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Abstract

:

We investigated the applicability of oyster (OS) and mussel shells (MS) as capping materials to inhibit the movement of nitrogen (N) and phosphorus (P) from river sediments. OS and MS are difficult to dispose of as waste, and have been used environmentally to clean up sediments contaminated with nitrogen and phosphorus. OS and MS increased the nutrient adsorption efficiency through simple heat treatment. The effectiveness of OS and MS capping with sand armor (SA) was evaluated in laboratory incubation experiments for 63 d. The sediments were capped with an active capping material (OS or MS) and then with either 1 cm or 3 cm SA. The pH and EC values were remarkably high under MS capping conditions because Ca2+ and Mg2+ were eluted from the MS material. The elution of Ca2+ and Mg2+ negatively affected the inhibition of NH4-N release by MS capping. OS capping demonstrated better performance for blocking the release of NH4-N and T-N than that of MS capping; the efficiency was enhanced by adding a 3 cm SA layer on top of the MS layer. In contrast, the PO4-P and T-P releases from the river sediments were effectively impeded by MS capping. OS capping with a 3 cm SA layer (OS/SA3) was recommended as the best capping strategy for inhibiting N and P releases from river sediments. The capping efficiencies of OS/SA3 for NH4-N, T-N, PO4-P, and T-P were 92.2%, 51.4%, 101.3%, and 93.3%, respectively.
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1. Introduction


Domestic sewage, industrial wastewater, and agricultural runoff have contributed to elevated levels of nitrogen (N) and phosphorus (P) in water bodies [1,2]. These unregulated discharges release N-based and P-based compounds into the groundwater and water bodies leading to the widespread pollution of aquatic environments [3,4]. The excess amounts of N and P in an ecosystem have resulted in a number of ecological problems such as eutrophication [5,6]. Over time, N and P accumulate in aquatic sediments, including lake and river sediments. These sediments can serve as nutrient sinks or sources of N and P. Eutrophication has persisted for decades even after reducing or eliminating external pollution in industrial and domestic wastewater because the nutrients deposited in the sediment act as an internal source of nutrients [7]. Therefore, under such conditions, it is imperative to employ remediation techniques that aim to inhibit the mobility of N and P from sediments to the immediate aquatic environment [8,9].



Numerous sediment remediation methods have been investigated in recent years. These include dredging [10], natural recovery monitoring [11], phytoremediation [12,13], soil washing [14], hypo-limnetic oxygenation [15,16], and in situ capping methods. However, sediment resuspension from dredging and prolonged recovery times for natural recovery monitoring make the in situ capping technique more viable [17]. In situ capping remediation techniques inhibit the transport pathway of contaminants, thereby reducing their mobility, toxicity, and bioavailability through sequestration and obstruction [4,18,19].



Researchers have extensively studied the use of activated carbon [20], zeolites [19,21,22], and bentonite [23] as capping materials in both laboratory and field-scale experiments. However, these materials have several limitations when used in large-scale capping remediation projects, and minimizing their secondary environmental impacts can be problematic. Activated carbon production is energy-intensive, and covering large areas with capping materials increases remediation costs [24,25]. Raw zeolite largely demonstrated a low adsorption efficiency for negatively charged anions [21], and the use of bentonite poses a risk to the benthic ecosystem owing to its high pH [26]. Biochar [5,27], layered double hydroxide [28], illite [26], and zero-valent iron [29] have also been studied as contemporary active capping materials. The need for inexpensive and readily accessible capping materials has attracted considerable attention. In recent years, oyster shells (OS) and (MS) have been used as adsorbents to successfully remove various contaminants from wastewater [30,31,32,33,34]. Seashells are used, as they are readily available, environmentally friendly, and rich in calcium carbonate [35]. This high calcium carbonate partially dissolves in aqueous solutions to release calcium cations. These cations can bind to phosphate anions to form calcium hydroxyl phosphate, enabling Ca-P precipitation under alkaline conditions [36,37]. The calcination and thermal treatment can be the way to improve the adsorption capacity of seashells [38,39].



Oysters and mussels are the shellfish most commonly produced in the aquaculture industry worldwide. Oyster is mass produced by aquaculture worldwide, producing 438 billion tons in 2016 [40]. Approximately 300,000 tons of oysters and 60,000 tons of mussels are produced annually in Korea [38,39]. Mussels are the second most farmed species in the world after oysters, accounting for 14% of bivalve mollusk production in 2010 [41]. The stacking of oyster and mussel shells causes undesirable odors from decomposition by microorganisms and deposits large quantities of salt onto soil [42]. The Korean government has promoted a policy of drying oyster shells, grinding them into a fine powder, converting the powder into fertilizer, and supplying the fertilizer to farmers at no cost. However, farmers are reluctant to use the free fertilizer because of the smell and the impacts on plant growth from the subsequent high salinity in the soil following its application [39]. Various trials have investigated alternative uses for seashells besides their application as fertilizer, and their feasibility for use as construction materials, supplementary feed for livestock, and alternative liming materials for soil remediation has been assessed [42].



