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Abstract

:

The magnetized zeolite with an optimized conversion rate of 53% can be readily synthesized from industrial anthracite using a water-based method. The highly porous structure of ferromagnetism zeolite demonstrates robust magnetic properties with a magnetite content of 12–15%, satisfying adsorbent separation and recycling through magnetic cylinder rotating and vibrating separation. A cesium adsorption and removal efficiency as high as 99.92% with a corresponding adsorbent recovery ratio of up to 96.36% can be achieved for the simulated cesium-contaminated soil with a water content of 20% and a cesium content of 1% with an adsorbent-to-contaminated soil ratio of 1:2. Adsorption and magnetic separation technology with magnetized zeolite synthesized from anthracite exhibited a high cesium removal rate and zeolite recovery ratio, demonstrating promising application potential in treating radioactive waste soils and robust and economically viable engineering feasibility.
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1. Introduction


More than 2000 nuclear tests, including military and commercial applications, have been carried out around the world since 1945, which has caused the worldwide spread of nuclear pollution [1]. The abundant long-lived radionuclides have penetrated into the ground soil and groundwater system through diffusion and transport and caused long-term harm to the local environment [2]. For example, the Chernobyl nuclear accident polluted the surrounding soil within a range of 4300 km2 with various radionuclides, such as Cs, Sr, Eu, Pu, and Am [3,4]. The Fukushima nuclear accident in Japan was estimated to contaminate buildings and roads within a land range of 1778 km2, in which the total amount of 137Cs-contaminated soil was 16–22 million m3 [5]. Radioactive contaminated soil usually features high concentrations of high-level waste with a range of radionuclides, which makes remediation challenging. Among these radioactive wastes, considerable 137Cs exists in spent fuel reprocessing liquid waste, the liquid nuclear waste generated during the operation of nuclear power facilities, and nuclear facility decontamination, and it is spontaneously released into the environment and causes soil pollution [5]. Therefore, 137Cs is the main nuclide in polluted soil, and it is a long-lived fission product that releases considerable heat (t1/2 = 30.08 years, a β/γ emitter) and has a half-life of approximately 30 years in high-level radioactive liquid waste [6]. High levels of 137Cs brought near the human body through inhalation or ingestion accumulate in tissue or muscles, which causes nausea, vomiting, diarrhea, bleeding, coma, or more severe scenarios leading to death [7].



Existing nuclear waste treatment technologies exhibit shortcomings, such as low decontamination efficiencies, low waste volume reduction ratios, and high cost-effectiveness ratios, and they might lead to byproduct production [8]. Research on the decontamination of radioactive contaminated soil initially began in the 1980s. A series of remediation strategies for the decontamination of soil containing radionuclides were developed, including chemical decontamination, physical decontamination, physical and chemical hybrid treatments, and biological remediation, based on the migration capacities of the radionuclides [9]. Specifically, chemical decontamination includes chemical extraction, electrokinetic decontamination, and heap leaching [10], while physical decontamination technologies include screening, flotation, separation gating, and in situ vitrification [11]. In the 1980s, the Pacific Northwestern National Lab (PNNL) in the United States developed an in situ vitrification technology (in situ vitrification ISV) to remediate soil with nuclear waste [12]. The Argonne National Laboratory (ANL) created a device for in situ vitrification of contaminated soils that simultaneously conducts radioactive waste treatment and research [13]. Moreover, physical and chemical hybrid treatment technologies were studied. Sidhu et al. (2004) showed that radioactive Pu was removed from contaminated soil via extraction with hydrochloric acid, nitric acid, and citric acid, and the nuclear waste removal rates were as high as 90% [14]. Sear et al. (1983) found that uranium removal was significantly improved with NaHCO3 as the eluting agent [15]. In addition, bioremediation, including phytoremediation and microbial remediation, has been studied recently due to the low costs and feasibility for use in large polluted fields [16]. Recent bioremediation of radioactive soil was carried out with sunflowers that were planted after the Fukushima accident in Japan [17]. The specific activities of radioactive Cs in the sunflower stems and roots were 52 Bq kg−1 and 148 Bq kg−1, respectively, while in the soil, it was 7715 Bq kg−1 after waste bioremediation [18].



Although numerous soil remediation technologies have been developed, the existing soil decontamination methods have disadvantages that limit their application [18]. For example, physical methods are relatively simple but usually involve considerable labor costs and can cause problems such as secondary pollution. Although the radioactive waste in soil is readily removed by chemical treatment, it is economically unfavorable and has low remediation efficiency, which is infeasible for the remediation of large areas of radioactive contaminated soil [13]. Biological methods, including bioremediation with plants, generally have long remediation periods and are limited by highly selective plants [18]. Therefore, new methods are urgently needed to increase the economic benefits of radioactively contaminated soil decontamination.



