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Generally, marine dredged sediments often exhibit co-pollution with heavy metals and petroleum hydrocarbons. This work investigates the extraction-oxidation synergistic remediation treatment of heavy metals (Cu and Pb) and total petroleum hydrocarbon (TPH) in the contaminated dredged sediments. The leachability of heavy metals, the oxidation of TPH, the physicochemical properties of the treated sediment, and the fertility of the treated sediment for barley growth are compared among different combinations of extractants [ethylene diamine tetraacetic acid (EDTA), citric acid (CA) and ferric chloride (FeCl3)] and oxidant [potassium persulfate (K2S2O8)]. The results show that the extraction-oxidation synergistic remediation treatment significantly reduces the Cu and Pb contents. The total removal performances of heavy metals and TPH in the contaminated dredged sediments by each co-remediation treatment group are FeCl3+Ox > EDTA-Ox > CA-Ox. Specifically, FeCl3+Ox and EDTA-Ox achieve the highest removal rates of 91.10% and 96.95% for Cu and Pb, respectively. The extractant affects the activation of K2S2O8 by transition metals, enhancing the removal efficiency of TPH. The EDTA-Ox treatment group demonstrates the optimal treatment efficiency (37.42%) for TPH in the dredged sediment in 30 min. In the barley planting experiment, both shoot and root germinations in the EDTA-Ox treatment group reach their maximum values of 100% and 90%, respectively. Additionally, the CA-Ox treatment group exhibits maximal shoot and root lengths of 11.6 cm and 12.1 cm, respectively. The stress caused by salinity on seeds is also mitigated by the treatment. This study can provide technical support for the beneficial use of the dredged sediment.
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1 Introduction

In order to maintain the regular functionality of harbors and other coastal waterways, it is imperative to regularly dredge silted sediments, resulting in a substantial annual volume of dredged sediment. Currently, direct sea dumping is the most common disposal method for dredged sediment, which exacerbates the pressure on marine environmental protection. It is worth noting that the marine dredged sediment often contains organic matter and nutrients that can serve as the growing medium for plants (Kim et al., 2020). Effective utilization of dredged silt can be achieved by employing it as a substrate for plant growth. However, sediment has become a major aggregator and receiver of various pollutants with the development of industry and agriculture. Due to the close interaction between sediments and the aquatic environment, pollutants in the aquatic system are absorbed, deposited, and accumulated in the sediments through particulate matter (Albarano et al., 2020). Therefore, the direct application of marine dredged sediment may pose a risk of secondary environmental pollution. In order to ensure the safe and reliable use of dredged sediment, pollutants need to be removed or stabilized. Thermal treatment, biological treatment, and stabilization/solidification treatment as the frontier technologies for removing pollutants from the dredged sediment perform broad application prospect (Kim et al., 2021; Xu and Wu, 2023; Hong et al., 2023).

Generally, marine dredged sediments often exhibit co-pollution with heavy metals and petroleum hydrocarbons from diverse sources, such as wastewater discharges, shipping activities, and accidents (Doni et al., 2018; Kim et al., 2020). Heavy metals and petroleum-based contaminants sequestered in marine dredged sediments cannot be removed by self-purification (Kim et al., 2015). Consequently, a composite contamination issue arises with anomalous effects and amplified risks, posing a toxic threat to organisms in the surrounding environment through bioaccumulation. Since each pollutant has different properties and removal mechanisms, multiple remediation processes are required to remove mixed pollutants (Guarino et al., 2017; Zhang et al., 2021). Navigation channels and near-shore dredged sediments exhibit a high sand content. The chemical extraction/oxidation process is generally superior to other remediation techniques in sandy sediments (Yoo et al., 2017). Moreover, chemical extraction/oxidation remediation techniques can effectively eliminate organic compounds and heavy metals from the dredged sediment in a short period by facilitating direct contact between the contaminant and the extractant/oxidant during mixing through reagent addition, thereby effectively mitigating the leaching potential and bioavailability of heavy metals. In particular, co-contaminants, including heavy metals and organic compounds, can be removed by directly adding extracting agents or surfactants to the sediment, either sequentially or simultaneously (Yoo et al., 2017). However, the synergistic effects of the two technologies and their ecotoxicological benefits for residual contaminants have not received sufficient attention in previous studies.

