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Abstract

:

Cadmium (Cd)-contaminated paddy soils are a big concern. However, the effect of irrigation with acid water on the migration and transformation of Cd and the effect of alternating redox conditions caused by intermittent irrigation on Cd aging processes in different depths of paddy soils are unclear. This study revealed Cd fractionation and aging in a Cd-contaminated paddy soil under four irrigation periods with acid water and four drainage periods, by applying a soil columns experiment and a sequential extraction procedure. The results showed that the dynamic changes of soil pH, oxidation reduction potential (ORP), iron (Fe) oxides and dissolved organic carbon (DOC) throughout the intermittent irrigation affected the transformation of Cd fractions. After 32 days, the proportion of exchangeable Cd (F1) to the total Cd decreased with a reduction of 24.4% and 20.1% at the topsoil and the subsoil, respectively. The labile fractions of Cd decreased, and the more immobilizable fractions of Cd increased in the different depths of soils due to the aging process. Additionally, the redistribution of the Fe and Mn oxide-bound Cd (F3) and organic matter and secondary-sulfide-bound Cd (F4) occurred at different depths of soils during the incubation time. Overall, the bioaccessibility of Cd in the subsoil was higher than that in the topsoil, which was likely due to the leaching and accumulation of soluble Cd in the deep soil. In addition, the aging processes in different depths of soils were divided into three stages, which can be mainly described as the transformation of F1 into F3 and F4.
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1. Introduction


Cadmium (Cd) is a kind of heavy metal with high toxicity, and therefore, Cd contamination in soil is a big concern [1,2,3,4,5]. Cd in soil can cause a threat to human health through the food chain. It may lead to kidney damage, cancer and other chronic diseases and even cause death when humans are exposed to Cd over long periods [6]. In recent years, with the increase in mining activities, large amounts of Cd enter the paddy soil around mining areas due to the accumulation of Cd-containing slag and the drainage of acid mine, which seriously affects food security and the stability of the agricultural foundation. Therefore, it is necessary to carry out research on Cd migration and transformation in paddy soils around mining areas. It is known to all that the mobility and toxicity of Cd are mainly controlled by its fractions instead of the total amount in soils [7,8,9,10]. When exogenous heavy metals enter soils, the bioavailability and mobility of heavy metals in soil decrease over time, which is called “aging” [11].



To date, several studies have suggested that the transformation of Cd fractions is greatly affected by soil properties [12,13,14,15]. For example, Yu et al. [16] confirmed that the addition of humic acid can effectively reduce the mobility and bioaccessibility of Cd in soil. In contrast, the decrease in pH can increase the availability of Cd in soils [17,18]. It was reported that the mobility of Cd in soil was controlled by pH, which can affect the surface charge of minerals, thus affecting the affinity of Cd for a particular sorption site [19,20]. Therefore, the effect of irrigating paddy fields with acid water on the aging process of Cd cannot be ignored. In addition, the aging mechanisms of Cd in soil under different redox conditions have also received much attention. Compared with some variable valence heavy metals (such as arsenic and chromium), Cd is not sensitive to redox conditions [9]. However, the minerals and organic matter, closely associated with the fractions of Cd, can be affected by the ORP in soil, resulting in the transformation of Cd fractions. For example, the reductive dissolution of iron oxides can lead to the release of Cd [21]. During flooding conditions, sulfate (SO42−) is reduced to sulfur ions (S2−), which forms the precipitation of CdS, reducing the effective form of Cd in soils [22,23,24].



Paddy soils are open and dynamic systems, the flooding and draining cycles can lead to oscillatory changes in soils properties, especially redox potential (Eh) and pH, due to the concerted electron–proton transfers [9,25,26]. So far, most researchers mainly focused on the effect of soil properties (such as pH) on Cd aging under a single aerobic or anaerobic condition, while the effect of an alternating redox condition on the transformation and availability of Cd has received little attention. So, the impact of the alternation of redox conditions caused by intermittent irrigation with acid water on Cd aging in paddy fields needs further research.



We proposed the hypotheses that the migration and transformation of Cd fractions are the essences of Cd aging in paddy soils, and its aging processes are influenced by intermittent irrigation with acid water. Therefore, the study aimed to investigate (1) the influence of intermittent irrigation with acid water on the fractionation of Cd in different depths of paddy soils over a short time and (2) the aging mechanisms of Cd in different depths of paddy soils affected by intermittent irrigation with acid water. The results will help to accurately assess Cd pollution risk and make adequate remediation strategies in paddy soils.




2. Material and Methods


2.1. Soil and Analysis


The Cd-uncontaminated topsoil (0–20 cm) was collected from a paddy field (27°14′39″ N, 113°44′10″ E) which is located upstream of the coal mining area in Youxian city, Hunan province, China. The area has a humid subtropical monsoon climate, with an average annual temperature of 17.8 °C and an annual rainfall of 1410 mm. The soil was air-dried, stones and weeds were removed, and it was ground with a pestle, passed through 20-mesh sieves, then thoroughly mixed.



The soil pH was measured in a 1:2.5 soil-water suspension using a pH meter (S210, SevenCompact, Shanghai, China). The pH electrode was calibrated before each experiment using a calibration buffer, and the estimated precision was 0.01 pH units. The soil particle size and specific area were determined using a laser particle size analyzer (Mastersizer 2000, Malvern, UK). DOC was measured via the K2SO4 method [27]. The free Fe oxides were determined using a dithionite citrate system buffered with sodium bicarbonate, and the amorphous Fe oxides were determined using ammonium and oxalate under dark conditions [28]. The aqua regia method and modified Tessier’s sequential extraction procedure were used to measure the values of total Cd and Cd fractions in soils, respectively [29,30]. Then, the water-soluble Cd was determined using a graphite furnace atomic absorption spectrophotometer (PinAAcle900T, Shanghai, China). All solutions were prepared using analytical grade materials. The physicochemical properties of the soils are shown in Table 1.