Recently, contaminated soil remediation through adsorption has been developed with various adsorbents [19]. Compared to the above-mentioned methods, adsorption through physical or chemical pathways has the advantages of high removal efficiencies, environmental safety, and favorable economics, and the adsorbents can be recycled and reused with magnetic separation processes. Zeolite with a general molecular formula of M2/nAl2O3∙xSiO2∙yH2O is a porous hydrous aluminosilicate mineral with anionic framework structure, where M is a metal ion, usually Na+ and K+, n is the valence of the metal ion, x is the amount of SiO2, and y is the amount of H2O. The composition of zeolites can be divided into A-type, X-type, Y-type zeolite, and mordenite based on the x value [20]. Furthermore, the silicon–oxygen tetrahedron or aluminum–oxygen tetrahedron of zeolite can be interconnected to form cavities and pores by more than 50% of the volume of the zeolite crystal with different shapes and sizes, resulting in a high surface area [21]. The adsorption capacity of zeolite can be activated and regenerated by heating. The highly porous structure of the zeolites can facilitate the adsorption of different kinds of molecules, depending on their molecule sizes. The different zeolites can absorb cations smaller than the micropores into the cavity while blocking cations larger than the pore size from adsorption, acting as a molecular sieve [20]. In addition, zeolite itself has good cation exchange performance, so zeolite exhibits unique selective adsorption characteristics for cations, which can be improved by pore modification [22]. Based on the above discussion, it is particularly important to detect and screen the appropriate raw materials to artificially design and synthesize proper zeolite adsorbent with a suitable pore size for the selective adsorption of Cs+ [23].



In the current study, a highly selective Cs+-magnetized zeolite adsorbent was prepared, and the adsorption capability was characterized with a laboratory-scale simulation, which will be detailed in the following section. The microstructure of the as-synthesized zeolite was characterized with scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The crystallinity of the zeolite was determined with X-ray diffraction (XRD), while the magnetism was measured with magnetic hysteresis cycle analysis. The adsorbent was recovered and reused after decontaminating radioactive soil via magnetic separation with self-assembled magnetic recovery equipment. This technology significantly increased the soil decontamination efficiency while reducing secondary waste and recycling and reusing the adsorbent, which demonstrates promise for use in radioactive soil decontamination.




2. Materials and Methods


2.1. Materials


The anthracite used herein to synthesize the magnetized zeolite was obtained from the thermal power plants (Zhengzhou Yuzhong power plant, Zhengzhou, China), which can be sorted into three types based on their particle sizes, namely 1~3 mm, 60~80 mesh, and 80~120 mesh, as shown in Figure 1. The anthracite powder was first dried in a blast dry oven under 150 °C for 8 h, followed by pulverization to the designed particle sizes. The anthracite powder was further acidified by analytical pure hydrochloric acid (20 wt%) in a digitally controlled hot plate (NIB-946A, MTI, Hefei, China) under 80 °C with rigid agitation for 2 h, followed by rinsing with deionized water until pH equals 7.0. The harvested powder, named FA-1 to 3, was dried in an oven for further testing. The chemical composition of the anthracite powder was characterized by XRF and is shown in Table 1.




2.2. Synthesis of Magnetized Zeolite


The zeolite was synthesized from the anthracite powder using the hydrothermal method, which is specified below and described in the schematic in Figure 2. Anthracite powder (250 g) was first acid-washed to remove the adsorbed contaminates, followed by being alkalified with a mixing solution of NaOH (Analytical pure, Alfa Aesar, Haverhill, MA, USA) and KOH (Analytical pure, Alfa Aesar, Haverhill, MA, USA) with different levels of [OH-] concentration ranges of 6 mol/L, 8 mol/L, 10 mol/L, and 12 mol/L under 80 °C for 2 h. The mixture suspension was further filtered, and the slurry was rinsed with deionized water until neutralization. The dried powder post-alkaline solution modification was named base-treated (abbreviated as FB-1-1 to 3), as shown in the following Table 2.



Quartz powder with a grain size of 450 mesh (Sigma Aldrich, St. Louis, MO, USA), which belongs to the chemical composition of zeolite, was added to the treated anthracite with the assistance of NaOH and deionized water in order to adjust the ratio of SiO2 and Al2O3, as shown in the following Table 2. The mixture was further reacted and cured for 24 h in a PTFE reactor to trigger the crystallization of zeolite with controlled crystallization temperatures ranging from 80, 100, to 120 °C and a time regime of 6 h, 8 h, and 10 h.



