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In this study, nine soils at different depths in a decommissioned uranium tailing pond in Jiangxi Province are selected as the research objects to study their mineralogical properties and reveal the leaching law of radioactive element uranium under natural rainfall conditions. The research results are as follows: 1) The distribution characteristics of uranium are affected by the mineral composition, microscopic morphology and physical and chemical properties of uranium tailings. 2) In static leaching experiments, acidic solutions, small particles, and high solid-to-liquid ratios all promote the release of uranium. 3) In the dynamic leaching experiment, the lower the pH of simulated rainfall, the more uranium is released. According to Fick theory, the migration mechanism of uranium is mainly surface dissolution, and the release of uranium is related to the content of migratory uranium.
Keywords: uranium, uranium tailing, simulated rainfall, leaching characteristics, release mechanism
1 INTRODUCTION
Energy is a resource that human beings depend on for survival and an indispensable and powerful guarantee for social development. Traditional fossil energy cannot be regenerated, and it also causes huge pollution to the environment. Nuclear energy is an efficient, economical and clean type of energy, which plays an important role in improving the energy system and reducing environmental pollution (Lin and Zhu 2019; Azam et al., 2022). Uranium is an important fuel for nuclear power and a necessary strategic resource for national development (Li et al., 2021; Simionescu et al., 2022). The continuous development of the nuclear industry has greatly increased the demand for uranium, and the amount of uranium mining has also increased (Rweyemamu and Kim 2020). Uranium tailing are waste residues produced in the process of extracting and processing uranium from uranium ore in beneficiation plants. Due to its large scale, large quantity, and mostly open-air accumulation, it is one of the key radioactive pollution sources (Nixon et al., 2018). Uranium waste rock and tailing slag will gradually release radioactive metal elements such as uranium and thorium under atmospheric erosion and rain wash (Tawfic et al., 2019), and pollutants will continue to migrate into water and soil along with the leachate (Akortia et al., 2021), which is harmful to human health and ecosystems (Liu et al., 2020). The early uranium mines in my country generally completed decommissioning treatment, while the early uranium mining area treatment and restoration methods (Chopra et al., 2013; Jha et al., 2016) were relatively simple. For tailing ponds, waste rock plants, etc., only soil surface covering was often used. Intercept ditches and drainage ditches and other municipal waste removal and diversion, in order to reduce the release rate of harmful elements. These measures cannot fundamentally guarantee that decommissioned uranium mines will no longer have a negative impact on the environment (Holanda and Johnson 2020), and the concentration of heavy metal ions in mine wastewater cannot immediately return to acceptable standards. The quality of the seepage water generally takes decades, hundreds or even thousands of years to recover, causing long-term adverse effects on the ecological environment (Mkandawire 2013; De Carvalho Filho et al., 2017).
The release of radioactive elements is a complex process controlled by many factors. The migration modes and reaction mechanisms of uranium in different media and environmental systems are very different (Aba et al., 2021; Yin et al., 2021a). Hydrodynamic conditions, physicochemical properties of solid medium, chemical composition of liquid phase, pH, and particle size all have varying degrees of influence on the release process (Yan and Luo 2015; Yang et al., 2019). Uranium tailing are mainly composed of minerals, organic matter and water, which is a multiphase coexisting system, and the various components are interrelated (Bone et al., 2020). The environmental behavior and migration ability of radioactive elements depend on their occurrence form (He et al., 2021), and the physical and chemical properties of uranium tailing play a decisive role in the occurrence form of uranium (Ouyang et al., 2019). Particle size affects the specific surface area, porosity, and permeability of tailing, and indirectly affects the diffusion and migration behavior in tailing (Yin et al., 2020). Especially the extremely fine particles in tailing have large specific surface area and strong adsorption capacity for uranium, which can become the carrier of pollutants, and continuously migrate downward with the flow of water (Liu et al., 2017b). The solubility and occurrence form of uranium, thorium and other nuclides in the medium are affected by pH (Zuo et al., 2017). Under acidic conditions (Wang et al., 2021), uranium usually exists in the free form of UO22+, which has good solubility and mobility. In neutral and alkaline solutions, uranyl ions chelate with carbonate to form uranyl carbonate complexes, the main forms are UO2(CO3)22- and UO2(CO3)34- (Atta et al., 2010).