2.2. Experimental Scheme


Soil columns design: eight organic glass columns, which have a diameter of 5.00 cm and a length of 25.00 cm, with rough interfaces to prevent the effect of dominant flow, were prepared in a room-temperature culture chamber. Additionally, on the ends of the soil columns, two inlet–outlet holes were installed; the top one connected the reservoir through a peristaltic pump, and another was used to drain water. The experiment set-up is shown in Figure 1.



Experiment design: A total of 2.55 kg soil was weighed from the soil samples, and 1.4 L 1.64 × 10−4 mol/L Cd (NO3)2 was added and stirred well; then, the content of exogenous Cd in soil increased by 10 mg/kg. The purpose of this was to make the results more obvious. The treated soils were freeze-dried, ground, and passed through 20-mesh sieves. A small amount of soil was analyzed for the total Cd and fractions of Cd; the others were used to fill the soil columns. Quartz sands (particle size: 70–120 mesh) were soaked in 10% hydrochloric acid and washed with deionized water until the electrical conductivity of supernatant was less than 10 μs/cm. The soil columns were filled with 10 cm of the composite soil, the soil was compacted continuously during the filling process, and 1 cm of quartz sand was added to the top and bottom of the soil columns, and a layer of gauze was placed above and below the quartz sands, respectively. This was performed to avoid soil loss and outlet blockage.



Intermittent irrigation was simulated by controlling the flow of water through the soil columns in the laboratory. Firstly, a peristaltic pump was used to input the deionized water from the bottom of the columns at a slower rate to remove the air in the soil columns; then, the direction of the flow was adjusted to form a steady flow field. Then, 0.01 mol/L NaCl was used to simulate acidic irrigation water, and the pH of the solution was adjusted to 3.7 ± 0.2. After the flow rate was stable, 0.01 mol/L NaCl was pumped into the soil column at a flow rate of 0.5 mL/min for 4 h, then stopped for 7 d. Moreover, the cover on the soil column was opened to maintain soil column air circulation in the drainage stage. In this way, one day of irrigation and seven days of cyclic ventilation were achieved, that is, eight days made up an intermittent irrigation cycle. The experiment lasted for four cycles. After stopping irrigation (the strongest reduction state) and on the last day before the next cycle of water supply (the strongest oxidation state), the columns were broken at the time that the irrigation stopped and on the last day of the hydrophobic period, respectively. Then, a group of soil samples were taken from the topsoil and subsoil of the columns and denoted as LT and LS, respectively. The soil samples were freeze-dried in a vacuum, and subsequently, the physical and chemical properties (including ORP, pH, DOC) and the total Cd and Cd fractions of the samples were analyzed. According to the analysis results, the stabilization processes of Cd in contaminated soil under intermittent irrigation were discussed.




2.3. Sequential Extraction Procedure of Cd


A modified Tessier’s sequential extraction procedure (SEP) was applied in the study to analyze the fractions of Cd in the soil (Table 2) [30], where the following details were adjusted: the volume of the extraction solvents and the shaking time of exchangeable Cd (F1), carbonate-bound Cd (F2), Fe and Mn oxide-bound Cd (F3) and organic matter and secondary-sulfide-bound Cd (F4) increased, and the concentration of the extraction solvents of F4 also increased. In addition, to ensure the safety of residual Cd (F5) extraction, instead of the HF-HClO4 mixture, aqua regia was applied. The protocol of SEP was as follows: 1 g of dried soil sample was weighed into a 50 mL centrifuge tube and was subsequently extracted sequentially with 40 mL of 1 mol/L magnesium chloride (MgCl2) that corresponded to F1; 40 mL of 1 mol/L sodium acetate (NaOAc) that corresponded to F2; 40 mL of 0.25 mol/L hydroxylamine hydrochloride buffer (NH2OH·HCl) that corresponded to F3; 24 mL of 30% hydrogen peroxide (H2O2), 9 mL of HNO3, 7.5 mL of 9.6 mol/L ammonium acetate (NH4OAc) and 20% HNO3 mixture solution that corresponded to F4, which was finally digested by HNO3-HClO4-HF, which corresponded to F5. All extractions were performed in duplicate, and the extracts were filtered through 0.22 μm filter membranes anterior to Cd determination.




2.4. Quality Control and Data Analysis


To guarantee the high quality of the achieved results of the sequential extraction technique, we compared the sum of five Cd fractions with the total Cd; Cd recovery was found to be within the range of 87.2~110.39%. All the data in this study are a mean of the three replicates, and the content of Cd was also calculated with the newly added exogenous Cd (10 mg/kg) after the background value of Cd in the soil was deducted.





3. Results and Discussion


3.1. Soil Analysis


The properties of the selected soils are summarized in Table 1. In brief, the Cd-uncontaminated soil was composed of 10% clay, 69.16% silt and 19.93% sand, which presented a loamy texture with approximately 0.74 m2/g specific surface area. Moreover, the soil was acidic with a pH of 5.47, and the DOC was 25.39 mg/kg. The low pH may be because the acid mine wastewater discharged, and the acidic compounds, which were formed by the reaction of accumulated coal mine and air, entered the soils through rain wash and surface runoff. The contents of the free and amorphous Fe oxides in the study soil were 18.45 mg/kg and 0.51 mg/kg, respectively. The total concentration of Cd in the soil was 0.15 mg/kg, which is lower than the risk screening values (RSVs) of Cd in the soil environmental quality-risk control standard for soil contamination in agricultural land (GB 15618–2018), i.e., 0.30 mg/kg. Obviously, F4 in the soil was the main fraction.




3.2. Soil pH, ORP, Fe and DOC


The soil pH, ORP and the concentration of amorphous Fe oxides, crystalline Fe oxides and DOC, were altered significantly by intermittent irrigation with acid water. The soil properties and components changed in an oscillatory manner, responding to the alternation of soil wetting and drying (Figure 2).