The modified zeolite was further magnetized by mixing it with FeCl3·6H2O (Sigma Aldrich, St. Louis, MO, USA) solution (86 g/L) for 2 h, followed by sonicating treatment to stabilize the mixing suspension. FeCl2·4H2O (Sigma Aldrich, St. Louis, MO, USA) solution with a concentration of 37 g/L was then slowly added into the mixing suspension with high purity N2 protection, resulting in a solution with a Fe2+/Fe3+ ratio of 1:1.75. The pH of the solution with a total iron concentration of 0.5 mol/L was adjusted to 9.0 by 25% ammonia at 62 °C and stirred for 30 min. The solution was then filtered, and the slurry was further rinsed with deionized water to neutral and dried in an oven under 110 °C to achieve the magnetized zeolite for further testing.




2.3. Microstructure and Crystalline Phase Characterization


The elemental analysis of the as-synthesized zeolite sample was determined by X-ray fluorescience (XRF) (Thermo electron corporation, Waltham, MA, USA). The microstructures of the as-synthesized zeolite and magnetized zeolite were first dried in a digitally controlled oven under 95 °C for 24 h and further characterized by scanning electron microscopy (SEM) (S4800, HITACHI, Tokyo, Japan), transmission electron microscopy (H-9000NAR, HITACHI, Tokyo, Japan), and Brunauer–Emmett–Teller (BET) (Tristar 3020 II, Micrometrics Instrument Corporation, Norcross, GE, USA). The crystalline structure was further characterized by Fourier transform infrared spectroscopy (FTIR) (FTIR-650, GangDong Instrument Corporation, Shanwei, China) and X-ray diffraction (XRD) with a copper target and step size of 0.36° (D/max-rD, Jeol, Tokyo, Japan). The magnetic property of the zeolite was further characterized by magnetic hysteresis cycle analysis (BKT-4500, NACIS, Shanghai, China).




2.4. Simulated Leaching Experiment


The on-site performance and the adsorption property of the as-fabricated magnetized zeolite were characterized by mixing the magnetized zeolite powder with 10 g of target contaminated soil with CsCl (Sigma Aldrich, St. Louis, MO, USA) acting as the simulated Cs137 source. The simulated Cs-contaminated soil, with particle size detailed in Table 3, was prepared by mixing the CsCl with kaolinite (Sigma Aldrich, St. Louis, MO, USA) (20 wt% of moisture) using a mechanical stirrer (DX234, Guangdong, China) and keeping the Cs-to-soil ratio at 1%. The details of the simulated Cs-contaminated soil can be seen in the following table. The magnetized zeolite was thoroughly mixed with the simulated contaminated soil at room temperature, and we then waited 24 h before proceeding with the separation. The magnetization separation process of the contaminated soil and the magnetized zeolite can be further realized by a self-assembled magnetic cylinder separation device with a cylinder volume of around 50 mL, as shown in Figure 3. The rotating speed of the cylinder was kept at 50 rpm, and the vibration frequency was set at 200 Hz with a vibration impulse of 0.1 N∙s. The Cs concentration in the treated soil can be further determined by an X-ray fluorescence spectrometer (XRF) (PW4400, PANalytical, Almelo, The Netherland) with rhodium target X-ray tube with an energy of 60 kV and a current of 50 mA. The adsorption efficiency and recovery efficiency of the magnetized zeolite can be determined by the following Equations (1) and (2), where mr and m0 stand for the mass of magnetized zeolite recovered and the magnetized zeolite initial added, and Ct and C0 stand for the Cs concentration for the treated soil and intact soil separately:


   Recovery   efficiency     ( θ )  =  (   m r  /  m 0   )  × 100 %  



(1)






   Adsorption   efficiency     ( μ )  =  (   C t  /  C 0   )  × 100 %  



(2)