To the best of our knowledge, research on the feasibility of using OS and MS as capping materials for the remediation of contaminated sediments has been extremely limited. However, there are a number of challenges associated with their application as capping materials. In this study, we applied thermally treated OS and MS as capping materials to sequester nutrients and impede their release from sediments to the overlying water. We believe that thermally treated OS and MS are superior candidates for capping materials because they are inexpensive and derived from biomass in aquatic environments. In addition, the practice is environmentally friendly, since the waste is recycled for use in environmental remediation.



In this study, we investigated the application of thermally treated OS and MS as capping materials to block the release of N and P from contaminated river sediments. The effect between sand armor (SA) thickness and capping efficiency (CE) was also investigated by overlaying the active capping materials (OS and MS) with SA. Different forms of N and P, namely NH4-N, NO3-N, T-N, PO4-P, and T-P, were monitored during a 63-day incubation experiment. At the end of the incubation period, the N and P fluxes from the sediments, capping materials, and CE were quantified. The effect of capping materials on changes in the aquatic environment was also studied by observing the pH, electrical conductivity (EC), dissolved oxygen (DO), and oxidation-reduction potential (ORP). After completion of the incubation experiment, a P-fractionation of the sediment was performed, and the NH4-N, T-N, and T-P concentrations in the pore water were analyzed.




2. Materials and Methods


2.1. Sediments and River Water Sampling


The procedures for collecting and pre-treating sediment and river water have been described in previous studies [8,43]. The sediment used in our study was collected from the Geum River located in Sejong City, Korea, in December 2019. Samples were taken up to a depth of 10 cm below the sediment surface using Van Veen grab samplers. The collected sediment was homogenized using a mechanical mixer after removing any large debris. The water sample used for this investigation was collected using a 2-L airtight polyvinyl chloride container. In the laboratory, the water was filtered with a GF/C filter (1.2 µm pore size, Whatman, Maidstone, UK) and stored in a refrigerator before use.




2.2. Preparation of Capping Materials


The OS and MS were sourced from a local seafood market near the campus of Hankyong Natioinal University in Anseong City, Korea. The OS and MS were washed, dried, and grounded. After grinding, the powder was sieved using standard No. 16 and No. 20 (850 µm and 1.15 mm) bottom sieves. Particles of the granular size that can settle down reliably were selected. The particles retained between the sieves were used. OS and MS were pyrolyzed under anoxic conditions using a muffle furnace (CRFT 830S, Dongseo Science Co. Ltd., Pusan, Korea) for 4 h at temperatures of 700 °C and 800 °C, respectively. The optimal temperatures for OS and MS pyrolysis were determined from our previous studies [38,39].




2.3. Laboratory Scale Incubation Experiments


Laboratory sediment incubation experiments were performed using columns filled with sample water and sediments. Three different active capping conditions and three different armoring layers were constructed for nine different experimental systems, as illustrated in Figure 1. The effectiveness of OS and MS as capping materials was compared to that of non-active capping (NAC) materials. Two different SA layers, 1 cm (SA1) and 3 cm (SA3), were placed on top of the sediment or active capping layer. The OS and MS capping materials were also tested without SA (SA0) for comparison. The experimental conditions are denoted as X-Y, where X refers to the active capping material used, and Y represents the thickness of the SA layer. For instance, OS/SA1 refers to using an OS capping and having 1 cm of SA placed over the sediments. For all experimental conditions, the same sediment thickness (5 cm) and volume (3 L) of overlying water was set, and 3 cm (SA0) and 2 cm (SA1) thick sand layers were placed under the sediments to set the constant distance between sampling ports and the surface of the sediment layer. The sediment was leveled with a plastic plate to a 5 cm thick layer before the capping materials were applied. A pump (Model 7527-15, Cole-Parmer, Vernon Hills, IL, USA) was used to fill the sediment incubation column with river water (3 L) to prevent suspension of the sediment and capping materials. The acryl sediment column had an inner diameter of 15 cm, a height of 25 cm, and a sampling port located 10 cm from the bottom. A DO probe (HI9146, Hanna Instruments, Cluj-Napoca, Romania) was installed and fixed through the center of the lids and made airtight using a silicone resin paste. The device was calibrated prior to use according to the manufacturer’s instructions. The incubation experiment was performed in incubators in order to conduct the experiments under dark conditions at a constant temperature of 25 °C for 63 days. At 0.5, 1.5, 3, 7, 14, 21, 28, 42, 56, and 63 days after the start of the incubation experiment, water samples of 15 mL were taken through a sampling port using a syringe (50 mL) to analyze the water pH, EC, ORP, T-N, NH4-N, NO3-N, T-P, and PO4-P. In addition, the DO was measured daily during the incubation period.