HCl, HNO3, and H2SO4 are commonly used to extract heavy metals from sediments using acidic solutions. Acidic solution removal mechanisms involve increased competition between H+ ions and heavy metal ions for ligand binding sites, the dissolution of metal compounds, and the disruption of metal-containing specific components such as iron and manganese oxides to enhance desorption. Although inorganic acids are effective extractants for heavy metals, their inherent acidification and alteration of the original physicochemical properties of the sediment reduce the nutrient content and are not conducive to subsequent reuse. As an alternative to inorganic acids for the removal of heavy metals from sediments, chelates such as EDTA and CA have been widely researched and applied. Their mechanism of action primarily involves forming water-soluble chelates to extract heavy metals from sediments. Urbancl et al. (2023) employed EDTA and CA as extractants to remove Cu, Cr, and Ni from sediments. The experimental results showed that EDTA and CA achieved 60% and 80% removal of Cu from sediments, respectively. This approach highlights the effectiveness of chelating agents in remedying heavy metal contamination in sediments. As a chlorine-based extractant, ferric chloride (FeCl3) exhibits exceptional efficacy in extracting heavy metals in the solid phase (Yoo et al., 2018). FeCl3 extractant can remove heavy metals from the dredged sediment by combining chloride ions with metals, producing complexes such as [metal-Cl]+, [metal-Cl2](aq), [metal-Cl3]- and [metal-Cl4]2- (Torres et al., 2015). Yoo et al. (2018) reported that FeCl3 is the most effective extractant for Cu and Zn in marine sediment samples. Lower concentrations of FeCl3 (0.05 mol/L) extract the competitive amount of metals (70.1% Cu, 69.4% Zn) at 10 times the concentration of inorganic acids. The above three extractants (EDTA, CA, and FeCl3) all possess good potential for extracting heavy metals from the dredged sediments. In recent years, advanced oxidation processes (AOPs) have received increasing attention in the remediation of organic contaminated sediments due to their efficiency and environmental friendliness. The oxidants used include H2O2, S2O82−, MnO4−, O3, and the Fenton process. Among them, K2S2O8 is a strong oxidizing agent (E0 = 2.0V) that can be activated by heat, alkali, transition metals, and electrical energy to produce sulfate radicals (SO4•−, E0 = 2.5-3.1V), which can degrade most organic pollutants in water and sediment (Zhang et al., 2023). Persulfate has become highly emphasized in the remediation of soils contaminated with various emerging pollutants (Wang and Wang, 2018). However, its application on the contaminated dredged sediment is still insufficient.

This study investigated the changes in heavy metals (Cu and Pb) and TPH contents of the dredged marine sediments during the chemical extraction/oxidation process with different reagents (extractant: FeCl3, EDTA, and CA; oxidant: K2S2O8), as well as the effect of extraction/oxidation sequence on the overall performance. The leachability of heavy metals, oxidation of TPH, physicochemical properties of the treated sediment, and fertility for barley germination and growth were also compared for each optimal treatment combination of extractant and oxidant. This study can provide a theoretical basis and technical support for the disposal and beneficial use of the dredged sediment.




2 Materials and methods



2.1 Preparation of contaminated dredged sediment

Dredged marine sediment used in this study was collected from the deep water channel of the Yangtze River in China. Three steps were taken to prepare the contaminated sediment: (1) 500 ml of hexyl hydride was used to dissolve 75 g of diesel fuel; 500 ml of deionized (DI) water was used to dissolve 1.0 g of Pb(NO3)2 and 2.0 g of Cu(NO3)2·3H2O). These solutions were added to 1000 g of the dredged sediment and uniformly stirred. The amount added was carefully calibrated, with each addition slightly exceeding the volume of the sediment present. The primary contaminated dredged sediment was carefully placed in a designated area shielded from light. (2) After complete evaporation of the hexyl hydride, the primary contaminated dredged sediment with the addition of diesel, copper, and lead was mixed with 1000 g of dredged sediment, thoroughly stirred, and left to stand for 1 d to obtain the secondary contaminated sediment. (3) According to the experimental design, appropriate amounts of secondary contaminated substrate were added to achieve the specific concentrations of diesel, copper, and lead. The mixture was then balanced at room temperature in a dark environment for one week before use, during which time the mixture was continually remixed daily to ensure homogeneity. Subsequently, the samples were subjected to a freeze-drying process for 48 h to remove moisture. After the freeze-drying, the samples were homogenized into particles of about 2 mm in size.




2.2 Characterization of dredged sediment

Sediment screening was conducted using a 2 mm sieve in this study. The particle size distribution was determined through wet sieving with 2, 0.15, and 0.075 mm sieves. Metals in sediment were extracted using aqua regia extractant, filtered with a 0.45 µm filter membrane, and the obtained filtrate was analyzed for pseudo-total metal contents using inductively-coupled plasma optical emission spectroscopy (ICP-OES, ICAP-6300, Thermo Fisher, USA). TPH in the sediment samples was extracted according to The specification for marine monitoring Part 5: Sediment analysis (GB 17378.5-2007) and analyzed using a UV spectrophotometer (UV-2600i, SHIMADZU, Japan).

The quality of the substrate as a medium for plant growth was examined by analyzing the physicochemical properties such as electrical conductivity (EC), pH, cation exchange capacity (CEC), organic matter (OM), total nitrogen (TN), and total phosphorus (TP) of the 1:5 (w:w) sediment slurry. The salt content serves as a comprehensive indicator in soil analysis, with soil EC providing a direct reflection of this salt content. Soil pH value is one of the key basic properties of soil, and is an indicator of soil formation, maturation and fertilization process. Soil CEC is the main source of soil buffering capacity and an important basis for soil improvement and rational fertilization. Among the various nutrient indicators assessed, soil OM is assessed to determine soil quality. The determination of soil TN level is an important indicator to evaluate nitrogen content, and it is very important for the evaluation and management of soil fertility. The determination of TP in soil is helpful to understand the content and distribution of phosphorus in soil and provide scientific basis for soil improvement. In summary, it is essential to evaluate these factors for assessing the effectiveness of dredged sediment improvements.