The intermittent irrigation treatments significantly altered the soil ORP, as the value of ORP decreased with the increase in water (Figure 2A). That is to say, the soil was transformed from a weak oxidation environment to a relative reduction environment under irrigation and from a weak reduction environment to a relative oxidation environment under drying. Furthermore, the ORP of the LT was almost higher than that of the LS. The results might be attributed to the deterioration of air penetration into the deeper soil, then a strong O2 deficit in the environment under irrigation [31,32,33]. Meanwhile, other researchers have believed that biological and microbiological activities consume oxygen in soil, leading to a decrease in the value of ORP [34]. It is worth mentioning that at the beginning of the intermittent irrigation, the values of ORP displayed a significant decrease, from 484.83 mv to 95.91 mv and from 418.83 mv to −92 mv in LT and LS, respectively.



In this study, the pH in LT and LS presented similar oscillatory changes over time, and the pH in the LS was higher than it was in the LT. It is worth noting that when soil is irrigated with acid water, soil pH increases, probably attributed to the combined buffering effect of the irrigation water and soil [35,36]. As shown in Figure 3, the pHs in LT and LS were closely related to the changes in ORP and showed a very significant negative correlation with ORP (p < 0.01). Some references have clearly demonstrated the pH decrease is often accompanied by an increase in the ORP in soil solutions [37,38,39]. The increase in pH under reducing conditions in soil might be due to two reasons, i.e., (i) during flooding, organic matter (OM) might be anaerobically degraded through microbial activity, and the protons are consumed, eventually leading to an increase in pH [40]. (ii) H+ is consumed as a result of the reduction in oxides, such as NO3−, SO42− and Fe-oxides under reduction conditions [41,42]. Han et al. [31] attributed the decrease in pH to the oxidative dissolution of FeS in soil during the periods of drainage, and the reaction can be described with Equation (1) [43]. As a whole, the pH remained relatively constant at values between 5.2 and 6.9 throughout the experiments.


     2 FeS     ( s )    +    9 / 2 O   2  +    3 H   2  O =  2 FeO ( OH )  +    2 SO   4  2 −   +    4 H   +   



(1)







As is shown in Figure 2C, the content of amorphous Fe oxides in LT and LS presented similar change trends, decreasing rapidly within the first day followed by an increase by 9 d. Then, amorphous Fe oxides decreased sharply and reached the lowest point (about 50 mg/kg) by 16 d in both LT and LS, and reached a steady state until the experiment ended. This result indicates that the reciprocal transformation of amorphous and crystalline iron oxides took place within the first 16 d, and iron oxide existed mainly in the crystalline phase in the time that followed. Additionally, the tendency of crystalline Fe oxides to fluctuate was slightly different in the different depths of soils. The content of crystalline Fe oxides increased significantly during the first day of irrigation in both the LT and LS, which reached approximately 1.50 × 104 mg/kg and 1.43 × 104 mg/kg, respectively. Then, the content of crystalline Fe oxides decreased in the LT until the experiment ended. By contrast, the content of crystalline Fe oxides in LS rarely changed and remained at 1.40 × 104 mg/kg. In this study, the content of crystalline Fe oxides in the incubation time of 0–9 d was LT > LS, but it was LS > LT in the time that followed, indicating that Fe oxides do not crystallize easily in topsoil compared with subsoil.



As indicated in Figure 2E, during irrigation, DOC in both soils decreased over time; the reason for this might be that OM was degraded by the respiration of anaerobic microbials in the reduction conditions; as mentioned earlier, the process can also cause the increase in soil pH [40,44]. On the contrary, the content of DOC increased during the first drainage period (1–8 d) and the fourth drainage period (25–32 d) in both soils. Notably, there was a difference in the increase rate of DOC during the two periods, where it was significantly higher in the first drainage period than that in the fourth drainage period. That may be because the ORP decreased sharply during the first period, and the soil environment was transformed rapidly from the oxidation to reduction condition so that the OM that bound to Fe/Mn oxides was released by the reductive dissolution of Fe/Mn oxides in soils [39].




3.3. Influences of Intermittent Irrigation on Cd Fractionation


In order to clearly study the influences of intermittent irrigation on Cd fractionation in soil, changes in the proportion of fractions of Cd in soils over time were observed. As shown in Figure 4, after exogenous Cd was added into soils, the most dominant fraction was F1 at the initial time, reaching about 90%, followed by F3 (about 5%) and F4 (about 3%). The proportions of F2 and F5 were less than 2%. The proportion of F1 was much higher than other fractions, indicating that the addition of exogenous Cd in soils was mainly controlled by the ion exchange at the initial time [30,45].



F1 is the most unstable fraction among the five fractions and is most easily taken in and utilized by plants. Several studies have reported that the available Cd had significant positive relationships with water-soluble Cd and exchangeable Cd [46]. In this study, the water-soluble Cd was contained in F1, so, the proportion of F1 can represent the Cd bioaccessibility in soils. As shown in Figure 4A, a similar tendency of F1 was revealed in LT and LS over time; F1 decreased significantly in both LT and LS over time, except the fourth irrigation period (24–25 d). The proportions of F1 decreased to 65.8% and 70.1% with a reduction of 24.4% and 20.1% in the LT and LS after four irrigation–drainage cycles, respectively. The results indicated that F1 was transformed to other fractions in both soils, which was attributed to the effect of aging under intermittent irrigation conditions. However, we found that the proportion of F1 in LT was different from that in LS, and the percentage contents of F1 was LT > LS during 0–9 d, while it was greater in LS than LT within the following periods, indicating that the bioaccessibility of Cd increased significantly with increasing depth of the soils. This could be attributed to the fact that the labile Cd desorbed from the upper soil moved down with water flow and accumulated in the bottom layer [47,48]. In general, the proportion of F1 in LT and LS decreased over the incubation time but remained at a high level until the end of the experiment, and it is hypothesized that the decreasing trend will continue. This phenomenon suggested that Cd in paddy soils still showed strong mobility after the incubation time of 32 days [49], and the transformation of labile into more immobilizable fractions in soils may be a long-term process [50].