2.4. Analysis of N and P in Water Samples


Water quality parameters were promptly determined to reduce errors using standard methods for water and wastewater analysis [44]. pH and EC meters (Seven-multi S40; Mettler Toledo, Schwerzenbach, Switzerland) were used to measure the pH and EC of water. T-N was determined using a UV-Visible spectrophotometer (Optizen POP QX, Mecasys Co., Daejeon, Korea) at a wave length of 220 nm following the thermal decomposition of the sample using NaOH and K2S2O8. The indophenol and brucine methods were used to analyze NH4-N and NO3-N, respectively. The sample for NH4-N analysis was reacted with alkaline phenol and hypochlorite, and the blue-colored sample was measured at 630 nm. The sample for NO3-N analysis was reacted with brucine sulfate in a 13N H2SO4 solution at 100°C, and the colored sample was measured at 410 nm. The detection limits for T-N, NH4-N and NO3-N were 0.1, 0.01, and 0.1 mg/L, respectively. Total phosphorus (T-P) was determined via the ascorbic acid reduction method after digesting the samples with K2S2O8. After the reaction of ammonium molybdate-antimony potassium tartrate, the intensity of the blue-colored sample was analyzed using the UV-Visible spectrophotometer at 880 nm. PO4-P was determined using ascorbic acid without the digestion process. The detection limits for T-P and PO4-P were 0.01 mg/L.



After completion of the incubation experiments, the sediment was dissected immediately below the capping layer and centrifuged at 4000 rpm to press out the pore water contained in the sediment. The concentrations of T-N, NH4-N, and T-P in the pore water of the sediments were determined using the methods described above.




2.5. Data Analysis


The flux of nutrients released from the sediments into the overlying water was calculated as follows [45,46]:


    J D   =    (   C t  −  C i   )    ×   V   t   ×   A    



(1)




where JD is the flux of nutrients released from contaminated sediments during incubation (mg/m2d). Ci and Ct are the pollutant concentrations (mg/L) in the tank at the beginning of the experiment and during the sampling period, respectively. The time (d) between sampling and the start of the experiment is represented by t. V is the volume (L) of river water in the tank, and A is the contact area between river water and sediment (m2).



The CE was calculated from JD for uncapped and capped conditions, as shown in [47]:


  C E = 1 −  (     J  D ,   c a p p e d      J  D ,   u n c a p p e d      )    ×   100 %  



(2)








2.6. Sequential Extraction of P


After the incubation experiments, the P fractions present in both the capping materials and sediments were quantified using the methods described by Hieltjes and Lijklema [48]. The pretreatment procedures to quantify each fraction are as follows: (1) T-P: 20 mL HClO4 was added to 1 g of the sediment sample, boiled for 2 h, 100 mL of distilled water was added, 5 mL of the solution was adjusted to pH 1.8–2.2 with 5 N NaOH, and another 50 mL of distilled water was added. (2) Adsorbed-P: 25 mL of 1 M NH4Cl was added to 1 g of the sediment sample and reacted for 2 h. (3) Non-apatite inorganic phosphorus (NAI-P): 25 mL of 0.1 N NaOH was added to 1 g of the sediment sample and reacted for 17 h. (4) Apatite-P: 25 mL of HCl (1 M) was added to 1 g of the sediment sample and reacted for 24 h. (5) Residual-P was determined by subtracting Apatite-P, Adsorbed-P, and NAI-P from T-P.





3. Results and Discussions


3.1. Water and Sediment Properties


The physicochemical properties of the water and sediment are listed in Table 1. The DO and T-P concentrations in the water corresponded to Level 1 (best water quality level) and Level 2, respectively. Water quality levels were based on the water quality standards for rivers established by the Korean Ministry of Environment. However, the suspended solid (SS) concentration in the water was too high to be classified, exceeding the threshold set for the worst water quality level by the Korean Ministry of Environment. In sediments, the T-N and T-P levels were below the established sediment quality guidelines of the Korean Ministry of Environment. However, according to the US Environmental Protection Agency (EPA), the T-N and T-P contents in sediments exceeded high levels (T-N: >2000 mg/kg; T-P: >650 mg/kg). Although the overlying water quality was satisfactory, large amounts of N and P were accumulated in the sediment. Under certain circumstances, N and P can be released from sediments and lead to the eutrophication of rivers.