3. Results


3.1. Microstructure and Phase Property of the Anthracite, Modified Zeolite, and Magnetized Zeolite


The microstructures of the anthracite raw material and the acid-washed anthracite powder were determined with SEM and TEM, and the images are shown in Figure 4 and Figure 5. The modified and magnetized zeolite is shown in Figure 6 and Figure 7. Fine particles were attached to the raw anthracite powder with particle sizes between 600 μm and 1 mm, according to SEM images processed with ImageJ software version 1.51 (NIH, Bethesda, MD, USA), which indicated agglomeration of the fine particles, as shown in Figure 4a–f. The surface fine particles contained residual organic compounds and metal oxides, as shown by the XRF data in Table 1; they were removed by acid washing, which exposed the spherical anthracite powder with particle sizes around 20 to 200 μm with an average particle size of 80 μm, as shown in Figure 4g–j and the corresponding particle partition chart [24]. A nanoscale microstructural analysis of the anthracite powder was carried out with TEM, as shown in Figure 5. The bright-field TEM images clearly indicated a hexagonal crystalline structure with black spots spread randomly on the anthracite particles before acid washing, which indicated residual contamination, probably from organic residues or metal oxides, consistent with the SEM images and the XRD analysis. The fine particles remaining on the anthracite were removed by acid rinsing, as shown in Figure 5e–h. In addition to the removal of the trace contaminants, the acid rinse further pulverized the anthracite grains, and the grain sizes were significantly reduced from the micron scale to 600 nm, as shown in the TEM image and the SEM analysis.



The microstructures of the alkaline-modified zeolite originating from the anthracite raw materials with different grain sizes are shown by the SEM image in Figure 6 and the corresponding photograph, while the magnetized zeolite is shown in Figure 7. Compared to the modified zeolite, the color in the optical images turned dark gray or black after magnetization, which was attributed to iron oxide nanoclusters precipitated on the modified zeolite from the alkaline solution (ammonia). The modified zeolite and the magnetized zeolite maintained microstructures similar to that of the tetrahedral zeolite without spherical structures, indicating a gradual phase transformation from anthracite to zeolite after the hydrothermal treatment. The high-resolution SEM images of the modified and magnetized zeolites in Figure 6 and Figure 7 show relatively high porosity and nano- and submicron pores. The particle sizes of the as-synthesized zeolite, including the alkaline-modified and magnetized zeolite, gradually increased with the particle sizes of the raw anthracite and featured a layered structure, as shown in Figure 6 and Figure 7. Numerous small pieces of the modified and magnetized zeolite agglomerated to form large particles for both the alkaline-modified and magnetized zeolites, with particle sizes of 1–3 mm, 60–80 mesh, and 120 mesh.



The surface areas, porosities, and nitrogen adsorption volumes of the as-synthesized zeolites were determined using the BET method, and the data are summarized in Figure 8 and Table 4 below. The BET tests were carried out with nitrogen adsorption–desorption isotherms at 200 °C and under nitrogen pressure up to 1 bar (Figure 8c,d). The specific surface area can be determined by the following equations [25]:


   1  v  [   p 0  / p − 1  ]    =   c − 1    v m  c    (   p   p 0     )  +  1   v m  c    



(3)






   v m  =  1  s l o p e + i n t e r c e p t    



(4)






  c = 1 +   s l o p e   i n t e r c e p t    



(5)






   S  B E T   =    v m   N s    a V      



(6)




where v is the amount of adsorbed gas, c is the BET constant, vm is the monolayer adsorbed gas volume, and a is the mass of the adsorbent. Although the adsorption isotherm, which reflects the adsorbed gas quantity, is low for the magnetized zeolite, the monolayer adsorbed gas volume might not decrease accordingly. As a result, the surface area is higher for magnetized zeolite compared to the modified zeolite, and the largest specific surface area of 109.443 m2/g was that of magnetized zeolite A with a particle size of about 3 mm. On the other hand, the specific surface area of the alkaline-modified zeolite with a specific surface area of approximately 6 m2/g was generally an order of magnitude lower than that of the magnetized zeolite, as shown in Figure 8 and Table 3. The specific surface areas of the modified zeolite and magnetized zeolite were lower than those of the synthesized Na-zeolite, consistent with previous research on Cu-impregnated zeolites, which can probably be attributed to the adsorption of Fe or K cations in the pores originating from the alkaline solution and iron chloride solution, which closed the pores [26]. Substitution of some of the surface cations by iron oxide nanoclusters as well as the ammonia treatment increased the number of open channels and the specific surface area, which facilitated adsorption [27]. Therefore, magnetization did not reduce the adsorption capacity because channels were opened by the alkaline solution treatment.