F2 is a part of Cd that is affiliated to the carbonate precipitate, and it is sensitive to the soil environment. As mentioned earlier, the content of F2 in both LT and LS maintained a low level (<3%) throughout the whole incubation period because of the low content of carbonate in soils. The variation of F2 is shown in Figure 4B. F2 in both LT and LS showed similar change trends, all of which decreased slightly in a fluctuating way. However, the proportion of F2 in LT was slightly higher than in LS in the incubation periods. Several studies have proved that carbonate-bound Cd is susceptible to changes in pH and positively correlated to pH [2,30]. Therefore, the increase in soil pH is beneficial to the formation of carbonate precipitation, while the dissolution of the carbonate precipitation can be dissolved with the decrease in pH, which increased the solubility and bioavailability of Cd in soils [2,51,52].



As shown in Figure 4C, F3 in both LT and LS presented a similar change over time, which was characterized by increasing with a fluctuating tendency. F3 increased sharply in both soils within the first irrigation period (0–1 d), indicating that more labile fractions were transformed into F3 in a fairly short time (<1 d). During the second drainage period (9–16 d), the proportion of F3 in both soils decreased significantly, indicating that F3 was redistributed in both soils during this period. It can be observed in Figure 3C,D that the content of amorphous Fe oxides decreased rapidly within 9–16 d. By contrast, the content of crystalline Fe oxides increased markedly, indicating that amorphous Fe oxides can be transformed into Fe oxides with better crystallinity. Hence, the result can be attributed to the decrease in the content of amorphous Fe oxides and the increase in the crystallization of Fe oxides in soils. Compared with the LT and LS, the proportion of F3 in the LS was higher than that in the LT. The reason for this might be that Fe/Mn oxides became more positively charged in the lower pH of LS and reduce their ability to bind Cd [46].



As shown in Figure 4D, the proportion of the F4 in both soils decreased slowly in the first irrigation period (0–1 d) following the addition of Cd to the soils and increased sharply in the following time period (1–24 d); then, F4 decreased markedly in the fourth irrigation period (24–25 d), finally increased sharply in the following time period, indicating the redistribution of F4 in both soils over intermittent irrigation periods. The reason for the decrease in F4 in the first irrigation period might be due to the enhancement of oxidation dissolution of Cd sulfides during the oxidation condition, resulting in the mobilization of Cd [24]. Inversely, the transformation of sulfate to sulfide can reduce the mobility of Cd when the soil is in oxidition conditions. Nevertheless, different from the first irrigation period, the decrease in F4 in the fourth irrigation period can be attributed to the dissolution of OM. Yan et al. [40] reported that OM may be anaerobically degraded through microbial activity under flooding conditions. The proportion of F3 in the LT and LS reached 16.6% and 11.3% after 32 days; compared to its content at the initial moment (0 d), this represented an increase of 14.0% and 8.7%, respectively. Overall the proportion of F4 in the LT was higher than that in the LS within the whole incubation time, indicating that shallow soils would accelerate the formation of F4 compared to deep soils.



F5 is the most stable fraction, existing in the crystal structure of primary and secondary minerals [30], and it is generally difficult to release from soils and has low environmental toxicity to be passively absorbed by plants [53]. In this study, the proportion of F5 in both soils maintained an extremely low level (<2.0%) within the whole incubation time; this indicated that more mobile fractions of Cd will not be rapidly transformed into F5 after the addition of exogenous Cd in a short period. The result was consistent with [49], who reported that the Cd contents of F5 remained relatively constant in both deionized water and simulated acid mine drainage treatment soil during flooding due to the low mobility of aluminum-silicate minerals.




3.4. Influences of Intermittent Irrigation on Cd Stabilization Processes


As indicated in Figure 5, the aging processes of Cd in both LT and LS soils were divided into three different stages during intermittent irrigation with acid water, and the aging processes continued until the end of the incubation time. As mentioned in 3.3, the proportion of F2 and F5 in both soils maintained a negligible level (<3%) and had no obvious variation trend, indicating that F2 and F5 had little effect on the aging processes. The first stage was from 0 to 24 d, which can be characterized by the decrease in F1 and the increase in F3 and F4, indicating that F1 transformed into F3 and F4. Therefore, the transformation of Cd fractionation was co-controlled by micropore diffusion and the occlusion within organic matter and Fe/Mn hydroxides [45]. Tang et al. [46] reported that when soluble Cd is rapidly adsorbed by the soil, a secondary shift occurred that meant Cd moved from the outer sphere of soil minerals into the inner sphere by the diffusion of micropores. It is worth noting that the transformations of Cd fractions in LT and LS were slightly different in this stage. Different from LS, the main transformation during the first stage in LT was from F1 to F4 due to their larger variation. Additionally, compared to the LS, the F1 decreased sharply in the LT with the reduction of 20.9%, indicating that the topsoil could promote more labile Cd transformed into immobilizable Cd.



The second stage in both soils was in the fourth irrigation period (from 24 d to 25 d); F4 decreased, F1 and F3 increased, and the main transformation was from F4 to F1 due to their larger variation. Hence, the aging mechanisms in this stage may be the decomposition of organic matter (F4 decreased), adsorption onto the surface of soil minerals (F1 increased) and resorption and occlusion within Fe/Mn hydroxides (F3 increased) [42].



The third stage in both soils was from 25 d to 32 d; F1 decreased and F4 increased without significant changes in other fractions, indicating that the transformation of Cd fractions was from F1 to F4. The transformation of this stage was possibly controlled by intraparticle surface diffusion within micropores and occlusion within organic matter [46].