The researchers (Gorshenina et al., 2020) simulated the migration experiments of heavy metal elements in soil-plant systems, passing the solution into the soil column for regular irrigation, and found that most of the uranium would be bound to the components in the rhizosphere soil as non-exchangeable compounds. Some scholars (Patra et al., 2011) collected the tailing after smelting uranium and copper mines, and selected several leaching solvents to conduct long-term semi-dynamic leaching experiments. Through a series of analytical methods to explore the effect of weathering on the stability of granite waste rock piles and uranium migration, it was found that corrosion and weathering can affect the rock structure and permeability, and part of the uranium is released from the easily altered granite minerals. Other secondary minerals combine and transform into a new uranium-containing phase, and the stable uranyl phosphate will inhibit the mobility of uranium and limit the spatial migration of uranium (Boekhout et al., 2015). The GMS software (Wang et al., 2022) simulated the migration of U in the groundwater system, analyzed the effect of rainfall on the uranium migration rate, and predicted the treatment effect of the tailing pond groundwater system on U.
In order to accurately evaluate the impact of radioactive uranium on the surrounding environment, this paper focuses on the physical and chemical properties of uranium in soil samples from decommissioned uranium tailing. This aspect simulates the release and migration of uranium in soil during rainfall. This paper studies the pollution risks in decommissioned uranium tailing ponds, and the conclusions of the research have certain practical significance for pollution prevention and control in mining areas.
2 EXPERIMENTS AND METHOD
2.1 Overview of the research area
The research area was selected from a decommissioned uranium tailing reservoir in Jiang xi Province, China, and the research object was taken from the soil of the tailing reservoir. This uranium ore is rich in mineral resources and is currently the largest volcanic rock-type uranium deposited in China. The annual rainfall is about 1,550–2000 mm, and the total evaporation is about 1,100–1,600 mm. The rainy season is mainly concentrated in April-June. During the rainy season, the rainfall is strictly higher than the national average monthly rainfall. A large amount of slag and radioactive waste are piled up in the tailing reservoir in the research area.
2.2 Sample collection and processing
According to the environmental characteristics of the research area, the tailing reservoir area above the tailing dam is selected as the sampling area. Using the principles of randomness and equivalence, 9 sampling points are selected, numbered 1–9 (Figure 1).
[image: Figure 1]FIGURE 1 | Distribution map of sampling sites.
During the sampling process, the weeds on the surface of the sampling point were removed first, and the column tube (height: 50 cm, inner diameter: 43 mm, wall thickness: 1 mm) was placed vertically at the sampling position. The column tube is continuously pushed down with the help of a pressure plate. When the desired depth is reached, the column tube is slowly drawn out, so that the original tailings pillar is successfully collected (Figure 2). Divide the sample into four layers: 0–10 cm, 10–20 cm, 20–30 cm and 30–40 cm. Lay the sample on the enamel tray, remove debris, dry it naturally for 2 weeks, and grind the sample into a different particle size according to different experimental requirements.
[image: Figure 2]FIGURE 2 | Some tailings samples collected.
2.3 Attribute Research
2.3.1 Characterization methods
In order to explore the physical properties of the samples, some experimental instruments are used as shown in the table (Table 1).
TABLE 1 | Main instruments.
[image: Table 1]Sample grinding (below 74 μm), the treated powder is used in X-ray diffraction analysis (XRD) for mineral composition analysis and X-ray fluorescence spectroscopy analysis (XRF) to determine the main chemical components of uranium tailing. The microscopic appearance of the sample was observed by scanning electron microscope (SEM) of the dried tailing particles, and the microscopic composition of the substance was analyzed by X-ray energy spectrometer (EDS).
2.3.2 pH
The tailing sample of different depths was weighed at 10.0 g (accurate to 0.01 g), 25 ml deionized water (solid-liquid ratio 1:2.5) was added to the middle, stirred by the magnetic agitator for 1 min, and determined by a pH meter after static for 30 min.
2.3.3 Particle size analysis
Samples with different mass and depths are weighed, completely dried and screened (after screening, the particle sizes are 0.9, 0.3–0.9, 0.2–0.3, 0.15–0.2, 0.098–0.015, <0.098 mm, respectively), weigh the sample weight of each particle size range, and calculate the mass percentage of tailing in each particle size range.