3.2. Crystalline Structure of Anthracite, Modified Zeolite and Magnetized Zeolite


The corresponding crystalline structure of the anthracite powder treated by variable concentrations of alkaline solution, as well as the as-fabricated modified and magnetized zeolites, can be seen in the following XRD profiles in Figure 9. The anthracite powder post different alkaline treatments demonstrates the same crystalline structure composed of silica and mullite without manifest crystalline phase degradation, as shown in Figure 9a, and the corresponding semi-quantitative phase analysis via Rietwald peak refinement, as shown in Table 5. Interestingly, the peak intensities are higher for FA-1-2, FA-1-4, FB-1-2, and FB-1-4, indicating a higher crystallinity, which does not have a close correlation with the alkaline solution concentration or anthracite powder size. The crystalline phase of mullite can be significantly enhanced with a decrease in the silica phase, which can be seen in Table 5. Partial metal oxides, including these rare earth oxides and the phosphate oxide, sulfur oxides, and chloride, have been eliminated by dissolving into the alkaline solution, as evidenced by the XRF analysis in Supplemental Table S1. The Si/Al ratio in the anthracite powder can be further adjusted by rinsing it with a base solution in order to facilitate zeolite formation. Specifically, the lowest ratio of Si and Al (corresponding to the ratio between silica and mullite) can be seen for the anthracite treated with a 10 mol/L alkaline solution, while the sodium ratio increases by elevating the alkaline concentration (Table 5). Therefore, it is suggested that the mixed alkali has a strong influence on the partition of SiO2 and Al2O3 in anthracite, causing a change in charge distribution between Si-O and Al-O bonds, thereby enhancing the polarization of chemical bonds and active centers (positive and negative charges) in the lattice, leading to bond relaxation in the tetrahedral structure of Si-O and Al-O bonds under the synergistic effect of time, temperature, and mixed alkali concentration, which would directly impact the zeolite transformation ratio [28]. The entire tetrahedral active core is exposed, the surface activation energy is increased, and the ion exchange capacity is enhanced so that Na+ enters the tetrahedral lattice to form a stable hole structure.



The anthracite transfer to zeolite through hydrothermal reaction under temperature ranges from 80 °C to 120 °C for 6 h, 8 h, and 10 h with the addition of different silica, NaOH, and deionized water following the protocols is outlined in Table 2. The anthracite with a dark gray color gradually transferred to a white color, as shown in Figure 6, suggesting the reaction-induced gradual crystallization of zeolite. The optimized zeolite yield rate of as high as 42% can be observed for the hydrothermal reaction with 10% of alkaline solution at a crystallization temperature of 120 °C for 8 h as denoted by the XRD analysis and corresponding Table 6. The corresponding XRD analysis for the modified zeolite indicates a major crystalline phase of zeolite, followed by Heulandite-Ca, cristobalite-SiO2, and silicon dioxide-SiO2, suggesting a complete re-crystallization and transformation reaction occurred [29].



On the other hand, the corresponding XRD profiles for the magnetized zeolite, as shown in Figure 9, further denote strong characteristic peaks indexed as iron oxides (magnetite Fe2O3) (PDF#00-019-0629) with an FCC crystalline structure, suggesting successful magnetization with the existence of iron oxide (Fe2O3). The iron incorporated as magnetite in the zeolite matrix can be further confirmed by previous research that suggested that Fe(III) dominated the crystalline phase agglomerated in the zeolite layer structure, according to XPS [30]. The corresponding semi-quantitative analysis by Rietwald peak refinement indicated the highest amount of magnetite can be seen for the magnetized zeolite B, followed by magnetized zeolite C and A, with corresponding compositions of 15 wt%, 13 wt% and 12 wt%, respectively, consistent with the XRD peak intensity as shown in Figure 9. In addition to the zeolite and magnetite, other crystalline phases of cristobalite, silica, and Heulandite can be further confirmed by the XRD profile and the semi-quantitative analysis. The XRF analysis demonstrates the composition of magnetite decreases from magnetized zeolite C to A, consistent with the XRD results, suggesting higher iron incorporation resulted from the particle size subdivision, as denoted in Table 7.



The FTIR spectra of the modified zeolite and magnetized zeolite demonstrate the existence of hydroxyl (OH-), water (O-H-O), and chemical bonding with a corresponding wave number higher than 3000 cm−1, while the peaks between 2000~1000 cm−1 and below 1000 cm−1 can be further attributed to Si(Al)-O vibration and Si-O-Si(Al) vibration separately [31], consistent with the FTIR spectra of typical Na-P1 zeolite with a chemical formula of Na6Al6Si10O32∙12H2O [32]. The Na-P1-type zeolite maintains a Gismodine structure with 2D cross-open channels following [100] and [010] directions, leading to superior ion exchange and adsorption ability. Furthermore, the pore diameter of Na-P1-type zeolite, around 3.6 Å, is close to the diameter of Cs+, suggesting excellent selective Cs+ capture ability [33], especially under a complex environment containing multiple ions. The magnetized zeolite demonstrates identical FTIR bands compared to the modified zeolite, indicating the iron oxide nano cluster incorporated into the zeolite crystalline structure as an inorganic crystalline phase without changing the original structure.