4. Conclusions


In this study, soil column leaching experiments were used to simulate the actual irrigation conditions of paddy to investigate the aging processes of exogenous Cd in paddy soils at different depths around mine areas under acid water intermittent irrigation. Obvious changes in soil properties (such as pH, ORP, Fe oxides and DOC) in soils over time under intermittent irrigation were found. Within the whole incubation time, the Cd fractionation in different depths of soils presented a similar change, which can be characterized by the decrease in labile fractions (F1) and the increase in immobilizable fractions (F3 and F4) over time. F3 and F4 were redistributed in both soils over time. Compared to the topsoil, the subsoil had higher bioaccessibility of Cd after short aging processes.



The Cd aging processes in soils at different depths of soils were both divided into three stages, and the aging processes did not end within 32 days. The main aging processes can be described as more labile fractions transforming into more immobilizable fractions, excluding F4 transforming into F1 and F3 during 24–25 d. The corresponding mechanisms for the transformation of Cd fractions in both soils were micropore diffusion and occlusion within organic matter and Fe/Mn oxides. This study reveals the migration and transformation patterns of Cd fractions and the aging mechanism of Cd in paddy soils under intermittent irrigation with acid water. The results of the study can provide a scientific reference basis for the treatment and remediation of Cd pollution in soils around coal mining areas.







Author Contributions


Formal analysis, M.Z.; funding acquisition, Q.H.; investigation, H.W.; methodology, J.S.; supervision, L.G.; writing—original draft, D.H.; writing—review and editing, L.P. and G.H. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Open Fund for Hebei Province Collaborative Innovation Center for Sustainable Utilization of Water Resources and Optimization of Industrial Structure (XTZX202110), the Natural Science Foundation of Hebei Province of China (D2021504031), the China Geological Survey Grant (DD20211567) and the Fundamental Research Funds of Chinese Academy of Geological Sciences (SK201912).




Institutional Review Board Statement


Ethical review and approval were waived for this study, due to the studies not involving humans or animals.




Informed Consent Statement


Not applicable.




Data Availability Statement


The datasets generated and/or analyzed during the current study are not publicly available.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Baba, H.; Tsuneyama, K.; Yazaki, M.; Nagata, K.; Minamisaka, T.; Tsuda, T.; Nomoto, K.; Hayashi, S.; Miwa, S.; Nakajima, T.; et al. The liver in itai-itai disease (chronic cadmium poisoning): Pathological features and metallothionein expression. Mod. Pathol. 2013, 26, 1228–1234. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, S.W.; Liu, G.J.; Zhou, C.C.; Sun, R.Y. Chemical speciation and risk assessment of cadmium in soils around a typical coal mining area of China. Ecotoxicol. Environ. Saf. 2018, 160, 67–74. [Google Scholar] [CrossRef] [PubMed]

	



Durand, C.; Sauthier, N.; Schwoebel, V. Assessment of exposure to soils contaminated with lead, cadmium, and arsenic near a zinc smelter, Cassiopee Study, France, 2008. Environ. Monit. Assess. 2015, 187, 352. [Google Scholar] [CrossRef]

	



Fan, D.W.; Han, J.G.; Chen, Y.; Zhu, Y.L.; Li, P.P. Hormetic effects of Cd on alkaline phosphatase in soils across particle-size fractions in a typical coastal wetland. Sci. Total Environ. 2018, 613, 792–797. [Google Scholar] [CrossRef] [PubMed]

	



Fulda, B.; Voegelin, A.; Kretzschmar, R. Redox-Controlled Changes in Cadmium Solubility and Solid-Phase Speciation in a Paddy Soil as Affected by Reducible Sulfate and Copper. Environ. Sci. Technol. 2013, 47, 12775–12783. [Google Scholar] [CrossRef] [PubMed]

	



Hensawang, S.; Chanpiwat, P. Health impact assessment of arsenic and cadmium intake via rice consumption in Bangkok, Thailand. Environ. Monit. Assess. 2017, 189, 599. [Google Scholar] [CrossRef]

	



Chakraborty, P. Speciation of Co, Ni and Cu in the coastal and estuarine sediments: Some fundamental characteristics. J. Geochem. Explor. 2012, 115, 13–23. [Google Scholar] [CrossRef]

	



Jiang, M.; Zeng, G.M.; Zhang, C.; Ma, X.Y.; Chen, M.; Zhang, J.C.; Lu, L.H.; Yu, Q.; Hu, L.P.; Liu, L.F. Assessment of Heavy Metal Contamination in the Surrounding Soils and Surface Sediments in Xiawangang River, Qingshuitang District. PLoS ONE 2013, 8, e71176. [Google Scholar] [CrossRef]

	



Ratie, G.; Chrastny, V.; Guinoiseau, D.; Marsac, R.; Vankova, Z.; Komarek, M. Cadmium Isotope Fractionation during Complexation with Humic Acid. Environ. Sci. Technol. 2021, 55, 7430–7444. [Google Scholar] [CrossRef]

	



Tang, W.Z.; Xia, Q.; Shan, B.Q.; Ng, J.C. Relationship of bioaccessibility and fractionation of cadmium in long-term spiked soils for health risk assessment based on four in vitro gastrointestinal simulation models. Sci. Total Environ. 2018, 631–632, 1582–1589. [Google Scholar] [CrossRef]

	



Mann, S.S.; Ritchie, G.S.P. Changes in the forms of cadmium with time in some western-Australian soils. Aust. J. Soil Res. 1994, 32, 241–250. [Google Scholar] [CrossRef]

	



He, S.R.; Lu, Q.; Li, W.Y.; Ren, Z.L.; Zhou, Z.; Feng, X.; Zhang, Y.L.; Li, Y.T. Factors controlling cadmium and lead activities in different parent material-derived soils from the Pearl River Basin. Chemosphere 2017, 182, 509–516. [Google Scholar] [CrossRef] [PubMed]

	



Rinklebe, J.; Du Laing, G.; Selim, H.M. Factors Controlling the Dynamics of Trace Metals in Frequently Flooded Soils; CRC Press—Taylor & Francis Group: Boca Raton, FL, USA, 2011; pp. 245–270. [Google Scholar]

	



