao, Z.; Sun, P.; Yang, Y. A critical review on soil washing during soil remediation for heavy metals
and organic pollutants. Int. J. Environ. Sci. Technol. 2021, 19, 601–624. [CrossRef]

15. Jiang, X.; Wang, S.H.; Zhang, Q.B.; Wang, W.W. Analysis of concepts, conditions and critical problems in environmental dredging.
Res. Environ. Sci. 2017, 30, 1497–1504. (In Chinese)

16. Donázar-Aramendía, I.; Sánchez-Moyano, J.E.; García-Asencio, I.; Miró, J.M.; Megina, C.; García-Gómez, J.C. Impact of dredged-
material disposal on soft-bottom communities in a recurrent marine dumping area near to Guadalquivir estuary, Spain. Mar.
Environ. Res. 2018, 3, 64–78. [CrossRef] [PubMed]

17. Noren, A.; Fedje, K.K.; Stromvall, A.M.; Rauch, S.; Andersson-Sköld, Y. Integrated assessment of management strategies for
metal-contaminated dredged sediments—What are the best approaches for ports, marinas and waterways? Sci. Total. Environ.
2020, 716, 135510.1–135510.14. [CrossRef]

18. Chu, C.Y.; Ko, T.H. Evaluation of Acid Leaching on the Removal of Heavy Metals and Soil Fertility in Contaminated Soil. J. Chem.
2018, 2018, 1–8. [CrossRef]

19. Yu, B.; Men, M.X.; Liu, P.J.; Wu, K.N. Leaching Effect of Organic Acids on Heavy Metal Contaminated Soil. Agri. Biotech. 2019, 8,
130–139.

20. Yang, W.C.; Wang, Z.W.; Song, S.; Han, J.B.; Chen, H.; Wang, X.M.; Cheng, J.Y. Adsorption of copper (II) and lead (II) from
seawater using hydrothermal biochar derived from Enteromorpha. Mar. Pollut. Bull. 2019, 149, 110586. [CrossRef]

21. Couvidat, J.; Chatain, V.; Bouzahzah, H.; Benzaazoua, M. Characterization of how contaminants arise in a dredged marine
sediment and analysis of the effect of natural weathering. Sci. Total. Environ. 2018, 624, 323–332. [CrossRef]

22. Ma, D.; Su, M.; Qian, J.; Wang, Q.; Meng, F.; Ge, X.; Ye, Y.; Song, C. Heavy metal removal from sewage sludge under citric acid
and electroosmotic leaching processes. Sep. Purif. Technol. 2020, 242, 116822. [CrossRef]

23. Alghanmi, S.I.; Al Sulamia, A.F.; El-Zayat, T.A.; Alhogbi, B.G.; Salam, M.A. Acid leaching of heavy metals from contaminated
soil collected from Jeddah, Saudi Arabia: Kinetic and thermodynamics studies. Int. Soil. Water Conserv. Res. 2015, 3, 196–208.
[CrossRef]

24. Wang, X.; Chen, J.; Yan, X.; Wang, X.; Zhang, J.; Huang, J.; Zhao, J. Heavy metal chemical extraction from industrial and municipal
mixed sludge by ultrasoundassisted citric acid. J. Ind. Eng. Chem. 2015, 27, 368–372. [CrossRef]

25. Geng, H.; Xu, Y.; Zheng, L.; Gong, H.; Dai, L.; Dai, X. An overview of removing heavy metals from sewage sludge: Achievements
and perspectives. Environ. Pollut. 2020, 266, 115375. [CrossRef] [PubMed]

26. Perez-Esteban, J.; Escolastico, C.; Moliner, A.; Masaguer, A. Chemical speciation and mobilization of copper and zinc in naturally
contaminated mine soils with citric and tartaric acids. Chemosphere 2013, 90, 276–283. [CrossRef] [PubMed]

27. Xia, Z.; Zhang, S.; Cao, Y.; Zhong, Q.; Wang, G.; Li, T.; Xu, X. Remediation of cadmium, lead and zinc in contaminated soil with
CETSA and MA/AA. J. Hazard. Mater. 2019, 366, 177–183. [CrossRef]

28. Moon, D.H.; Park, J.W.; Koutsospyros, A.; Cheong, K.H.; Chang, Y.Y.; Baek, K.; Jo, R.; Park, J.H. Assessment of soil washing for
simultaneous removal of heavy metals and low-level petroleum hydrocarbons using various washing solutions. Environ. Earth
Sci. 2016, 75, 884. [CrossRef]