3.3. Magnetic Property of the As-Synthesized Magnetized Zeolite


The magnetization curve and hysteresis loop of the as-synthesized magnetized zeolite are shown in Figure 10, and the magnetization intensity data are summarized in Table 8. The results clearly indicated that the magnetized zeolites maintained high magnetization intensities, which would facilitate the separation and recovery of the zeolite powder from the contaminated soil sample (the higher the magnetization intensity is, the better the magnetization), which will be described in the following section. Similar ferromagnetism was seen in previous research, and the magnetism of the Fe-zeolite was attributed to the random distribution of Fe2+ and Fe3+ ions present to provide charge compensation for the oxygen vacancies and the magnetic interactions between them [30]. The pore volume of the magnetized zeolite was lower than that of the modified zeolite, although the average specific surface area was higher, which was attributed to the range of the pore sizes, consistent with previous research [26]. All three magnetized zeolites exhibited paramagnetism, and the magnetization decreased from zeolite C (12.055 A∙m2/kg) to B (10.722 A∙m2/kg) and A (5.8257 A∙m2/kg); these values were even higher than those reported in a previous study [30]. This was consistent with the iron concentrations indicated by the XRF analyses, so the higher magnetic intensity caused by particle subdivision resulted in a higher concentration of iron oxide nanoclusters.




3.4. Cs+ Adsorption Efficiency and Magnetized Zeolite Recovery Efficiency


The Cs+ adsorption efficiencies and magnetized zeolite recovery efficiencies of the magnetized zeolites with different particle sizes were evaluated with 24 h cascade adsorption experiments using simulated Cs-contaminated soil, followed by magnetic separation and recovery for 1 min. The ratio of magnetized zeolite and soil (by weight) was kept at 0.5, and 3.33 g of magnetized zeolite was mixed with 6.67 g of wet contaminated soil (total weight of 10 g), while the Cs+ concentration in the contaminated soil was kept at 1 wt% with a 20 wt% moisture content in the soil, as shown in Table S2. The Cs+ concentration in the treated soil was characterized by XRF, and the adsorption efficiency was determined from the Cs+ remaining in the soil divided by the initial Cs+ concentration. The magnetized zeolite recovery ratio was determined by weighing the zeolite recycled in the magnetic separation cylinder, as shown in Figure 11 and Supplemental Table S2.



The results indicate that the magnetized zeolite exhibited efficient Cs+ adsorption and Cs+ removal rates up to 99.92% for the magnetized zeolite with 60–80 mesh particle sizes; this was inconsistent with the theoretical adsorption kinetics, which should be higher after particle subdivision. In theory, a fine-grained zeolite was sufficiently reactive in Cs+ adsorption, which was not the phenomenon operating herein [34]. The reason for this can be attributed to the intrinsic weakness of the operation process, which affects the separation of fine-particle zeolite. A small proportion of the fine-grained zeolite was blocked by the soil particles during the magnetic rotating vibration separation process in the magnetic cylinder, so that was not adsorbed by the inner wall of the magnetic cylinder and was carried into the product during the discharge process. The adsorption capacity of the magnetic zeolite with medium particle sizes was higher due to the better adsorption exchange reaction and breakthrough steric hindrance. The particle sizes of magnetized zeolite affected the removal rate of Cs+ in the soil and the waste reduction ratio in the above analysis. For actual polluted soil, the treatment would be improved by controlling the particle size range of the magnetized zeolite. The preparation process can be used to control the particle sizes appropriately.