To be more specific, EC was measured using the conductivity method according to Analysis methods of water soluble salts of forest soil (LY/T 1251-1999). The pH value was measured using the potentiometric method according to the Determination of pH value in forest soil (GB7859-1987). The CEC was determined through NH4OAc atomic absorption spectrophotometry following the Determination of cation exchange capacity and exchangeable base of neutral soil (NY/T 295-1995). The OM was measured through the K2Cr2O7-H2SO4 external heating method according to Soil testing. Part 6: Method for determination of soil organic matter (NY/T 1121.6-2006). The TN was determined through the continuous flow analyzer method according to Nitrogen determination methods of forest soils (LY/T 1228-2015). The TP was measured through the acid dissolution and Mo-Sb anti-spectrophotometric methods according to Phosphorous determination methods of forest soils (LY/T 1232-2015). Crystal structures and phase compositions were analyzed by X-ray diffraction (XRD) on a Bruker D-8 diffractometer (Bruker-AXS, Germany) using Ni-filtered Cu-Kα radiation in the 2θ range 10-80°.




2.3 Extraction of heavy metals

Heavy metal extraction experiments were conducted using FeCl3, CA, and EDTA, respectively. The experiments were designed with a controlled liquid-to-solid ratio of 10:1, an extraction period of 30 min, and a varying extractant concentration of 0.01, 0.03, 0.05, 0.1, and 0.3 mol/L. For each trial, 3.0 g of sediment (dry weight, <2.0 mm) was combined with 30 mL extractants (FeCl3, CA, or EDTA) at the specified concentrations. The mixtures were stirred in a horizontal shaking incubator at room temperature under 200 rpm. After centrifugation of the mixture for 30 min, the dredged sediment sample was filtered by a 0.45 µm filter membrane. Subsequently, the retrieved dredged sediment sample was digested using an automatic digester (DS-72, Guangzhou Genadan Instrument Co., Ltd., China). The digested sample was filtered through a 0.45 µm filter membrane, and then the heavy metal concentration was determined by ICP-OES (ICAP-6300, Thermo Fisher, USA). All experiments were conducted in duplicate, and the mean values were reported.




2.4 Chemical oxidation of TPH

The chemical oxidation of TPH in the dredged sediment was performed using K2S2O8 (E0 = 2.6 V). The sediment was treated with varying concentrations of K2S2O8, specifically at 0.01, 0.03, 0.05, and 0.1 mol/L, followed by mixing at 200 rpm for 30 min. Subsequently, the obtained mixture was filtered using a 0.45 µm filter membrane. The supernatant was analyzed for transition metals using ICP-OES (ICAP-6300, Thermo Fisher, USA). After freeze-drying, the TPH content in the treated dredged sediment sample was determined using a UV-Vis spectrophotometer (UV-2600i, SHIMADZU, Japan) at 225 nm wavelength. All experiments were conducted in duplicate, and the mean values were reported.




2.5 Sequence of extraction and oxidation

Based on the results of the remediation experiments (according to Sections 2.3 and 2.4), the optimal concentration of extractants (FeCl3, CA, or EDTA) and oxidant (K2S2O8) was determined for investigating a synergistic sequence of remediation to enhance the removal efficiency of heavy metals and TPH from the contaminated dredged sediment. Three different cases were evaluated: extraction followed by oxidation (Ex-Ox), oxidation followed by extraction (Ox-Ex), and simultaneous oxidation and extraction (Ex+Ox). For the Ex-Ox and Ox-Ex treatment groups, the steps described in Sections 2.3 and 2.4 were followed sequentially. For the Ex+Ox treatment group, the chemical extractants (FeCl3, CA, or EDTA) and chemical oxidant (K2S2O8) were simultaneously mixed with the dredged sediment sample. Specifically, a mixture of sediment and extractant/oxidant was shaken in a horizontal shaker at 200 rpm at 20 °C for 30 min in a 1:10 weight/volume ratio. After centrifuging and washing, the contents of heavy metals (Cu and Pb), transition metals (Fe, Mn, Ni, and Ti), and TPH were determined. Finally, the mobility and bioavailability of heavy metals were characterized using the toxicity characteristic leaching procedure (TCLP) according to USEPA Method 1311.




2.6 Barley germination and growth test

Barley is one of the major ecotoxicity test species in international standards and is frequently employed to assess the toxic effects of organic and inorganic contaminants in sediments (Kim et al., 2023). In this study, each sediment sample (30 g) was supplemented with ten barley seeds in a 100 mL culture dish. DI water was added to the field capacity of the sediment. The barley seeds were incubated in a growth chamber that maintained consistent growth conditions (Temperature: 23°C; Daily light duration: 16 h; Humidity: 60%) for 10 d. After incubation, measurements were taken for both root and shoot germination rates as well as root and shoot lengths.




2.7 Statistical analysis

Statistical analysis was performed using SPSS version 26.0 for Windows (SPSS Inc, Chicago, IL, USA). One-way ANOVA (variance analysis) was employed to compare means of sediment physicochemical properties, contaminants (heavy metals and TPH), and barley germination and growth of different treatments. The significance level was set at P < 0.05. In this study, after the significance difference analysis, the data in the figures and tables were labeled using the significance difference letter labeling method. Generally, the lower case letter indicates the significant level α = 0.05, while the capital letter indicates the significant level α = 0.01.





3 Results and discussion



3.1 Physicochemical characteristics of contaminated dredged sediment



3.1.1 Structural composition

The XRD analysis results are shown in Figure 1, revealing that the marine dredged sediment samples used in this study mainly comprise SiO2, MnFe2O4, Ni(SO4)(H2O), and NaFe3V3O12 (Kong et al., 2024). Notably, transition metals such as Fe and Mn in the dredged sediment samples create favorable conditions for activating persulfate (K2S2O8) to generate high oxidation capacity.