2.3.4 Dissolution of uranium
In order to determine the total amount of uranium in uranium tailings samples, the samples were digested by the traditional wet digestion method. The specific steps are as follows (Chen et al., 2021): Put the 0.5000 g sample (<74 μm) after grinding at different depths into the polytetrafluoroethylene beaker, add the existing 10 ml of royal water, and heat it on the 200°C electric heating plate until viscous. After removing the beaker and cooling to room temperature, add 3 ml HNO3, 2 ml HF and 1 ml HClO4 and heat until the white smoke perchlorate dissipates. Remove the beaker and add 3 ml HNO3, heat and dissolve the residue until the solution is clarified and remove it. Wash the digestion cup with deionized water for three times, shake it to volume, and then filter it into the solution to be measured.
2.3.5 Uranium-existing morphology extraction
To explore the different occurrence states of uranium in uranium tailing, the improved BCR extraction method is used to determine (Chen et al., 2019). The BCR method is a more mature morphological extraction method proposed by the European Community Bureau of Reference (Frentiu et al., 2009; Lavelle et al., 2015). It divides heavy metals into four forms in the environment, namely, acid extractable state, reducing state, oxidizable and residue states. The specific BCR extraction steps are as follows (Sylvia et al., 2017):
(1) Acid extractable state: 1.000 g of sample after dry grinding (particle size of 200 mesh) is put into the centrifugal tube, 40 ml HOAc (0.1 mol/L) is added to it, the water bath shaker (22°C) oscillates continuously for 16 h, and centrifugal 10 min (8000 r/min). After the centrifugal liquid is removed to the capacity bottle, 30 ml deionized water is added to the centrifugal tube and then centrifugal. When the serum is poured into the capacity bottle, add 1 ml of concentrated nitric acid, dilute it with water to the scale, and shake well. Residue is used for the next experiment.
(2) Reducible state: add 40 ml NH4OH·HCl to the residue of the previous step, shake and centrifugate, and the step is consistent with (1). The third step of the residue state is carried out.
(3) Oxidable state: add 10 ml H2O2 to the residue, add 10 ml H2O2 after 1 h, heat it in the constant temperature bath (85°C) to liquid steam, add 50 ml NH4Ac(1 mol/L) and shake the water bath thermostatic shaker (22°C) for 16 h. The next steps are the same as (1). The residue is carried out in the fourth step experiment.
(4) Add 10 ml of royal water to the residue, and heat and digest it on the electric heating plate after 12 h. The digestion steps are the same as the wet digestion steps.
2.3.6 Uranium content determination
Uranium ion concentration is determined by inductively coupled plasma atomic emission spectrometer (ICP-OES) and inductively coupled plasma mass spectrometer (ICP-MS). ICP-OES mainly determines the digested solution, and ICP-MS mainly determines trace ion concentrations in leachate.
2.4 Static leaching experiment
The water environment plays a certain role in the leaching and migration of uranium ions, and the characteristics of the soil itself also affects the leaching effect of uranium. In order to analyze the leaching characteristics of uranium ions, this study takes pH, solid-liquid ratio and tailing particle size of rainwater as independent variables to simulate rainfall to conduct leaching experiments on uranium tailing.
2.4.1 Materials and reagents
According to the distribution of sampling points, two samples of uranium tailings at depths of 0–10 cm and 30–40 cm in the No. 6 sample column were selected and air-dried after pretreatment. The two tailings were screened into three tailings samples with different particle size ranges (>0.3 mm, 0.15–0.3 mm, < 0.15 mm).
According to the investigation, the study area is sulfuric acid rainfall. The main acid-causing substances in the rainwater are SO42- and NO3−. The soaking solution was prepared with H2SO4, HNO3 and deionized water. First, concentrated H2SO4 and concentrated HNO3 with a volume ratio of 4∶1 were mixed, and then mixed acid drops were added to deionized water to prepare simulated rainwater with pH 4.0, 5.0 and 6.0, respectively.
2.4.2 Experimental method
At room temperature, two groups of uranium tailings samples with different depths were subjected to leaching experiments with a period of 15 days. Tailings sample (5 g) was accurately weighed into a 250 ml beaker, and a certain volume of simulated rainwater was added as the soaking solution. Different pH, solid-liquid ratio and particle size were set in each experimental group to study the leaching characteristics of U in tailings. When soaking, seal the mouth of the beaker with plastic wrap to reduce evaporation.