Rupp, H.; Rinklebe, J.; Bolze, S.; Meissner, R. A scale-dependent approach to study pollution control processes in wetland soils using three different techniques. Ecol. Eng. 2010, 36, 1439–1447. [Google Scholar] [CrossRef]

	



Yu, H.Y.; Liu, C.P.; Zhu, J.S.; Li, F.B.; Deng, D.M.; Wang, Q.; Liu, C.S. Cadmium availability in rice paddy fields from a mining area: The effects of soil properties highlighting iron fractions and pH value. Environ. Pollut. 2016, 209, 38–45. [Google Scholar] [CrossRef]

	



Yu, Y.; Wan, Y.N.; Camara, A.Y.; Li, H.F. Effects of the addition and aging of humic acid-based amendments on the solubility of Cd in soil solution and its accumulation in rice. Chemosphere 2018, 196, 303–310. [Google Scholar] [CrossRef]

	



Chen, H.P.; Zhang, W.W.; Yang, X.P.; Wang, P.; McGrath, S.P.; Zhao, F.J. Effective methods to reduce cadmium accumulation in rice grain. Chemosphere 2018, 207, 699–707. [Google Scholar] [CrossRef]

	



Zhu, H.H.; Chen, C.; Xu, C.; Zhu, Q.H.; Huang, D.Y. Effects of soil acidification and liming on the phytoavailability of cadmium in paddy soils of central subtropical China. Environ. Pollut. 2016, 219, 99–106. [Google Scholar] [CrossRef]

	



Ardestani, M.M.; van Gestel, C.A.M. Sorption and pH determine the long-term partitioning of cadmium in natural soils. Environ. Sci. Pollut. Res. 2016, 23, 18492–18501. [Google Scholar] [CrossRef]

	



Wan, Y.N.; Huang, Q.Q.; Camara, A.Y.; Wang, Q.; Li, H.F. Water management impacts on the solubility of Cd, Pb, As, and Cr and their uptake by rice in two contaminated paddy soils. Chemosphere 2019, 228, 360–369. [Google Scholar] [CrossRef]

	



Suda, A.; Makino, T. Functional effects of manganese and iron oxides on the dynamics of trace elements in soils with a special focus on arsenic and cadmium: A review. Geoderma 2016, 270, 68–75. [Google Scholar] [CrossRef]

	



de Livera, J.; McLaughlin, M.J.; Hettiarachchi, G.M.; Kirby, J.K.; Beak, D.G. Cadmium solubility in paddy soils: Effects of soil oxidation, metal sulfides and competitive ions. Sci. Total Environ. 2011, 409, 1489–1497. [Google Scholar] [CrossRef] [PubMed]

	



Hashimoto, Y.; Furuya, M.; Yamaguchi, N.; Makino, T. Zerovalent Iron with High Sulfur Content Enhances the Formation of Cadmium Sulfide in Reduced Paddy Soils. Soil Sci. Soc. Am. J. 2016, 80, 55–63. [Google Scholar] [CrossRef]

	



Wang, J.; Wang, P.M.; Gu, Y.; Kopittke, P.M.; Zhao, F.J.; Wang, P. Iron-Manganese (Oxyhydro)oxides, Rather than Oxidation of Sulfides, Determine Mobilization of Cd during Soil Drainage in Paddy Soil Systems. Environ. Sci. Technol. 2019, 53, 2500–2508. [Google Scholar] [CrossRef]

	



Khaokaew, S.; Chaney, R.L.; Landrot, G.; Ginder-Vogel, M.; Sparks, D.L. Speciation and Release Kinetics of Cadmium in an Alkaline Paddy Soil under Various Flooding Periods and Draining Conditions. Environ. Sci. Technol. 2011, 45, 4249–4255. [Google Scholar] [CrossRef]

	



Li, S.S.; Lei, X.Q.; Qin, L.Y.; Sun, X.Y.; Wang, L.F.; Zhao, S.W.; Wang, M.; Chen, S.B. Fe(III) reduction due to low pe plus pH contributes to reducing Cd transfer within a soil-rice system. J. Hazard. Mater. 2021, 415, 125668. [Google Scholar] [CrossRef]

	



Rousk, J.; Jones, D.L. Loss of low molecular weight dissolved organic carbon (DOC) and nitrogen (DON) in H2O and 0.5 M K2SO4 soil extracts. Soil Biol. Biochem. 2010, 42, 2331–2335. [Google Scholar] [CrossRef]

	



Han, X.Q.; Xiao, X.Y.; Guo, Z.H.; Xie, Y.H.; Zhu, H.W.; Peng, C.; Liang, Y.Q. Release of cadmium in contaminated paddy soil amended with NPK fertilizer and lime under water management. Ecotoxicol. Environ. Saf. 2018, 159, 38–45. [Google Scholar] [CrossRef]

	



Sun, Y.C.; Chi, P.H.; Shiue, M.Y. Comparison of different digestion methods for total decomposition of siliceous and organic environmental samples. Anal. Sci. 2001, 17, 1395–1399. [Google Scholar] [CrossRef]

	



Tessier, A.; Campbell, P.G.C.; Bisson, M. Sequential extraction procedure for the speciation of particulate trace-metals. Anal. Chem. 1979, 51, 844–851. [Google Scholar] [CrossRef]

	



Han, Y.S.; Park, J.H.; Kim, S.J.; Jeong, H.Y.; Ahn, J.S. Redox transformation of soil minerals and arsenic in arsenic-contaminated soil under cycling redox conditions. J. Hazard. Mater. 2019, 378, 120745. [Google Scholar] [CrossRef]

	



Husson, O. Redox potential (Eh) and pH as drivers of soil/plant/microorganism systems: A transdisciplinary overview pointing to integrative opportunities for agronomy. Plant Soil 2013, 362, 389–417. [Google Scholar] [CrossRef]

	