3.2. Effects of Capping Materials on the Water Environment


The variations in DO, pH, and EC values in the water overlying uncapped and capped sediments during the incubation experiments were monitored to investigate the changes in environmental conditions in the overlying water from capping treatments and understanding the release of nutrients from sediments (Figure 2). The DO concentration, one of the key parameters affecting and determining the fate of chemicals [49], was monitored for 63 d. It decreased sharply within the first 7 d under all conditions, followed by a gradual decrease until 40 d. After 40 days, there was little change in DO until the completion of the incubation experiments. The lowest DO concentration was observed in the uncapped conditions (NAC/SA0), and the mean and standard deviation of DO concentrations (mg/L) under capped conditions increased in the following order (Table 2): NAC/SA0 (1.55 ± 1.17) < OS/SA0 (1.90 ± 1.22) < OS/SA1 (2.25 ± 1.07) < MS/SA1 (2.31 ± 1.10) < MS/SA0 (2.35 ± 1.22) < NAC/SA1 (2.70 ± 1.28) < MS/SA3 (2.82 ± 1.17) < OS/SA3 (2.91 ± 1.14) < NAC/SA3 (3.46 ± 1.01). The capping of MS, OS, and SA delayed the DO reduction rate. The presence of a capping layer shifts the deposition of organic matter to the newly formed cap–water interface, thus removing the source of biologically available carbon and slowing the depletion of DO [50]. A higher DO concentration was observed when a 3 cm SA layer was applied. Thick SA delays and physically impedes the release of oxygen-consuming organic matter and nutrients by increasing the diffusive distance between the sediments and overlying water [51]. Under OS and MS capping conditions, the Ca2+ released from OS and MS binds to organic matter (consumes DO during its degradation), leading to an increase in the DO concentration of the overlying water [52,53]. Therefore, the OS cap was found to have a lower overlying DO concentration than that of the MS cap, which may be because of the lower Ca content (66.6%) of OS than that (80.5%) of MS. The higher DO of NAC/SA3 than those of MS/SA3 and OS/SA3 can be explained by the fact that the release of Ca2+ from MS and OS enhanced the release of NH4+, which consumed DO in the overlying water. The effect of MS and OS capping on the release of NH4+ is described in Section 3.3.



The pH values of NAC/SA0, NAC/SA1, and NAC/SA3 were 7.34 ± 0.12, 7.32 ± 0.28, and 7.36 ± 0.15, respectively. This suggests that SA prevented the migration of consumable organic matter from sediments to overlying water but had no effect on pH. Similar results have also been reported by other researchers [54,55], and the negligible change in pH is one of the key advantages of sand capping. When MS capping was implemented, the pH of MS/SA0, MS/SA1, and MS/SA3 were 12.16 ± 1.59, 11.54 ± 1.66, and 10.37 ± 1.70, respectively (Table 2). Although the pH values of OS capping were lower than those of MS capping, the pH values of OS capping were higher than those of NAC/SA0 and SA capping without MS and OS capping. The pH values for OS and MS capping also demonstrated different patterns of change over time. The pH of OS/SA0 increased from pH 7.49 to pH 11.47 within 3 d and then decreased to pH 7.69 on day 21. However, the pH of MS/SA0 increased to 12.58 and then plateaued until the end of the experiments. The high pH of OS and MS could be due to CaO and Ca(OH)2 compounds in OS and MS reacting with water to produce calcium hydroxide, which releases OH− after dissociation [56]. This reason can also be applied to explain that the pH of MS capping is higher than that of OS capping. A higher pH was observed by capping with the MS material, because MS has a higher CaO content than OS material. The pH was also dependent on the thickness of the SA layer, and the SA layer mitigated the increase in pH caused by MS and OS. In Table 2, the pH values for MS/SA1, MS/SA3, OS/SA1, and OS/SA3 were 11.54 ± 1.66, 10.37 ± 1.70, 8.31 ± 0.35, and 7.91 ± 0.46, respectively, indicating that a thicker SA layer was more effective at alleviating pH increases by MS and OS capping.



The EC values for both MS and OS capping were relatively similar throughout the experimental period, as observed in Figure 2c. However, the EC values for MS capping increased markedly from 1020 µS/cm to 8200 µS/cm. This suggests that MS capping may have a considerable impact on the EC of the overlying water. The increase in EC is also due to nutrient release from sediments, but its impact on EC is much smaller than that of the ions eluted from the capping materials, i.e., MS and OS. The increase in EC values for MS capping may be due to the elution of ions such as Ca2+, Mg2+, Na+, and K+ from the surface of MS upon solubilization in water [8,57]. Therefore, the EC values in MS capping were consistent with the observed elevated pH values, as the MS capping material contains basic salts such as Ca(OH)2 and CaO [38]. Similar to the pH results, low EC values were observed as the thickness of the SA layer increased. The average EC (Table 2) of MS/SA0, MS/SA1, and MS/SA3 were 7420 ± 3392, 4460 ± 1671, and 1031 ± 209 µS/cm, respectively, and the EC of the MS capping decreased under a thick SA layer. Lower EC values were observed for OS capping than for MS capping, and the EC values for OS/SA0 and MS/SA0 on day 63 were 1113 µS/cm and 7420 µS/cm, respectively. The EC values for MS/SA3 were similar to that of OS capping, and the EC differences between OS and MS capping decreased when 3 cm of SA was applied to the OS and MS capping layers.