(1) Under the condition of 1:20 solid-liquid ratio, the simulated rainwater was soaked with different pH (pH = 4.0, 5.0, 6.0).
(2) According to the solid-liquid ratio of 1:10, 1:20 and 1:40 respectively, the experimental groups were prepared with rainwater with pH = 5.
(3) Select 0–10 cm, 30–40 cm deep tailing samples, and sieve the tailing into three tailing samples with different particle size ranges (>0.3 mm, 0.15–0.3 mm, <0.15 mm), The immersion solution was prepared with rainwater with pH = 5 and solid-liquid ratio of 1:20.
After soaking for 1, 3, 6, 9, 12, and 15 days, the pH of the supernatant in the beaker was measured by a pH meter. The supernatant (5 ml) was taken from each beaker, filtered through a needle filter, and transferred to a 50-ml volumetric flask. A drop of concentrated nitric acid was added, and then deionized water was added to the flask. The content of uranium in supernatant was determined by ICP-OES and ICP-MS. At the end of the experiment, some tailings samples with pH = 5.0 were taken to simulate rainwater immersion, dried and ground for morphological extraction experiment.
2.5 Dynamic leaching experiment
Three leaching columns (column height 500 mm, inner diameter 430 mm) are selected, 2 cm of coarse quartz sand (filter layer) was loaded at the upper and lower ends of the leaching column, and the middle part is filled with tailing samples (0–10 cm, 10–20 cm, 20–30 cm, and 30–40 cm) are filled sequentially from deep to shallow (length is about 420 mm), and each leaching column is connected to a peristaltic pump (controlling the speed of leaching) (Figure 3). At room temperature, 100 ml of simulated rainwater with different pH (pH = 4, 5, 6) is leached every day. The experimental period is 30 days, with a total of 3,000 mm of rainfall. The permeate collected at the bottom of each tailing column was put into a centrifuge tube, and then the permeate was passed through a syringe filter with a pore size of 0.22 μm, and the concentration of uranium ions in the filtrate is determined by ICP-MS.
[image: Figure 3]FIGURE 3 | Simulated rainfall drenching experiment device.
3 RESULTS AND DISCUSSION
3.1 Sample property analysis
3.1.1 Characterization analysis
The study analyzes the mineral composition of uranium tailing at different depths in the profile by XRD (Figure 4). The mineral composition of tailing at different depths is roughly the same. The minerals corresponding to these diffraction peaks are mainly quartz, albite, and a small amount of clay minerals such as kaolin and illite. Among them, quartz and albite usually exist in the form of component components, mainly derived from primary or associated minerals of uranium ore.
[image: Figure 4]FIGURE 4 | XRD patterns of uranium tailings at different depths.
The chemical composition of uranium tailing is related to the mineralization process. The chemical composition of the uranium tailing was tested by XRF (Table 2). It can be seen from the table that the main chemical components of uranium tailing are SiO2, Al2O3, followed by K2O, CaO, Fe2O3, and all contain a small amount of uranium and thorium. According to the XRF test results of tailing at different depths, it is found that the uranium content in the surface layer is significantly higher than that in the lower layer tailing, indicating that uranium has a surface enrichment trend in the tailing accumulation area. The content of uranium in tailing samples ranges from 265 mg/kg to 412 mg/kg, which is much higher than the average content of uranium in general surface rocks and soils. Once this part of uranium is released, it will cause great harm to the surrounding environment.
TABLE 2 | XRF analysis results of uranium tailings.
[image: Table 2]The surface morphology of tailing samples is observed by scanning electron microscope, and EDS data is obtained by combining with energy dispersive spectrometer (Figure 5; Table 3). In the SEM images of the two tailing samples, it is found that the surface of the tailing samples is relatively rough, dominate by lumps and particles, and show more holes at high resolution. The uranium tailing samples are mainly composed of O, Al, Si and K elements, which are consistent with the analysis results of XRF. The U element is detected in the EDS scan at 1) but not at 2), indicating that the distribution of U in the tailing is very uneven. The uranium content in tailing is very low, and most of them are wrapped in minerals or attached to the surface of other minerals in the form of dispersed adsorption.
[image: Figure 5]FIGURE 5 | SEM image of some uranium tailings samples: (A) Uranium is present there; (B) Uranium is not present there.
TABLE 3 | EDS scanning results of uranium tailings.