Yun, S.W.; Yu, C. The leaching characteristics of Cd, Zn, and As from submerged paddy soil and the effect of limestone treatment. Paddy Water Environ. 2015, 13, 61–69. [Google Scholar] [CrossRef]

	



Abgottspon, F.; Bigalke, M.; Wilcke, W. Fast colloidal and dissolved release of trace elements in a carbonatic soil after experimental flooding. Geoderma 2015, 259, 156–163. [Google Scholar] [CrossRef]

	



Chohji, T.; Nakagawa, C.; Hirai, E. Analysis of neutralization of acidic precipitation with soil. Kag. Kog. Ronbunshu 1993, 19, 795–802. [Google Scholar] [CrossRef]

	



Maria-Cervantes, A.; Conesa, H.M.; Gonzalez-Alcaraz, M.N.; Alvarez-Rogel, J. Rhizosphere and flooding regime as key factors for the mobilisation of arsenic and potentially harmful metals in basic, mining-polluted salt marsh soils. Appl. Geochem. 2010, 25, 1722–1733. [Google Scholar] [CrossRef]

	



Grybos, M.; Davranche, M.; Gruau, G.; Petitjean, P.; Pedrot, M. Increasing pH drives organic matter solubilization from wetland soils under reducing conditions. Geoderma 2009, 154, 13–19. [Google Scholar] [CrossRef]

	



Patrick, W.H.; Jugsujinda, A. Sequential reduction and oxidation of inorganic nitrogen, manganese, and iron in flooded soil. Soil Sci. Soc. Am. J. 1992, 56, 1071–1073. [Google Scholar] [CrossRef]

	



Shaheen, S.M.; Rinklebe, J.; Frohne, T.; White, J.R.; DeLaune, R.D. Redox effects on release kinetics of arsenic, cadmium, cobalt, and vanadium in Wax Lake Deltaic freshwater marsh soils. Chemosphere 2016, 150, 740–748. [Google Scholar] [CrossRef]

	



Yan, F.; Schubert, S.; Mengel, K. Soil pH increase due to biological decarboxylation of organic anions. Soil Biol. Biochem. 1996, 28, 617–624. [Google Scholar] [CrossRef]

	



Wang, X.Q.; Yu, H.Y.; Li, F.B.; Liu, T.X.; Wu, W.J.; Liu, C.P.; Liu, C.S.; Zhang, X.Q. Enhanced immobilization of arsenic and cadmium in a paddy soil by combined applications of woody peat and Fe(NO3)3: Possible mechanisms and environmental implications. Sci. Total Environ. 2019, 649, 535–543. [Google Scholar] [CrossRef]

	



Yang, Y.; Yuan, X.; Chi, W.T.; Wang, P.; Hu, S.W.; Li, F.B.; Li, X.M.; Liu, T.X.; Sun, Y.; Qin, H.L. Modelling evaluation of key cadmium transformation processes in acid paddy soil under alternating redox conditions. Chem. Geol. 2021, 581, 120409. [Google Scholar] [CrossRef]

	



Chaves, M.R.M.; Valsaraj, K.T.; Gambrell, R.P.; Delaune, R.D.; Buchler, P.M. Mercury Uptake by Modified Mackinawite. Soil Sediment Contam. 2013, 22, 95–104. [Google Scholar] [CrossRef]

	



Ding, C.F.; Du, S.Y.; Ma, Y.B.; Li, X.G.; Zhang, T.L.; Wang, X.X. Changes in the pH of paddy soils after flooding and drainage: Modeling and validation. Geoderma 2019, 337, 511–513. [Google Scholar] [CrossRef]

	



Huang, G.X.; Chen, Z.Y.; Wang, J.; Hou, Q.X.; Zhang, Y. Impact of temperature on the aging mechanisms of arsenic in soils: Fractionation and bioaccessibility. Environ. Sci. Pollut. Res. 2016, 23, 4594–4601. [Google Scholar] [CrossRef]

	



Tang, X.Y.; Zhu, Y.G.; Cui, Y.S.; Duan, J.; Tang, L. The effect of ageing on the bioaccessibility and fractionation of cadmium in some typical soils of China. Environ. Int. 2006, 32, 682–689. [Google Scholar] [CrossRef]

	



Vicente-Beckett, V.A.; McCauley, G.J.T.; Duivenvoorden, L.J. Metal speciation in sediments and soils associated with acid- mine drainage in Mount Morgan (Queensland, Australia). J. Environ. Sci. Health Part A Toxic/Hazard. Subst. Environ. Eng. 2016, 51, 121–134. [Google Scholar] [CrossRef]

	



Zhao, X.M.; Dong, D.M.; Hua, X.Y.; Dong, S.F. Investigation of the transport and fate of Pb, Cd, Cr(VI) and As(V) in soil zones derived from moderately contaminated farmland in Northeast, China. J. Hazard. Mater. 2009, 170, 570–577. [Google Scholar] [CrossRef]

	



Pan, Y.; Chen, J.F.; Gao, K.; Lu, G.N.; Ye, H.; Wen, Z.N.; Yi, X.Y.; Dang, Z. Spatial and temporal variations of Cu and Cd mobility and their controlling factors in pore water of contaminated paddy soil under acid mine drainage: A laboratory column study. Sci. Total Environ. 2021, 792, 148523. [Google Scholar] [CrossRef]

	



Huang, G.X.; Chen, Z.Y.; Zhang, Y.; Liu, F.; Wang, J.; Hou, Q.X. Changes of arsenic fractionation and bioaccessibility in wastewater-irrigated soils as a function of aging: Influence of redox condition and arsenic load. Geoderma 2016, 280, 1–7. [Google Scholar] [CrossRef]

	



Antoniadis, V.; Robinson, J.S.; Alloway, B.J. Effects of short-term pH fluctuations on cadmium, nickel, lead, and zinc availability to ryegrass in a sewage sludge-amended field. Chemosphere 2008, 71, 759–764. [Google Scholar] [CrossRef]

	