3.3. Impact of Capping on the Release of N and P from Sediments into the Overlying Water


The changes in the concentrations of NH4-N, NO3-N, and T-N over time under different capping conditions are illustrated in Figure 3. The increasing N values signify greater aquatic eutrophication risks and contribute to hypoxia, DO consumption, and poisoning [58,59]. As shown in Figure 3a, the NH4-N concentration in the overlying water under uncapped conditions (NAC/SA0) continuously increased from 0.14 mg/L to 12.26 mg/L during the experimental run. With the exception of OS/SA1 and OS/SA3, an increase in NH4-N values from the base concentration was also observed under capping conditions. Higher NH4-N concentrations were observed for MS/SA0 and MS/SA1 than that for NAC/SA0 (untreated), indicating that MS/SA0 and MS/SA1 capping accelerated NH4-N release from sediments to overlying water rather than disrupting NH4-N release. The acceleration of the NH4-N releases by MS/SA0 and MS/SA1 was attributed to the Ca2+ and Mg2+ ions eluted from the MS-released NH4-N adsorbed on the surface of the sediments via ion exchange [60]. The much higher EC values of MS/SA0 and MS/SA1 (Figure 2c) were also consistent with the large number of ions eluted from the MS capping material to the overlying water, affecting the release of NH4-N from sediments. The higher concentrations of NH4-N in pore water under MS/SA0 and MS/SA1 capping conditions than those under other conditions (Figure 4) were also consistent with the fact that the Ca2+ and Mg2+ eluted from the MS capping material enhanced the release of NH4-N from sediments.



The amount of NH4-N released is closely related to the average DO concentrations, and in previous studies, higher NH4-N concentrations were observed under conditions with lower average DO concentrations [8,26,61]. The release of dissolved inorganic N as NH4+ may be due to the anaerobic conditions created at the bottom, which prevent the oxidation of NH4+ to NO3 and thus inhibit nitrification at the sediment-water interface [16,45]. However, in this study, such a trend was not observed, and the NH4-N concentrations under uncapped conditions with the lowest DO concentrations were lower than those of MS/SA0 and MS/SA1. Because oxygen was not depleted under uncapped conditions and the oxygen concentrations were maintained at > 1 mg/L under capping conditions, the effect of oxygen depletion on the increase in the dissolution of NH4+ was negligible.



NO3-N was monitored for all experiments because of the presence of DO in the overlying water under all experimental conditions (Figure 3b). In contrast to NH4-N, the NO3-N concentrations under untreated conditions (NAC/SA0) decreased from 3.67 mg/L to 0.89 mg/L during the incubation period. In previous studies [8,26,61], NO3-N concentrations under uncapped conditions were exclusively observed during the initial experimental period because DO depletion occurred at the start of the experiment. High NO3-N concentrations were obtained for NAC/SA1 and NAC/SA3; both also demonstrated a relatively high average DO concentration (NAC/SA1: 2.72 ± 1.28 mg/L; NAC/SA3: 3.47 ± 1.01 mg/L). The elevated DO concentrations in the overlying water increased the decomposition rate of organic N and the oxidation of NH4+ to NO3− [16]. In addition, the high concentrations of NH4+-N also accelerated the rate of DO degradation in the overlying water, resulting in relatively low DO concentrations [5]. However, MS/SA1 and MS/SA3 demonstrated lower mean NO3-N concentrations (MS/SA1: 1.33 ± 1.29 mg/L; MS/SA3: 1.62 ± 1.30 mg/L) than that of NAC/SA0 (1.88 ± 0.98 mg/L), but displayed higher average DO concentrations than that of NAC/SA0.



The T-N concentrations under untreated and capping conditions gradually increased with incubation time (Figure 3c). Similar to the NH4-N results, the mean T-N concentrations for MS/SA0 (18.0 ± 10.8 mg/L) and MS/SA1 (13.3 ± 6.0 mg/L) were higher than those of the untreated (NAC/SA0) and other experimental conditions. OS/SA3 showed the lowest T-N concentrations (7.2 ± 1.3 mg/L) but showed higher NO3-N concentrations than those of MS capping conditions. This inverse trend in T-N and NO3-N concentrations released from sediments under different capping conditions was also observed in other studies [8,57]. The low T-N concentrations under OS capping conditions suggest that OS is the most efficient capping material to inhibit N release into the overlying water. The ratio of the mean NH4-N concentration to the mean T-N concentration under different capping conditions ranged from 8.3% to 64.5%, which was less than that reported in a previous study [8]. In the previous study, it was reported that almost 90% of T-N was released in the form of NH4-N. The low NH4-N/T-N ratio of our study was attributed to the presence of DO throughout the incubation period. The presence of DO in overlying water increased the decomposition of organic N and the oxidation of NH4+ to NO3− [16].