[image: Table 3]3.1.2 pH analysis
According to the data in the table (Table 4), it can be found that the pH of tailing is about 8.32 on average, and the pH difference of tailing at different depths is not large. In the previous uranium beneficiation and hydrometallurgy process, the mine wastewater and tailing slag after acid leaching are neutralized by quicklime and then discharged into the tailing pond, so the tailing in the accumulation area is alkaline. Other heavy metal compounds such as uranium will co-precipitate with aluminum hydroxide, calcium hydroxide, and iron hydroxide in an alkaline environment, which will reduce the dissolution rate of uranium. However, long-term acid rain and atmospheric erosion may change the pH of tailing, which is also a key point that needs to be continuously monitored during the treatment of decommissioned uranium mining areas.
TABLE 4 | pH of uranium tailings at different depths.
[image: Table 4]3.1.3 Particle size distribution
After being screened by different screens, the proportions of uranium tailings in different particle size ranges (Figure 6). Combining with the chart, it can be seen that the particle size distribution of uranium tailing is wide, mostly concentrated in the range of 0.3–0.9 mm, and the proportion of tailing with particle size larger than 0.2 mm is about 80%. Uranium tailing are mainly composed of coarse sand grains with large porosity and good gas permeability and permeability. These pores provide convenient channels for the diffusion and migration of harmful metals such as uranium and thorium.
[image: Figure 6]FIGURE 6 | Particle size distribution map of uranium tailings.
3.1.4 Uranium characteristic analysis
In order to study the longitudinal distribution characteristics of uranium in tailing, tailing column samples from three sampling points are selected, and samples at four depths of 5 cm, 15 cm, 25 cm, and 35 cm are collected from top to bottom for digestion. The total amount of uranium is determined experimentally. It can be seen from the distribution figure that the content of uranium in the surface tailing is relatively high, mainly in the range of 400 mg/kg-600 mg/kg (Figure 7). In general, the uranium content gradually decreases with the increase of the depth of the tailing, and the largest decrease is in the range of 10–20 cm. The difference in the uranium content in the deep tailing is small, indicating that the tailing has a certain adsorption and absorption capacity for uranium. The filtering ability can effectively slow down the migration of uranium. However, compared with the U in the crust (3 mg/kg), the total amount of U in the uranium tailing samples far exceeds the background value in the crust.
[image: Figure 7]FIGURE 7 | Distribution map of uranium content in tailings at different.
It can be seen from the uranium speciation distribution map of uranium tailing in the study area that the relative mass proportion of U in each occurrence form is (Figure 8): residual uranium (40.11%) > acid-extractable uranium (36.61%) >available oxidized uranium (21.35%) >reducible uranium (1.93%). Elements in the residual state are relatively stable, they are generally fixed or encapsulated in the lattice of other minerals, migrate or deposit together with carrier minerals, and are less harmful to the environment. The elements in the acid-extractable state have more active physical and chemical properties and are easily released by the influence of the external environment. Among them, the proportion of residual uranium is the highest, indicating that most of the uranium in the tailing is stable in the lattice of silicate minerals and is not easy to be released. Acid-extractable uranium includes uranium adsorbed on the surface of tailing such as clay and humus, and uranium combined with carbonate and then co-precipitated. This part of uranium has strong dissolving ability and migration ability and is the focus of pollution prevention and control.
[image: Figure 8]FIGURE 8 | Speciation distribution of uranium in uranium tailings.
3.2 Leaching Characteristics of U from Tailings by Simulated Rainfall
This chapter uses simulated rainfall to conduct experimental research on leaching of uranium tailing, explores the effects of simulated rainwater pH, solid-liquid ratio and tailing particle size on the leaching effect of tailing, and deeply analyzes the leaching characteristics of uranium, and try to put forward an effective scheme for tailing pollution control (Shi et al., 2021).
Simulated rainwater with different pH affects the leaching content of uranium in uranium tailing. It can be seen from the figure that the variation trends of uranium release under different pH conditions in the tailing samples at 0–10 cm (Figure 9A) and 30–40 cm (Figure 9B) are generally consistent. In the initial stage of immersion, the leaching concentration of uranium increases with the decrease of pH of the soaking solution. In the leaching experiment with pH = 4.0, the leaching concentration of uranium is slightly higher than that of the other two groups. The higher the pH, the less uranium is released. After leaching for 3 days, the concentrations of uranium ions in the leaching solutions of the three groups gradually approach, and the leaching rate of uranium becomes slower than before. In the later stage of leaching, the leaching amount of uranium in the experimental group with pH = 4.0 increases to a greater extent compared with the other two groups, indicating that the more acidic solution promotes the release of U from the uranium tailing.