Figure 1 | XRD spectrum of the dredged sediment.






3.1.2 Physical and chemical properties

The measured physical and chemical properties of the tested dredged sediment are presented in Table 1. The particle size of the dredged sediment is predominantly below 0.075 mm. Moreover, the dredged sediment is alkaline, and the organic matter content is relatively low. Further, the high contaminant concentrations in the dredged sediment indicate that the dredged sediment has been contaminated with the corresponding contaminants (Cu, Pb, and TPH), which aligns with research requirements.


Table 1 | Physical and chemical properties of tested dredged sediment.







3.2 Screening of extraction agents on batch tests

The concentration of Cu and Pb in the dredged sediment after the chemical extraction processes is illustrated in Figure 2. As expected, the removal efficiencies of Cu and Pb increase with the increasing concentration of extracting agents (Yoo et al., 2018; Xiao et al., 2019). For FeCl3, the removal efficiencies of Cu and Pb from the dredged sediment gradually increase with higher reagent concentration. The extraction of Cu and Pb exhibits a significant increase at a concentration of 0.05 mol/L, accompanied by a decrease in solution pH from 6.1 (0.01 mol/L) to 5.6 (0.05 mol/L). This variation can be attributed to the abundant protons produced by iron hydrolysis in the equilibrium reaction (Fe3++3H2O ↔ Fe(OH)3+3H+), leading to a reduction in pH within the dredged sediment. Consequently, the extraction efficiencies of Cu and Pb from the dredged sediments reach 77.77% and 67.81%, respectively. Chloride-based extractant removes Cu and Pb from the dredged sediment by forming complexes such as [metal-Cl]+, [metal-Cl2](aq), [metal-Cl3]- and [metal-Cl4]2- through the combination of chloride ions with metals (Yoo et al., 2013). As the FeCl3 concentration increases, the concentration of chloride ions in the solution increases, thereby enhancing the ability of chloride ions to form complexes with Cu and Pb. At 0.3 mol/L, FeCl3 exhibits optimal Cu and Pb removal efficiencies in the dredged sediment of 97.43% and 94.29%, respectively. In addition, FeCl3 can effectively extract Cu through the oxidative dissolution of metal sulfides (CuS+Fe3+ → Cu2++Fe2++S0) and the ion exchange between Cu organic complex and FeCl3 (Rinklebe et al., 2016). Therefore, the removal efficiency of Cu in the dredged sediment by FeCl3 slightly surpasses that of Pb.




Figure 2 | Effect of extracting agents on the removal efficiency of Cu and Pb in the dredged sediment. The lower case letter indicates the significant level α = 0.05. The groups with the same marked letter indicate no significant difference, while those with different marked letters indicate a significant difference.



The addition of EDTA significantly affects the removal of Cu and Pb from the dredged sediment (P > 0.05), with increasing removal efficiencies as the extraction concentration increases. At lower concentrations (0.01 mol/L), EDTA is more effective than FeCl3 and CA in removing Cu and Pb from the dredged sediment. The presence of carboxyl, amino, and other functional groups in EDTA enables the formation of complexes with heavy metals in the solid phase, thus promoting the release of heavy metal ions from the solid phase (Bolan et al., 2014). Therefore, EDTA can achieve a better removal effect of Cu and Pb in the dredged sediment at lower concentrations. Furthermore, during the formation of Cu-EDTA and Pb-EDTA metal complexes, the complexation rate of Cu with EDTA is greater than that of Pb, indicating that EDTA can achieve a high removal efficiency for Cu compared to Pb (Zhang and Lo, 2006). The pH value of the dredged sediments after EDTA extraction remains stable between 7.14 and 7.47. Within this pH range, Cu and Pb in the dredged sediment can efficiently form complexes with EDTA due to their optimal chelating ability under neutral conditions (Ahile et al., 2021). When the EDTA concentration increases from 0.1 to 0.3 mol/L, there is no statistical difference in Cu and Pb removal efficiency. Considering the cost-effectiveness, 0.1 mol/L concentration is selected as the optimal EDTA extraction concentration.

Compared with the CK group, CA demonstrates superior Cu extraction efficiency in the dredged sediment at all concentrations. However, with increasing CA concentration, there is minimal change in its removal efficiency for Cu. In contrast, the extraction effect of CA on Pb is not evident at low reagent concentrations. However, with the increase of reagent concentration, the extraction effect of Pb becomes more significant. During the extraction process, the number of functional groups involved in the reaction increases with increasing CA concentration, which in turn enhances the extraction effect on heavy metals. The CA solution contains many carboxyl groups that exhibit a high affinity for metal ions by forming metal chelates (Wang et al., 2021). At lower concentrations, the sequestration sites for Cu are occupied more rapidly than those for Pb due to the higher complexation constant of Cu with CA (KCu-CA = 6.1) compared to Pb with CA (KPb-CA = 4.1) (Palma and Mecozzi, 2007). CA solution binds to Cu by forming soluble organic complexes with carboxyl and hydroxyl functional groups, thereby inhibiting the adsorption of Cu ions on the surface of sediment particles (Ke et al., 2020). As the concentration increases, the number of chelation sites increases, leading to a decrease in the pH value of the solution. Consequently, an increased amount of H+ ions undergo ion exchange reactions with Pb in the sediment, resulting in the desorption of weakly bound Pb from the sediment surface. This phenomenon can be attributed to a reduction in the combination between Pb and acid-soluble parts, as well as some reducible parts in the sediment decreases, ultimately enhancing the extraction efficiency of Pb (Chen et al., 2016). This observation also elucidates that the removal efficiency of Cu in dredged sediments remains essentially unchanged with the addition of CA, while the removal effect for Pb in the dredged sediment increases with a higher concentration of CA. When the concentration of CA is 0.3 mol/L, the highest Cu and Pb removal efficiencies of 84.70% and 84.46% are achieved, respectively. Overall, the above results show that CA is less effective than EDTA. In addition, iron content in the contact solution significantly increases due to the great affinity between CA and Fe (KFe-CA = 11.85), which has advantages in the following synergistic remediation process (Palma and Mecozzi, 2007).