The T-P and PO4-P concentrations in the overlying water under untreated and capped conditions are illustrated in Figure 5. The T-P concentration in the overlying water under NAC/SA0 conditions steadily increased from 0.077 mg/L to 0.851 mg/L, with the highest average overlaying T-P concentrations compared to that of all capping conditions. This indicated that all capping treatments were effective in disrupting the release of T-P from sediments. The T-P concentrations (mg/L) released from sediments into overlying water decreased in the following order: NAC/SA0 (0.448 ± 0.346) > OS/SA0 (0.229 ± 0.155) > NAC/SA1 (0.206 ± 0.150) > OS/SA1 (0.166 ± 0.115) > NAC/SA3 (0.117 ± 0.072) > MS/SA0 (0.103 ± 0.048) > OS/SA3 (0.102 ± 0.045) > MS/SA1 (0.088 ± 0.019) > MS/SA3 (0.069 ± 0.018). These results indicate that a thicker sand layer delayed the migration of T-P from surface sediments to overlying water by increasing the diffusion distance [61]. Under MS capping, the PO4-P concentrations (mg/L) in the overlying water decreased in the following order: MS/SA3 (0.035 ± 0.013) > MS/SA1 (0.030 ± 0.013) > MS/SA0 (0.029 ± 0.008). Under MS capping conditions with different SA layer thicknesses, there were no substantial differences of PO4-P concentrations as a response to the thickness of the sand layer, and the thinner sand layer demonstrated slightly lower PO4-P concentrations. MS capping material had a high adsorption capacity for PO4-P, effectively blocking the release of PO4-P and removing PO4-P in the overlying water. Under MS capping conditions, the mean PO4-P concentrations during the incubation period were lower than the initial PO4-P concentrations. Therefore, the thick layer of SA overlying the MS capping layer was also a barrier for MS to adsorb the PO4-P present in the overlying water.




3.4. N and P Fluxes and CE under Uncapped and Capped Conditions


The N and P fluxes and CEs under the different capping conditions are listed in Table 3. A nutrient flux can be defined as the transfer of specific nutrient species from sediments to overlying water [62,63]. As shown in Equation (2), CE is defined as the ratio of the flux under specified conditions to the flux of the untreated condition (NAC/SA0). The CEs of NH4-N, T-N, PO4-P, and T-P increased with increasing SA thickness. As described in Section 3.3., the sand layer delayed the release of N and P by increasing the diffusion distance between the sediments and the overlying water. However, this trend was not observed for PO4-P fluxes under MS capping conditions. This can be explained by the fact that the MS capping material with high PO4-P adsorption capacity demonstrated high CEs of over 100%, regardless of the presence of the SA layer. The dissolution of Ca2+ from MS capping material adsorbed PO4-P in the pores and overlying water via the formation of Ca3(PO4)2 and Ca5(PO4)3OH [64], thus reducing the release of PO4-P from sediments into the overlying water. The flux of PO4-P was higher under OS capping conditions without a SA layer (OS/SA0) than under MS capping conditions without a SA layer (MS/SA0). MS capping conditions using a 3 cm SA layer (MS/SA3) also demonstrated higher CEs than that of OS/SA3. These results can be explained by the lower adsorption capacity of the OS capping material for PO4-P than that of the MS capping material. The CEs of OS/SA0 and OS/SA1 for PO4-P were close to 100%. The CEs of OS capping conditions for T-P were highly dependent on the thickness of the SA layer, and the CEs of OS/SA3 for T-P was 93.3%, which was acceptable. The presence of the SA layer compensated for the relatively low P-adsorption capacity of the OS capping material to achieve a high CE.



MS capping, which demonstrated high CEs for PO4-P and T-P, was unsuitable for NH4-N and T-N. The fluxes of NH4-N and T-N were higher under MS capping conditions than under the untreated condition, and the CEs demonstrated negative values. In contrast to PO4-P and T-P fluxes, OS capping conditions demonstrated lower fluxes of NH4-N and T-N than those under MS capping conditions. The slower release of NH4-N and T-N under MS capping conditions than that under OS capping conditions was consistent with the notion that the OS capping material had a higher adsorption capacity of NH4-N (14.62 mg/g) than that of MS (2.84 mg/g). The OS can adsorb NH4+ ions via a cation exchange mechanism [65]. Although the Ca2+ eluted from the capping materials enhanced PO43- anion adsorption, more Ca2+ cations were released under MS capping conditions than under OS capping conditions, accelerating the release of NH4-N from sediments to the overlying water. The SA layer overlying the OS capping material was also helpful in impeding the release of NH4-N and T-N, and the CEs of OS/SA3 for NH4-N and T-N were 92.2% and 51.4%, respectively. OS capping conditions with a 3 cm SA layer (OS/SA3) can effectively block N and P releases and is recommended as a strategy for the remediation of N and P contaminated sediments.