[image: Figure 9]FIGURE 9 | Variation of uranium leaching concentration under different initial pH conditions: (A) 0–10 cm; (B) 30–40 cm.
By comparing the leaching curves of uranium in the two tailing samples at 0–10 cm and 30–40 cm with time (Figure 10), it is found that under the same pH conditions, in the initial stage of leaching, the leaching amount of uranium in the shallow tailing is very close to that in the deep tailing, and the uranium released at this stage may be easily dissolved uranium on the surface of the tailing. However, as the leaching time increases, the uranium release in the two tailing samples begins to differ significantly. After 6–days of leaching, the leaching amount of uranium in the shallow tailing is 25%–42% higher than that in the deep tailing, indicating that the uranium in the deep tailing requires stronger substances to be extracted. The uranium of the migration component is more than that in the deep tailing, which is more harmful to the environment. The focus of pollution control is in the shallow tailing.
[image: Figure 10]FIGURE 10 | Variation of uranium leaching concentration in tailings samples at different depths.
The solid-liquid ratio also plays a key role in the leaching process of uranium in tailing. Under the condition of solid-liquid ratio of 1:10, the leaching concentration of uranium in the tailing in the two tailing has a substantial increase in the initial stage of leaching, while the growth rate of uranium concentration in the leaching solution of the other two groups of solid-liquid ratios is relatively slow. With the prolongation of soaking time, the concentration of uranium in soaking solution decreased with the increase of solid-liquid ratio (Figure 11). After 15 days of leaching, the cumulative leaching amount of uranium in uranium tailing increases linearly with the increase of solid-liquid ratio (Figure 12), which is completely opposite to the change of leaching concentration. The reason for this result may be due to the smaller contact area of tailing and water in less solution, the mineral particles in tailing cannot be fully dissolved, the viscosity of tailing/water system will also increase slowly, and the amount of uranium leaching is also reduced.
[image: Figure 11]FIGURE 11 | Variation of uranium leaching concentration under different solid-liquid ratio conditions: (A) 0–10 cm; (B) 30–40 cm.
[image: Figure 12]FIGURE 12 | Cumulative leaching amount of uranium under different solid-liquid ratio condition.
Tailing particle size is an important factor in determining the porosity and permeability of tailing. The proportion of clay minerals in tailing particles with small particle size will increase, which is also one of the important factors affecting the release and migration process of uranium. For the tailing samples with a depth of 0–10 cm (Figure 13A), the leaching characteristics of uranium are that the smaller the particle size is, the greater the leaching amount will be. If the particle size of the tailing is reduced, the specific surface area will be increased, and the contact area between the tailing and the solution will increase accordingly, thereby increasing the leaching rate (Liu et al., 2017a). For the 30–40 cm tailing samples (Figure 13B), the leaching amount of uranium in the tailing with particle size <0.15 mm is significantly higher than that of the other two particle size groups, and the uranium-bearing minerals attached to the surface of the fine particles dissolves faster. However, the leaching rate of uranium in the tailing with a particle size >0.3 mm begins to be higher than that of the experimental group with a particle size of 0.15–0.3 mm, and the leaching rate in the later period begins to slow down again, indicating that in addition to the tailing particle size, there are also mineral substances. Other factors such as composition or internal structure affect the leaching of uranium from uranium tailing.
[image: Figure 13]FIGURE 13 | Variation of uranium leaching concentration under different particle size conditions. (A) 0–10 cm; (B) 30–40 cm.
Four forms of uranium in the uranium tailing before and after the leaching experiment are measured by the improved BCR step-by-step extraction method. Comparing the data of the two groups of tailing samples before and after leaching in the shallow and deep layers (Table 5; Figure 14), it is found that the extractable uranium has decreased to a certain extent after immersion, and the reducible uranium has no obvious change, indicating that the uranium in the immersion solution is mainly in the immersion process. It comes from the acid-soluble part of the tailing surface. Both oxidizable uranium and residual uranium have a small increase, which may be because the pH of the soaking solution continues to rise, some heavy metal ions will be hydrolyzed to form hydroxides, and uranium and Fe-OH, Al-OH and other inorganic colloids will occur. The complexation reaction produces a precipitate, which is converted into a new bound state.