3.3 Screen oxidant concentrations in batch tests

The sulfate radicals (SO4•−) produced by persulfate oxidants exhibit stronger oxidation effects and higher stability in soil/sediment environments than traditional oxidants. In addition, sulfate, the final product of persulfate oxidation, is less toxic to the ecosystem (Yen et al., 2011). Figure 3 shows the removal of TPH from the contaminated dredged sediment using K2S2O8 at different concentrations. It can be found that the removal efficiency increases with the increasing concentration. The most significant (P > 0.05) oxidation effect on TPH is achieved at an oxidation concentration of 0.1 mol/L, resulting in a removal efficiency of 13.57%. Transition metals in minerals within dredged sediments can react with persulfates and further affect the removal efficiency of pollutants by promoting activation. The specific activation mechanism can be described according to the reported equation (S2O82-+M → M++SO42-+SO4•−) (Zhou et al., 2019).




Figure 3 | Effect of oxidant concentration on the removal efficiency of TPH in dredged sediment. The lower case letter indicates the significant level α = 0.05. The groups with the same marked letter indicate no significant difference, while those with different marked letters indicate a significant difference.



As shown in Table 2, the presence of transition metals in the supernatant activates the persulfate and generates SO4•− (E0 = 2.5-3.1 V) during the removal of TPH from the dredged sediments with persulfate oxidation. The redox potential of SO4•− is larger than that of persulfate (S2O82-, E0 = 2.0 V). The production of SO4•− improves the oxidation performance of persulfate for TPH, contributing to a higher removal efficiency. Although the minerals in dredged sediments have the potential to activate persulfate, the oxidative removal of TPH using persulfate may not fall short of the desired effectiveness due to the original, low mineral content of minerals (Zhou et al., 2019).


Table 2 | Transition metal level in the supernatant (mg/L).



Moreover, due to the strong polarity of persulfate, oxidation mainly occurs in the water phase, greatly reducing the contact surface between persulfate and TPH adsorbed on the sediment surface. The diffusion of persulfate in sediment aggregates may also be limited, resulting in a low pollutant removal efficiency (Liu et al., 2021). In addition, due to the high adsorption capacity of TPH, it tends to closely bind to sediment particles and occupy sediment pores. Relevant studies have reported that pollutants in soil pores are relatively difficult to oxidize by oxidants, and soil adhesion can affect the release of pollutants, thus hindering restoration (Deng et al., 2015). Furthermore, results have revealed that persulfate anions could persist in sediments for several months, leading to the continuous generation of sulfate free radicals by metal activation and enhancing the contaminant oxidation (Yen et al., 2011; Zhou et al., 2019).




3.4 Effect of application sequence on removal efficiency

As shown in Figure 4, the application sequences of Ox-FeCl3, FeCl3-Ox, and FeCl3+Ox remove 89.35%, 88.69%, and 91.10% of Cu, and 83.00%, 86.85%, and 92.89% of Pb. FeCl3 application sequence experiments for removing Cu and Pb from the dredged sediments all show good performance. Specifically, the FeCl3+Ox group is slightly more effective than the remaining two groups. The primary reason for this is that FeCl3 has a low acidity coefficient (pKa) value, and anionic chloride ligands can enhance the extraction of toxic cationic heavy metals from dredged sediments (Yoo et al., 2016). These results suggest that the simultaneous application of Ex and Ox can minimize the process time and contribute to high levels of co-contaminant removal.




Figure 4 | Effect of order of FeCl3 application on the efficiency of removal of heavy metal-petroleum hydrocarbon pollutants.



For the study of the TPH removal effect in the contaminated dredged sediment, it can be seen from Figure 4 that different treatment orders of FeCl3 and K2S2O8 greatly influence the removal of TPH. Specifically, OX-FeCl3, FeCl3-OX, and FeCl3+Ox remove 12.64%, 28.75%, and 34.11% of TPH, respectively. Yan et al. (2019) found that the dissolved Fe in the soil could promote the activation of sodium persulfate. The increase in iron content enhances the efficiency of organic pollutant removal. As illustrated in Table 3, the Fe content in FeCl3+Ox supernatant is significantly higher than that in FeCl3-Ox and Ox-FeCl3 treatment groups, substantially promoting persulfate activation. Transition metals, such as Mn, Ni, and Ti, have also been shown to activate sodium persulfate and produce sulfate radicals (Su et al., 2023). In comparison, the content of Mn, Ni, and Ti elements in the FeCl3+Ox treatment group is significantly higher than that in the FeCl3-Ox and Ox-FeCl3 treatment groups. This difference indicates that the conditions in the FeCl3+Ox group can efficiently activate persulfate to oxidize the TPH in the contaminated dredged sediment. To sum up, the FeCl3+Ox treatment group shows great advantages for TPH removal, and this superiority is mainly related to its high persulfate oxidation capacity promoted by its high transition metal (Fe, Mn, Ni, and Ti) content.