OS and MS are waste, and it is costly to dispose of them. Therefore, it can be assumed that raw OS and MS are supplied free of charge, and only the calcination process is calculated as cost. The cost for the calcination process under the lab scale was calculated from the consumed electricity and mass recovery. The electricity of 6.3 and 7.2 kW h for thermally treating OS and MS were consumed. From the TGA analysis, the recovery of OS at 700 °C and MS at 800 °C for 4 h was 89.1% and 56.7%, respectively. A total of 176.7 and 317.5 kW h of electricity per 1 kg of OS and MS were consumed, corresponding to 10,779 KRW (=7.98 USD) and 19,368 KRW (=14.35 USD), respectively. The cost of producing 1 kg of MS is two times higher than that of OS. It is expected that the production cost of OS and MS can be lowered when mass-produced on a large scale.




3.5. Phosphorus Fractionation of Sediments under Different Capping Conditions


The P present in the sediment was classified into four stages by fractionation (Adsorbed-P, NAI-P, Apatite-P, and Residual-P), and the results are shown in Figure 6. The T-P content (mg/kg) was reduced by approximately 50% following completion of the incubation experiments under all conditions compared to that before the experiment. NAI-P (fraction bound to Al/Fe) and Residual-P (most strongly bound fraction) accounted for most of the P fraction in the pre-experimental sediments. This notably high level of NAI-P in pre-experimental sediments suggests the dissolution of Fe2+ or Al3+ complexes under reductive conditions, releasing this type of T-P from the sediment [66,67]. Following the completion of the experiment, the NAI-P content was similar under all experimental conditions, except for MS/SA0. The low NAI-P fraction under MS/SA0 is a consequence of the pH increase in the overlying water when the MS capping is applied, which hinders the adsorption of P onto Al3+ and Fe3+ ions [68,69]. Under all capping conditions (NAC, OS, and MS), the total amount of T-P increased as the thickness of the SA increased. This is because as the thickness of the SA increases, the amount of P eluted from the sediment decreases, and the amount of P remaining in the sediment increases. When MS was capped, the Adsorbed-P fraction, the weakest bound form, was present to a large extent. In the MS/SA1 and MS/SA3 capping conditions, the proportions of the Adsorbed-P fraction were 15.7% and 11.6%, respectively, which were higher than those of the other experimental conditions. In contrast to the restricted release of PO4-P and T-P under MS capping conditions, the ratio of Adsorbed-P under the MS/SA0 capping condition was 2.2%, which was relatively low compared to that under MS capping conditions with SA (MS/SA1 and MS/SA3). In the case of MS/SA0, weakly adsorbed P (Adsorbed-P fraction) could easily migrate into the overlying water, because there was no physical barrier (SA).





4. Conclusions


This study investigated the application of OS and MS as capping materials to inhibit the release of N and P from river sediments. The effect of the SA layer thickness on N and P release was also investigated by monitoring the concentrations of NH4-N, NO3-N, T-N, PO4-P, and T-P and other water quality parameters (DO, pH, and EC) in the overlying water over a 63-day period. A thicker SA was beneficial in delaying the depletion of DO. MS and OS capping materials caused alarming increases in the pH of the overlying water, and the pH of MS capping conditions was higher than that of the OS capping conditions. The thick SA layer was helpful in alleviating the pH increase caused by the use of MS and OS capping materials. High pH and EC values under MS capping conditions were due to the elution of Ca2+ and Mg2+ from MS, which prevented the MS layer from capturing the NH4-N released from sediments. However, the OS capping of sediments effectively disrupted the release of NH4-N and T-N from sediments, and its CEs were enhanced by the combined use of the SA layer. MS capping was superior to OS capping to disrupt the release of PO4-P and T-P because of the high P adsorption capacity of MS. OS capping is preferred over MS capping because OS capping effectively blocked the release of both N and P, and the lower PO4-P and T-P CEs under OS capping conditions were improved by adding a SA layer. OS capping conditions with a 3 cm SA layer achieved high CEs for PO4-P, T-P, NH4-N, and T-N. Therefore, OS capping with a 3 cm SA layer is recommended to disrupt N and P releases from river sediments into the overlying water. In this study, nitrogen and phosphorus concentrations over incubation time were analyzed along with environmental variables. To more precisely elucidate the mechanism, it is necessary to measure the species and activity of microorganisms affecting nitrogen and phosphorus elution.
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Figure 1. Experimental setup of table-size incubation systems to evaluate the efficiency of capping materials and sand armor thickness. 
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Figure 2. Effects of capping material on (a) dissolved oxygen (DO) concentration, (b) pH, and (c) electrical conductivity (EC) in the overlying water under different capping conditions during the 63-day incubation period. 
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Figure 3. Effects of capping material and composition on the release of (a) NH4-N, (b) NO3-N, and (c) T-N from capped and uncapped sediments during the 63-day incubation period. 
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Figure 4. T-N, NH4-N, and T-P concentrations in pore water following the completion of the incubation experiments. 
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Figure 5. Effects of capping material and composition on the release of (a) PO4-P and (b) T-P from capped and uncapped sediments during the 63-day incubation period. 
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Figure 6. Adsorbed-P, NAI-P, Apatite-P, and Residual-P fraction of P present in the sediments beneath the overlying water and capping layer. (a) P content (mg/kg) and (b) P fraction (%). 
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Table 1. Properties of water and sediment sampled from Geum river.
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River Water