TABLE 5 | Percentage of various forms of uranium in tailings during leaching experiment.
[image: Table 5][image: Figure 14]FIGURE 14 | Speciation distribution of uranium in tailings before and after leaching. (A) 0–10 cm; (B) 30–40 cm.
3.3 Longitudinal Migration of U in Tailings under Simulated Rainfall
Previous studies have shown that acid rain can promote the activation of metals in tailing systems (Saber et al., 2019), and the complexation and adsorption reactions of some metals are affected by pH. This chapter focuses on exploring the change of uranium concentration under different rainfall conditions, and combines relevant mathematical models to find the release mechanism of uranium, in order to provide theoretical reference for the subsequent radioactive pollution control and restoration of decommissioned uranium tailing ponds.
This leaching experiment is to simulate three kinds of natural rainwater with different pH. The pH of the simulated rainwater is 4.0, 5.0, and 6.0, respectively, to analyze the release law in the uranium tailing column under rainfall conditions (Figure 15). A large amount of U is released during the interaction between uranium tailing and water under simulated rainfall conditions of different pH. The variation law of uranium concentration in the leachate of the three experimental groups is roughly the same, and the basic performance is from the quickly releasing phase to the slowly release phase, and finally reaches a stable state. The pH of the leachate has a certain influence on the release process of uranium. In the initial stage of the experiment, At the initial stage of the experiment, the simulated rainwater with pH of 4.0 leaches the most uranium, and the uranium content in the other two groups of leachate would be less, indicating that the increase of pH would slow down the release of uranium, and the uranium in tailing is easier to leach from the rainwater with lower pH. With the increase of the cumulative leaching amount, the effect of pH gradually decreases, probably because the silicate minerals and CaCO3 in the uranium tailing play a buffering role, and the acidification effect of rainwater on the tailing is short-term. According to the data in the figure, the amount of rainwater infiltrated into the tailing column changes sharply in the range of 0–600 ml, which belongs to the rapid release period of uranium. During the 30-day leaching process, the highest concentration of uranyl ions in the leachate is 1.349 mg·L−1, which is much higher than the discharge standard of mine wastewater (50 μg·L−1). The uranium eluted in the early stage mainly comes from the water-soluble and acid-soluble uranium on the surface of the tailing. This part of the uranium is easy to migrate in the environment and enter the solution. After leaching 400 ml of rainwater, the uranium concentration in the leachate turns to decrease, and the decreasing range also increases sharply. After 800 ml of continuous leaching, the uranium concentration in the leachate is maintained at a very low concentration and begins to stabilize. At this time, the existing form of uranium in the tailing is mostly insoluble substances, and the surface of the tailing is covered by an aged oxide film, resulting in a new surface, which improves the adsorption capacity of the tailing (Chang and Zhou 2017) and inhibits the mobility of uranium.
[image: Figure 15]FIGURE 15 | The release law of uranium in uranium tailings.
Under the dynamic leaching conditions of simulated rainfall, the release and migration behavior of U in uranium tailing will be affected by multiple reaction mechanisms simultaneously (Yin et al., 2019). In order to find out the dissolution and release mechanism of uranium in tailing during leaching, Fick diffusion theory (Yin et al., 2021b) can be combined to analyze the main control means of uranium migration through the logarithm of cumulative outflow flux and the kinetic model of time logarithm. The formula for calculating the cumulative release flux (B) is as follows:
[image: image]
[image: image]
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In the above formulas: Bt is the release flux of the element at a certain time point t, mg/m2; t is the dissolution time, h; B is the sum of the released fluxes before the time point t; Dt is the mass concentration of the eluting element at a certain time point t, mg/L; V is the volume of the effluent, L; S is the geometric surface area of the sample in contact with the effluent, m2.
The release process of elements is mainly controlled by three mechanisms: 1) When the slope of the straight line is less than 0.35, it is surface scouring, that is, the soluble substances on the mineral surface are quickly washed down; 2) when the slope of the straight line is in the range of 0.35–0.65, the element is diffusion transport through the mineral pore space; 3) When the slope of the straight line is greater than 0.65, the leaching process is controlled by the dissolution of minerals and the contacting water phase, and both the fast and slow stages of dissolution actually lead to the release of dissolved substances, but does not lead to material depletion.