29. Geng, H.; Wang, F.; Yan, C.; Tian, Z.; Chen, H.; Zhou, B.; Yuan, R.; Yao, J. Leaching behavior of metals from iron tailings under
varying pH and low-molecular-weight organic acids. J. Hazard. Mater. 2020, 383, 121136. [CrossRef] [PubMed]

http://doi.org/10.1016/j.marpolbul.2020.111736
http://www.ncbi.nlm.nih.gov/pubmed/33075696
www.sac.gov.cn
http://doi.org/10.1007/s11631-019-00340-2
http://doi.org/10.1016/j.marpolbul.2021.112489
http://www.ncbi.nlm.nih.gov/pubmed/34049064
http://doi.org/10.3390/ijerph19010608
http://doi.org/10.1016/S2095-3119(17)61892-6
http://doi.org/10.1016/j.ijsrc.2020.07.011
http://doi.org/10.1098/rsos.201485
https://www.epa.gov/Exe/
https://www.epa.gov/Exe/
http://doi.org/10.1007/s13762-021-03144-1
http://doi.org/10.1016/j.marenvres.2018.05.010
http://www.ncbi.nlm.nih.gov/pubmed/29773315
http://doi.org/10.1016/j.scitotenv.2019.135510
http://doi.org/10.1155/2018/5036581
http://doi.org/10.1016/j.marpolbul.2019.110586
http://doi.org/10.1016/j.scitotenv.2017.12.130
http://doi.org/10.1016/j.seppur.2020.116822
http://doi.org/10.1016/j.iswcr.2015.08.002
http://doi.org/10.1016/j.jiec.2015.01.016
http://doi.org/10.1016/j.envpol.2020.115375
http://www.ncbi.nlm.nih.gov/pubmed/32827986
http://doi.org/10.1016/j.chemosphere.2012.06.065
http://www.ncbi.nlm.nih.gov/pubmed/22854018
http://doi.org/10.1016/j.jhazmat.2018.11.109
http://doi.org/10.1007/s12665-016-5690-6
http://doi.org/10.1016/j.jhazmat.2019.121136
http://www.ncbi.nlm.nih.gov/pubmed/31525690


J. Mar. Sci. Eng. 2022, 10, 636 11 of 11

30. Fest, E.; Temminghoff, E.; Comans, R.; Riemsdijk, W. Partitioning of organic matter and heavy metals in a sandy soil: Effects of
extracting solution, solid to liquid ratio and pH. Geoderma 2008, 146, 66–74. [CrossRef]

31. Zhang, J. Investigation of leaching remediation technology for heavy metal contaminated soil. Sci. Technol. 2018, 25, 1–4.
32. Kocan, F.; Hicsonmez, U. Leaching kinetics of celestite in nitric acid solutions. Int. J. Min. Met. Mater. 2019, 26, 11–20. [CrossRef]
33. Zhu, Y.G.; Zhang, G.F.; Feng, Q.M.; Lu, Y.P.; Ou, L.M.; Huang, S.J. Acid leaching of vanadium from roasted residue of stone coal.

Trans. Nonferrous Met. Soc. China 2010, 20, s107–s111. [CrossRef]
34. Chen, X.Y.; Wu, Y.Q. Remediation mechanism of multi—Heavy metal contaminated soil by using different chemical washing

agents. J. Environ. Eng. 2018, 12, 2845–2854. (In Chinese)
35. Havlin, J.L.; Westfall, D.G.; Olsen, S.R. Mathematical models for potassium release kinetics in calcareous soils. Soil. Sci. Soc. Am. J.

1985, 49, 371–376. [CrossRef]
36. Dang, Y.P.; Dalal, D.G.; Edwards, D.G.; Tiller, K.G. Kinetics of zinc desorption from Vertisols. Soil. Sci. Soc. Am. J. 1994, 58,

1392–1399. [CrossRef]
37. Reyhanitabar, A.; Karimian, N. Kinetics of copper desorption of selected calcareous soils from Iran. Am. Eur. J. Agr. Environ. Sci.

2008, 4, 287–293.
38. Rashti, M.R.; Esfandbod, M.; Adhami, E.; Srivastava, P. Cadmium desorption behavior in selected sub-tropical soils: Effects of

soil properties. J. Geochem. Explor. 2014, 144, 230–236. [CrossRef]

http://doi.org/10.1016/j.geoderma.2008.05.005
http://doi.org/10.1007/s12613-019-1705-0
http://doi.org/10.1016/S1003-6326(10)60022-2
http://doi.org/10.2136/sssaj1985.03615995004900020020x
http://doi.org/10.2136/sssaj1994.03615995005800050016x
http://doi.org/10.1016/j.gexplo.2014.01.023

	Introduction 
	Materials and Methods 
	Preparation of Contaminated Dredged Sediments 
	Leaching Experiments 
	Analytical Methods and Data Processing 

	Results and Discussion 
	Characterization of the Initial Dredged Sediments 
	Factors Governing the Leaching Efficiency of Heavy Metals by Natural Organic Acids 
	Kinetics of Leaching by Natural Organic Acid 

	Conclusions 
	References