Based on the different particle sizes of the contaminated soil and the zeolite, the magnetized zeolite could be recovered and recycled through magnetic treatment with a recovery ratio as high as 96%, as shown in Table S2. Generally, the magnetized zeolite was more efficiently recovered with coarse zeolite and finely contaminated soil, which should guide the design of the magnetized zeolite and the industrial treatment process [35]. The following table shows that the specific surface area of the coarse-grained zeolite was small, most of the pores with Cs+ adsorption and exchange capacity were located inside the particles, and the diffusion and exchange of Cs+ into the interior and the release of Na+ and K+ all required long reaction times. Therefore, the Cs adsorption and adsorbent recovery rates of the magnetized zeolite were summarized with the schematic in Figure 11d: the initial contact of the magnetized zeolite particles with the Cs-contaminated soil triggered adsorption, which was accelerated by agitation, followed by the adsorption of Cs in the pores of the zeolites. Separation and recovery of the magnetized zeolite were accomplished with an external magnetic field, for example, the magnetic cylinder designed herein.
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Figure 11. The Cs adsorption (a) and recovery ratio (b) under room temperature with simulated Cs-contaminated soil for 24 h of the magnetized zeolites; the Cs removal efficiency compared to the literature [36,37,38,39,40,41,42,43,44] (c); the schematic figure illustrates the adsorption and recovery of magnetized zeolite (d). 
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The performance of the magnetized zeolite studied herein was further compared to the previous literature research [36,37,38,39,40,41,42,43,44], as shown in Figure 11c and Table S3. Compared to the literature research, the Cs removal efficiency is significantly higher (99.92%) for the study herein, while the electrokinetic method can achieve a Cs removal rate of 97.6%, which ranks second in table. Although the electrokinetic washing method can reach as high Cs removal efficiency as the magnetized zeolite, the application of electrokinetic washing might pose other environmental concerns, which limits its application. Although the treatment conditions might vary depending on different scenarios, which makes it relatively difficult to make an accurate comparison, it is suggested that the magnetized zeolite studied herein demonstrates certain advantages for Cs-contaminated soil treatment. Overall, the magnetized zeolite studied herein enjoys advantages, including high efficiency, easy recovery, and low cost, which is of great significance for emergency radioactive soil remediation. However, the application of current adsorption and desorption methods based on magnetized zeolite is still limited by its Cs adsorption capacity, especially in an acid/base or high-salinity environment, which is closer to the real industrial scenario.





4. Conclusions


In the current study, a magnetized zeolite showing a high Cs removal efficiency was synthesized from anthracite, and the microstructure, textural properties, and crystalline structure were determined. The Cs adsorption and zeolite recovery properties were determined with a preliminary study of the magnetic separation technology for adsorption of simulated Cs+-polluted soil, and the conclusions are as follows:




	(1)

	
The synthesis of the highly efficient magnetized zeolite adsorbent from anthracite is industrially feasible, and the yields ranged from 18 to 53%. The zeolite demonstrated high surface porosity and crystallinity, with tunable particle sizes.




	(2)

	
The magnetized zeolite had saturation magnetic strengths of 12.055, 5.8257, and 10.722 emu g−1, which decreased with increasing particle sizes, and the magnetite content was 12% to 15%. The zeolite exhibited robust thermal stability at 75 °C.




	(3)

	
The Cs+ removal rate from the simulated soil was as high as 92.82%, with a waste reduction ratio of 1.823 and a product recovery rate of 96.36%; there was no secondary waste generated, and the decontamination cost was low.









Overall, the cost-effective magnetized zeolite derived from anthracite demonstrates robust Cs adsorption and good adsorbent recovery efficiency, which shows promise for use in industrial applications in place of state-of-the-art Cs removal strategies.
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Figure 1. Anthracite used to synthesize the zeolite with different particle sizes (1~3 mm, 60~80 mesh, and 120 mesh). 
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Figure 2. Schematic figure demonstrates the preparation process of the magnetized zeolite from anthracite. 
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Figure 3. Cs separation and adsorption testing procedure; the Cs-adsorbed zeolite can be successfully separated using a self-assembled magnetic cylinder, followed by a concentration analysis via an XRF. 
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Figure 4. Microstructures of the anthracite (80 mesh) before and post-acid treatment demonstrating the significant morphology alteration; (a–f) raw anthracite; (g–j); and acidtreated anthracites with corresponding particle size partition. 
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Figure 5. TEM analyses of the anthracite (80 mesh) particle before (a–d) and post-acid treatment (e–h). 






Figure 5. TEM analyses of the anthracite (80 mesh) particle before (a–d) and post-acid treatment (e–h).



[image: Applsci 13 12192 g005]







[image: Applsci 13 12192 g006] 





Figure 6. Microstructures and the optical images of the alkaline-modified zeolite (M-Z A to M-Z C) derived from anthracite with different particle sizes. 
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Figure 7. Microstructures and the optical images of the magnetized zeolite derived from the modified zeolite with different particle sizes. 
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Figure 8. BET surface area test of modified and magnetized zeolites A, B, and C with elevated relative pressure: (a,b) the specific surface area; (c,d) nitrogen adsorption–desorption isotherms (200 °C). 
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Figure 9. XRD and FTIR profiles of the modified zeolite and magnetized zeolite; (a) XRD profiles of the modified zeolites; (b) XRD profiles of the magnetized zeolites; (c) FTIR spectra of the modified zeolites; and (d) FTIR spectra of the magnetized zeolites. 