According to the linear fitting curve data (Figure 16; Table 6), when the pH of the simulated rainwater is 4.0, 5.0, and 6.0, the slopes of the linear fitting curves of uranium are all greater than 0.65, indicating that the release and migration of uranium in the long-term leaching process are mainly affected by dissolution factors. The uranium-bearing minerals adsorbed on the surface of the tailing particles in the acidic solution will dissolve, and then enter the leachate for longitudinal migration. In the tailing environment in the actual study area, with the extension of the open-air stacking time and the accumulation of rainfall, the total amount of uranium dissolved and released in the tailing will also increase.
[image: Figure 16]FIGURE 16 | Linear fitting curves of uranium in tailings under different pH rainfall conditions. (A) pH=4.0; (B) pH=5.0; (C) pH=6.0.
TABLE 6 | Release mechanism of uranium in tailings under different pH rainfall leaching.
[image: Table 6]4 CONCLUSION
This paper preliminarily studies the physical and chemical properties of a decommissioned uranium tailing pond and the distribution and occurrence of uranium. On this basis, indoor simulation experiments are carried out to further explore the release and migration rules of uranium in tailing and the effect of tailing on uranium. Adsorption-desorption. A series of conclusions are drawn as follows:
(1) The uranium tailing are mainly silicate minerals. The overall tailing is alkaline, with an average pH of 8.32, which may be the effect of mixing with quicklime to neutralize before discharge. The alkaline environment can greatly reduce the dissolution rate of uranium. The particle size distribution of tailing is wide, mainly coarse sand particles, mostly concentrated in the range of 0.3–0.9 mm, with large porosity and permeability. The tailing digestion experiment found that the total amount of U in the uranium tailing samples was in the range of 200–600 mg/kg, which was much higher than the uranium content in the crust. The enrichment effect of uranium in the surface tailings is obvious, mostly in the range of 400 mg/kg-600 mg/kg, and the uranium content in the deep tailings is quite different. The relative mass proportion of U in each occurrence form is: residual uranium (40.11%) > acid-extractable uranium (36.61%) > oxidizable uranium (21.35%) > reducible uranium (1.93%). About 40% of the uranium in the tailings exists in the residual state, but the content of the transportable state is also relatively high.
(2) In the static leaching process of simulated rainfall, the leaching amount of uranium with pH 4.0 of simulated rainwater is higher than that of the other two groups, indicating that acidic solution is conducive to the release of uranium from tailings. The leaching rate of uranium in tailings with particle size (<0.15 mm) is the fastest, indicating that small silicate minerals are more soluble. The cumulative leaching amount of U increases with the increase of the solid-liquid ratio, and the environmental water content of tailings increases or the soaking time increases, which will promote the release of uranium. At the end of the experiment, the pH of the immersion solution was maintained at about 8.0, and the oxidizable uranium at different depths increased from 21.93% to 24.56% and 23.21%–27.49%, respectively. The leaching amount of uranium in the shallow tailings is 25%–42% higher than that in the deep tailings, indicating that there is more active uranium in the shallow tailings than that in the deep tailings, which is more harmful to the environment.
(3) The effects of different acid rainfall on the release of uranium from tailings were discussed in the simulated acid rain dynamic leaching experiment. At the beginning of the experiment, the uranium concentration peaked at a percolation of 400 ml, and the release rate and amount of uranium gradually increased as the pH of the simulated rainwater decreased. With the increase of leaching volume, the release process of uranium gradually flattens out, and the uranium content stays at a low value in the middle and late stage. In the input process of external rainfall, iron, aluminum and sodium plasma will be released from the tailings to jointly regulate the pH of the system and reduce the mobility and migration of uranium. According to Fick diffusion theory, the release of uranium from tailings in the process of rainfall leaching is mainly controlled by surface dissolution, and the uranium in leachate mainly comes from the water-soluble part attached to the surface of tailings particles.
Therefore, the purpose of this study is to systematically explore the physical and chemical properties of uranium tailing ponds, the distribution characteristics of uranium in tailing ponds, the state of occurrence, and the law of migration and transformation, which will help in-depth analysis of uranium in tailing. It can predict the dynamic migration trend of radioactive elements in the uranium tailing reservoir in the natural environment, provide a theoretical basis for establishing an effective uranium tailing pollution prevention and control system, and promote the sustainable development of uranium resources.
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