	
Sediment




	
Property

	
Value

	
Property

	
Value






	
pH

	
7.49

	
Water contents (%)

	
76.43




	
EC (µS/cm)

	
489

	
pH

	
6.81




	
DO (mg/L)

	
8.06

	
EC (µS/cm)

	
250




	
SS (mg/L)

	
230

	
IL (%)

	
9.98




	
T-N (mg/L)

	
3.67

	
T-N (mg/kg)

	
3269




	
NH4-N (mg/L)

	
0.14

	
NH4-N (mg/kg)

	
47.39




	
NO3-N (mg/L)

	
3.67

	
NO3-N (mg/kg)

	
2.97




	
T-P (mg/L)

	
0.07

	
T-P (mg/kg)

	
915




	
PO4-P (mg/L)

	
0.03

	
SRP (mg/kg)

	
68.91




	
ORP (mV)

	
-30.7

	
ORP (mV)

	
5.50
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Table 2. Dissolved oxygen (DO) concentration (mg/L), pH, and electric conductivity (EC, μS/cm) under uncapped and capped conditions.
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	NAC/

SA0
	NAC/

SA1
	NAC/

SA3
	OS/

SA0
	OS/

SA1
	OS/

SA3
	MS/

SA0
	MS/

SA1
	MS/

SA3





	DO (mg/L)
	1.57 ±

1.17
	2.72 ±

1.28
	3.47 ±

1.01
	1.92 ±

1.22
	2.26 ±

1.08
	2.92 ±

1.14
	2.36 ±

1.22
	2.32 ±

1.11
	2.83 ±

1.18



	pH
	7.34 ±

0.12
	7.32 ±

0.28
	7.36 ±

0.15
	9.11 ±

1.67
	8.31 ±

0.85
	7.91 ±

0.46
	12.16 ±

1.59
	11.54 ±

1.66
	10.37 ±

1.70



	EC (μS/cm)
	623 ±

77
	561 ±

45
	550 ±

42
	925 ±

180
	779 ±

197
	710 ±

163
	5882 ±

3259
	2586 ±

1703
	684 ±

229
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Table 3. Nutrient fluxes (mg/m2d) and capping efficiency (CE) (%) under uncapped and capped conditions.






Table 3. Nutrient fluxes (mg/m2d) and capping efficiency (CE) (%) under uncapped and capped conditions.


















	
	
	NAC/

SA0
	NAC/

SA1
	NAC/

SA3
	OS/

SA0
	OS/

SA1
	OS/

SA3
	MS/

SA0
	MS/

SA1
	MS/

SA3





	NH4-N
	Flux (mg/m2d)

CE (%)
	35.9


	16.0

55.5
	6.8

81.1
	9.8

72.8
	3.0

91.7
	2.8

92.2
	60.9

−69.3
	49.2

−36.8
	16.2

54.9



	T-N
	Flux (mg/m2d)

CE (%)
	39.1


	24.3

37.7
	22.3

43.0
	36.0

7.9
	22.6

42.1
	19.0

51.4
	82.0

−109.7
	54.3

−39.0
	30.0

23.2



	PO4-P
	Flux (mg/m2d)

CE (%)
	1.31


	0.70

46.8
	0.21

84.2
	0.13

90.4
	0.03

97.9
	−0.02

101.3
	−0.02

101.5
	−0.01

100.8
	0.02

98.5



	T-P
	Flux (mg/m2d)

CE (%)
	2.17


	0.75

65.3
	0.24

89.1
	0.89

59.1
	0.52

76.0
	0.15

93.3
	0.15

93.0
	0.06

97.0
	−0.04

102.0
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