Table 3 | Transition metal content of supernatants in sequential experiments with FeCl3 applications (mg/L).



As shown in Figure 5, the three application sequences minorly impact the removal of heavy metals Cu and Pb using EDTA. To be specific, Ox-EDTA, EDTA-Ox, and EDTA+Ox remove 90.22%, 90.95%, and 87.13% of Cu, and 87.44%, 96.95%, and 91.30% of Pb from the dredged sediment, respectively. When extracting Cu and Pb, EDTA mainly removes the Cu and Pb bound to Fe and Mn oxides.




Figure 5 | Effect of order of EDTA application on the efficiency of removal of heavy metal-petroleum hydrocarbon pollutants.



However, the EDTA application sequence greatly influences the oxidative removal of TPH, and adjusting the cooperative remediation order can largely increase the removal efficiency of TPH. From Figure 5, it can be seen that the oxidative removal efficiency of TPH in the EDTA-Ox treatment group (37.42%) is higher than that of Ox-EDTA (14.88%) and Ox+EDTA (5.61%) treatment groups.

As shown in Table 4, the content of transition metals in the supernatant of the EDTA+Ox treatment group is significantly higher (P < 0.05) than that of the other two treatment groups. However, EDTA+Ox does not remove more TPH in the dredged sediment. The reason is that the EDTA extractant can form complexes with Cu and Pb, as well as with the transition metals in solution (Yoo et al., 2017). Thus, the transition metals in the supernatant of the EDTA+Ox treatment group mainly exist in the form of complexes with EDTA. As a result, these transition metals cannot effectively activate persulfate to produce SO4•− with strong oxidative effects. Besides, as an organic matter, EDTA tends to consume and decompose K2S2O8 and thus competes with the target pollutant (i.e., TPH). For these reasons, the EDTA+Ox treatment cannot improve the oxidative removal of TPH from the dredged sediment.


Table 4 | Transition metal content of supernatants in sequential experiments with EDTA applications (mg/L).



Figure 6 shows that the three application sequences minimally impact the removal of Cu by CA in the dredged sediment, with Ox-CA, CA-Ox, and CA+Ox treatment groups yielding 81.26%, 85.34%, and 83.75% of removal rates, respectively. In contrast, the removal efficiency of Pb is influenced by these sequences. Specifically, Ox-CA, CA-Ox, and CA+Ox treatments remove 42.83%, 61.31%, and 69.67% of Pb from the dredged sediment. In the Ox-CA sequence, the removal efficiency of Pb is relatively low. This observation is consistent with the experimental result of Yoon et al. (2018). This may be attributed to the ability of K2S2O8 to oxidize Pb in the dredged sediment into a more stable bound state (Wang et al., 2022). The reducing capacity of CA is limited, potentially converting only part of the heavy metals associated with Fe and Mn oxides into exchangeable or carbonate-bound states. As a result, the removal efficiency of Pb is relatively low in the Ox-CA treatment group.




Figure 6 | Effect of order of CA application on the efficiency of removal of heavy metal-petroleum hydrocarbon pollutants.



Similar to EDTA, the order of CA application has a great effect on the TPH removal by oxidation. The oxidative removal efficiency of TPH in the CA-Ox treatment group is higher than that in the Ox-CA and CA+Ox treatment groups (Figure 6). Specifically, the oxidative removal efficiency of TPH from the dredged sediment by CA-Ox, Ox-CA, and CA+Ox treatments is 37.06%, 11.03%, and 9.79%, respectively. For the CA-Ox treatment group, the addition of CA dissolves the Fe-Mn oxides in dredged sediments, and the concentration of transition metals (especially Fe) in the supernatant increases significantly during oxidation (P < 0.05) (Table 5). The high content of these transition metals significantly activates the oxidation capacity of the K2S2O8. This increases the oxidative removal efficiency of TPH in the sequence of extraction followed by oxidation (Yoon et al., 2018).


Table 5 | Transition metal content of supernatants in sequential experiments with CA applications (mg/L).






3.5 Changes in heavy metal contents and mobility

Using TCLP to assess the changes in heavy metal mobility is considered a reliable tool for evaluating their potential mobility and bioavailability in sediments and solid wastes (Lang et al., 2019). The morphology of TCLP mainly reflects the biologically harmful content of heavy metal exposure to the environment, offering a more intuitive assessment than morphological analyses, such as BCR. In addition, it is more advantageous for phytotoxicity analyses.

The extraction and oxidation procedures effectively reduce heavy metals’ mobility in marine dredged sediment (Figure 7). Cu and Pb in the untreated dredged sediment possess high mobility, particularly in Cu. The reasons for the lower mobility of Pb mainly include: (1) Pb can form complexes with organic matter; (2) it can be adsorbed on oxides and silicate clay minerals; (3) Pb can be precipitated as carbonate, sulfate, or phosphate (Unda-Calvo et al., 2017). The experimental results demonstrate that FeCl3, EDTA, and CA are effective extractants. The mobility of heavy metals after CA treatment is greater than that treated with FeCl3 and EDTA, probably due to the influence of pH. The mobile fraction of heavy metals in sediment is largely influenced by the sediment pH and generally increases with decreasing pH. In the sediment, the increased pH reduces the mobility of heavy metals, thereby decreasing their bioavailability to plants.