Basta, N.T.; Ryan, J.A.; Chaney, R.L. Trace element chemistry in residual-treated soil: Key concepts and metal bioavailability. J. Environ. Qual. 2005, 34, 49–63. [Google Scholar] [CrossRef] [PubMed]

	



Morillo, J.; Usero, J.; Gracia, I. Partitioning of metals in sediments from the Odiel River (Spain). Environ. Int. 2002, 28, 263–271. [Google Scholar] [CrossRef]








[image: Ijerph 19 03339 g001 550] 





Figure 1. Experimental set-up of the soil column: (1) reservoir, (2) peristaltic pump, (3) inlet, (4) quartz sand, (5) soil, (6) outlet, (7) waste. 
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Figure 2. Changes of (A) pH, (B) ORP, (C) amorphous Fe oxides, (D) crystalline Fe oxides, (E) DOC in the LT and the LS over time under intermittent irrigation. 
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Figure 3. Relationship between soil pH and soil ORP of the (A) LT and the (B) LS. 
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Figure 4. Changes of Cd fractions in the LT and the LS over time under intermittent irrigation ((A) exchangeable Cd; (B) carbonates bound Cd; (C) Fe and Mn oxides bound Cd; (D) organic matter and secondary sulfide bound Cd; (E) residual Cd). 
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Figure 5. The aging processes of Cd in LT (A) and LS (B). 
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Table 1. The physicochemical properties of the soils in this study.
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	Items
	Content
	Unit
	Items
	Content
	Unit





	pH
	5.47
	
	Amorphous Fe oxides
	0.51
	(mg/kg)



	Clay
	10.91
	(%)
	Total Cd
	0.15
	(mg/kg)



	Silt
	69.16
	(%)
	Exchangeable Cd
	0.012
	(mg/kg)



	Sand
	19.93
	(%)
	Carbonates bound Cd
	0.014
	(mg/kg)



	Specific area
	0.74
	(m2/g)
	Fe and Mn oxides bound Cd
	0.031
	(mg/kg)



	DOC
	25.39
	(mg/L)
	Organic matter and secondary sulfide bound Cd
	0.075
	(mg/kg)



	Free Fe oxides
	18.45
	(mg/kg)
	Residual Cd
	0.022
	(mg/kg)
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Table 2. The modified Tessier’s sequential extraction procedure.
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Extraction Steps

	
Extracted Fractionation

	
Extracting Solution

	
Extraction Conditions






	
1

	
F1

	
40 mL 1 mol/L MgCl2

	
Shake 4 h, room temperature




	
2

	
F2

	
40 mL 1 mol/L NaOAc

	
Shake 16 h, room temperature




	
3

	
F3

	
40 mL 0.25 mol/L NH2OH·HCl

	
Shake 22 h, room temperature




	
4

	
F4

	
15 mL 30% H2O2 +9 mL HNO3

	
Shake 2 h, 83 °C ± 2 °C in the water bath




	
9 mL 30% H2O2

	
Shake 2 h, 83 °C ± 2 °C in the water bath




	
7.5 mL 9.6 mol/L NH4OAc + 20% HNO3

	
Shake 30 min, room temperature




	
5

	
F5

	
aqua regia

	
Digestion, 240 °C

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  ijerph-19-03339


  
    		
      ijerph-19-03339
    


  




  





media/file8.jpg
Transformation trend

Main transformation trend

25324

Fs

Fl F2 F3 T4 F5





media/file6.jpg





media/file1.png





media/file7.png
F1 (%)

60 |

=L

— = LS

50

10 15 20

Incubation time (d)

(A)

25 30

Incubation time (d)

(D)

10

LT

— @=— LS
S|
6F
4 |

Incubation time (d)

(B)

=Ly

— = LS

Incubation time (d)

(E)

_._LT

— G LS

Incubation time (d)

25 30

35





media/file9.png
100

30

60

(%)

40

20

100

30

60

(%)

40

20

+'|-

o !
)

o
)

+,

)

)

o
)

o
)

AT T T LT,
et F+,

o e ]

)

ol

0d
1d
8d
9d
l6d
17d

j24d

25d
32d

+,

e o e o e o e e e e e o

o

E

ko

+,

T 4

et

)

o !
)

o !
)

T
e e u®e e e

o
)

+,

o e o o e

o 0 o o o o o o o e o o o o o

S

o

IF5

[

Transformation trend

Main transformation trend

25-32d

0-24 d

25-32d

0-24d





media/file5.png
ORP (mv)

600

500

300

100 |

Y=-345.7084X+2187.4493
R?=0.6808
(P<0.01, n=8)

(A)

ORP (mv)

500

400

300

200

100

-100

Y=-266.3263X+1758.5404
R?>=0.5654
(P<0.01, n=8)

1
50 52

54

56 58 60 62 64 66 68 70
pH

(B)





media/file3.png
600 —o—1, 80 oL, 1000 o1,
500 | Ls 75| Ls Ls
2800 |-
400 F 70 F =
g
g T £
< 200 | 2 6.0 ©
=
© 100t 5.5 2 400
=
0 50 %
g 200
-100 4.5
i
_200 1 1 1 1 1 1 1 40 1 1 1 1 1 1 | O 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Incubation time (d) Incubation time (d) Incubation time (d)
(A) (B) (€)
20 %1000 —o— 1L, 00T —o—L,;
Lg 800 Ls
18
= 700
g
_qg 16 F éﬁ600
s 2D
§ m éSOO L\EF//EI
&% 2 Q
g 14 I - —/x\f\ﬂ 8 400 i
‘=§ : 300
212 b
200 |
10 1 1 1 1 1 1 | 100 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Incubation time (d) Incubation time (d)

(D) (E)





media/file4.jpg
ORP (mv)

8 ¢ &

H

Ve s o4 wf ot vasemexmsse
R 06808 R=0.5654.
e . oot n
T
S 10
o .
e T T e

(A)

(B)





media/file0.jpg





media/file2.jpg
i~

@