Figure 7 | Heavy metal content in TCLP-leachable sediment untreated and treated with combinations of extractants. (Mean ± standard error. Different letters on the bar graphs represent significant differences between treatment groups for the same heavy metal, with upper case letters indicating differences in the Cu group and lower case letters corresponding to the Pb group (P < 0.05)).






3.6 Performance of treated sediment in supporting plant germination and growth



3.6.1 Effect of extraction and oxidation on physicochemical properties of dredged sediment

The physicochemical properties of dredged sediments can affect plant growth. The physicochemical characteristics and nutrient composition, including EC, OM, TN, TP, and CEC of the dredged sediment, change significantly after treatments (Table 6). The pH value of the dredged sediment decreases, and the sediment environment acidifies after FeCl3 is added as a heavy metal extractant (Yoo et al., 2016). The reason for this is that the hydrolysis of Fe3+ produces considerable H+, which decreases the pH of the dredged sediment. The pH value in the EDTA-Ox treated sediment sample increases significantly, consistent with the results of the previous study (Zupanc et al., 2014).


Table 6 | Physical and chemical properties and nutrient content of dredged sediment.



Extraction and oxidation synergistic remediation of the contaminated dredged sediment also affects the OM content. The FeCl3+Ox and EDTA-Ox treatment groups both experience a decrease in OM content, and this is more pronounced for the FeCl3+Ox treatment group. The reason for this phenomenon is that FeCl3 acts as an acidic extractant, which is capable of forming complexes with organic substances in the dredged sediment. This interaction facilitates the extraction of a portion of the OM. However, these complexes may become soluble throughout the extraction, decreasing the organic content within the dredged sediment. In addition, after applying the synergistic remediation by the FeCl3+Ox treatment, the TN content in the dredged sediment is significantly increased, effectively improving the resistance of barley seeds. This may explain why barley seeds in the FeCl3+Ox treatment group continue to exhibit better growth despite a lower pH value.

After FeCl3+Ox, CA-Ox, and EDTA-Ox treatments, the EC content in dredged sediments undergoes significant decreases related to the substantial reduction of the soluble salts in the treated dredged sediments. The main mechanism for the decline in CEC values in the dredged sediment is due to the action of organic matter decomposition (Kim et al., 2020). After EDTA-Ox treatment, the content of TN in the dredged sediment increases, which may be related to the residual EDTA (Guo et al., 2018). The TP content decreases after FeCl3+Ox and EDTA-Ox treatments. This may be due to the dissolution of the water-soluble or readily desorbed inorganic phosphorus in the dredged sediment during synergistic remediation (Kurek et al., 2020).




3.6.2 Barley germination and growth after treatment

The effect of the dredged sediment on plant growth after restoration can be assessed based on the growth potential of barley seed. Compared to the original dredged sediment, the treated dredged sediment is more conducive to barley germination and growth, and the planted barley has good growth potential (Figure 8). Figures 9A, C mainly illustrate the effects of different treatment conditions on the shoot and root germination rates of barley seeds, respectively. No significant difference is observed in the shoot and root germination growth rates among these groups (P > 0.05). In contrast, as shown in Figures 9B, D, different treatment groups significantly affect shoot and root lengths compared to the CK group. The influence of varied dredged sediments on the germination rate of barley seeds is small. The possible reason for this may be that the germination mainly depends on the heterotrophic growth of endosperm inside seeds.




Figure 8 | Barley seed growth in each treatment group: (A) EDTA-Ox treated; (B) FeCl3+Ox treated; (C) CA-Ox treated; (D) CK.






Figure 9 | Barley (Hordeum vulgare L.) germination and growth test results of treated sediments: (A) shoot germination; (B) shoot length; (C) root germination; (D) root length. The lower case letter indicates the significant level α = 0.05. The groups with the same marked letter indicate no significant difference, while those with different marked letters indicate a significant difference.



The shoot and root lengths of barley are significantly greater than those of the CK group. The growth potential of barley in sediment subjected to CA-Ox remediation treatment is especially favorable, with shoot and root lengths of 11.6 cm and 12.1 cm, respectively. The reason is that adding low molecular organic acid (CA) to the contaminated dredged sediment can activate the sediment enzymes, thus promoting plant growth (Xiao et al., 2019; Manzoor et al., 2021).

Heavy metal mobility in sediments can inhibit the growth of barley, significantly reducing the remediated sediments. In addition, the bioavailability of heavy metals is reduced, as shown in Figure 7. The presence of Cu largely inhibits chlorophyll, which can affect photosynthesis and metabolic processes in plants and suppress seed germination and growth (Quan et al., 2023). Pb contamination negatively affects plant growth by interfering with ionic homeostasis, generating free radicals, and causing phytogenetic toxicity (Gul et al., 2023). Moreover, the inhibitory effect of TPH in sediments on the growth of barley seeds should be considered. Plant root elongation is more sensitive to TPH contamination in the sediment, and the inhibition of root growth becomes increasingly pronounced with rising TPH concentration (Tang et al., 2011). Due to the combined extraction-oxidation remediation, the mobility of heavy metals and the TPH concentration in the dredged sediment are reduced. Additionally, the EC results in Table 6 prove that the salinity stress on seeds is mitigated. Consequently, this treatment provides a favorable environment for the growth of barley seeds, indicating that the extraction-oxidation synergistic remediation largely reduces the disposal risk of the dredged sediment. This method effectively mitigates the environmental hazards associated with the contaminated sediments, paving the way for safer and more sustainable land use and ecological restoration.

As shown in Figures 7 and 9, compared to the CA-Ox treatment group, the mobility of Pb in the dredged sediment is reduced more significantly in the FeCl3+Ox group (P < 0.05), while the average length of barley seedlings is relatively low. Primarily, FeCl3 is an acidic extractant, and its addition decreases the pH value of the dredged sediment. This reduction leads to acidification, which is detrimental to the growth of barley. The above outcome is consistent with the experimental findings of Yoo et al. (2017).

As shown in Table 6, the TN content within the dredged sediment experiences an increase after the treatments with FeCl3+Ox or EDTA-Ox cooperative remediation. However, this increase has a minimal impact on the growth of barley malt (Figure 9). This suggests that although the treatment can alter certain chemical properties of the dredged sediment, other potential factors may contribute more to plant growth in this specific context.

The correlation between the physical and chemical properties and the nutrient content of the dredged sediments, as well as the shoot and root lengths of barley, are provided in Supplementary Figures S1 and S2, respectively. It can be found that the content of OM in the dredged sediment is positively correlated with the growth of barley seedlings. The reason is that microorganisms can decompose OM, providing nutrients for seed growth. Moreover, the presence of OM increases the water retention capacity of the dredged sediment, leading to looser and aeration-friendly conditions. It also enhances the sediment’s ability to retain moisture, preventing the adverse effects on barley growth from excessively dry or wet sediment. Moreover, as a low molecular natural organic acid, CA increases the OM in the sediment mainly by regulating the metabolites of primary and secondary metabolism. Due to the presence of CA, the plant produces more sugar, which provides greater energy to the organism. This is why barley shoot and root lengths in the CA-Ox treatment group are more prolonged than the other two treatment groups.

High salinity is an important factor in suppressing the root growth of barley seeds. As shown in Supplementary Figures S1 and S2, EC is negatively correlated with barley root length. The EC of the dredged sediment treated with FeCl3+Ox, CA-Ox, and EDTA-Ox decreases significantly. This effectively reduces the stress exerted by the dredged sediment on the barley seed roots and maintains the osmotic pressure between the environment and the roots, providing favorable conditions for plant growth (Kim et al., 2020).

As depicted in Supplementary Figures S1 and S2, the CEC, TN, and TP in the dredged sediment do not exhibit a strong correlation with the growth of barley malt. This may be attributed to the source of the original marine dredged sediment from a waterway near the Yangtze River estuary, where a high sediment load is carried. Moreover, the soil texture is characterized by sandy loam with inherently poor fertility retention capabilities. Consequently, the middle ranges of CEC, TN, and TP in the dredged sediment are relatively low. The variations in CEC, TN, and TP are insignificantly influenced by the extraction-oxidation co-remediation process.






4 Conclusions

This study investigates the effectiveness of extraction-oxidation synergistic remediation treatments for removing heavy metals (Cu and Pb) and TPH in contaminated dredged sediments. The results indicate that this treatment significantly reduces the content of Cu and Pb in the dredged sediment. The total removal performance of different treatment groups on heavy metals and TPH in the contaminated dredged sediment is ranked as FeCl3+Ox > EDTA-Ox > CA-Ox. In addition, the FeCl3+Ox and EDTA-Ox treatment groups achieve the maximal removal efficiencies for Cu and Pb, reaching 91.10% and 96.95%, respectively. Adding extractants affects the activation of the K2S2O8 through transition metals, enhancing the oxidation and removal efficiency for TPH in the dredged sediment. The EDTA-Ox treatment group exhibits the optimal extraction effect (37.42%) on TPH in the dredged sediment within 30 min. After the extraction-oxidation synergistic remediation, the mobility of heavy metals and the TPH concentration in the treated dredged sediment are reduced. During the barley planting experiment using the treated dredged sediment, the shoot and root in the EDTA-Ox treatment group exhibit the maximum germination rates of 100% and 90%, respectively. The shoot and root lengths of the CA-Ox-treated barley are the longest among samples, measuring 11.6 cm and 12.1 cm, respectively. Additionally, the treatment of interest mitigates the stress caused by salinity on seeds. This method effectively alleviates the environmental hazards associated with the contaminated dredged sediments, facilitating safer and more sustainable land use and ecological restoration. This study presents innovative approaches for the remediation of the contaminated dredged sediments. Our future research aims to enhance the effectiveness of dredged sediment improvements, facilitating practical and widespread applications in the beneficial-use of the dredged sediment.
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Sediment particle size 2.000 mm-0.150 mm 19.00
distribution (wt%)
0.150 mm-0. 075 mm 28.79
<0.075 mm 52.21
Sediment pH | 8.00
OM (g/kg) 7.28
CEC (cmol/kg) 4.30
Contaminants (mg/kg) Cu 427.1
Pb 542.2
TPH 1120.0
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Mean + standard error. Different lowercase letters on the table represent significant differences between the treatment groups (P < 0.05).