Figure 9. XRD and FTIR profiles of the modified zeolite and magnetized zeolite; (a) XRD profiles of the modified zeolites; (b) XRD profiles of the magnetized zeolites; (c) FTIR spectra of the modified zeolites; and (d) FTIR spectra of the magnetized zeolites.
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Figure 10. Hysteresis loop of the magnetized zeolites A to C. 
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Table 1. XRF measures anthracite chemical composition assumed as oxides (mol/mol%).
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	SiO2
	Al2O3
	Fe2O3
	K2O
	TiO2
	Na2O
	MgO
	CaO
	P2O5
	Cl





	57.550
	29.830
	3.920
	2.260
	0.858
	1.880
	1.430
	1.460
	0.183
	0.003



	V2O5
	SrO
	ZrO2
	La2O3
	CeO2
	MnO
	SO3
	Cr2O3
	WO3
	Co3O4



	0.022
	0.022
	0.012
	0.007
	0.001
	0.039
	0.039
	0.010
	0.002
	0.003



	Nd2O3
	CuO
	Sc2O3
	Rb2O
	NiO
	ZnO
	Y2O3
	Ga2O3
	CeO2
	



	0.010
	0.005
	0.006
	0.004
	0.005
	0.005
	0.004
	0.002
	0.007
	










 





Table 2. Shows the adjustment of Si and Al ratio through alkaline treatment.
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	Sample No. (10 g)
	SiO2/g
	NaOH/g
	H2O/g





	FA-1-1
	5.4
	12.9
	116.4



	FA-1-2
	5.2
	12.6
	113.6



	FA-1-3
	5.3
	12.8
	115.4



	FA-1-4
	5.3
	12.7
	114.7



	FB-1-1
	5.3
	12.8
	115.0



	FB-1-2
	5.2
	12.5
	112.2



	FB-1-3
	5.8
	14.1
	126.9



	FB-1-4
	5.5
	13.3
	120.1










 





Table 3. Particle size and partition of simulated soil.
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	Particle Size
	Partition (%)





	<160 mesh
	2.97



	60~160 mesh
	13.99



	2 mm~60 mesh
	32.82



	>2 mm
	50.22










 





Table 4. Specific surface area data of magnetized zeolite.
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	Sample Name
	Specification
	Specific Surface Area m2/g





	Magnetic zeolite A
	1–3 mm
	109.443



	Magnetic zeolite B
	60–80 mesh
	13.704



	Magnetic zeolite C
	120 mesh
	16.754



	Modified zeolite A (M-Z A)
	1–3 mm
	6.013



	Modified zeolite B (M-Z B)
	60–80 mesh
	6.769



	Modified zeolite C (M-Z C)
	120 mesh
	9.511










 





Table 5. Semi-quantitative analysis of the anthracite post-alkaline treatment from the XRD profiles.
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	Alkaline Conc.
	Silica
	Mullite





	FA-1-1
	6 mol/L
	37%
	63%



	FA-1-2
	8 mol/L
	40%
	60%



	FA-1-3
	10 mol/L
	37%
	63%



	FA-1-4
	12 mol/L
	36%
	64%



	FB-1-1
	6 mol/L
	12%
	88%



	FB-1-2
	8 mol/L
	11%
	89%



	FB-1-3
	10 mol/L
	11%
	89%



	FB-1-4
	12 mol/L
	11%
	89%










 





Table 6. Semi-quantitative analysis of the zeolite derived from hydrothermal reaction from the XRD profiles (wt%).
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	Zeolite
	Magnetite
	Silicon Dioxide
	Cristobalite
	Heulandite-Ca
	Microcline





	Magnetized A
	60–80 mesh
	18%
	15%
	13%
	10%
	20%
	24%



	Magnetized B
	1–3 mm
	53%
	12%
	16%
	19%
	-
	-



	Magnetized C
	120 mesh
	26%
	13%
	8%
	9%
	31%
	13%



	Modified A
	1–3 mm
	26%
	-
	10%
	10%
	38%
	16%



	Modified B
	60–80 mesh
	42%
	-
	12%
	14%
	21%
	12%



	Modified C
	120 mesh
	23%
	-
	10%
	12%
	36%
	19%










 





Table 7. XRF data of magnetized zeolite (wt%).
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	Sample Number
	Si
	Al
	Fe
	K
	Ti
	Na
	Mg
	Ca
	Sr
	Zr
	Mn





	Magnetic zeolite A
	39.68
	7.74
	30.87
	1.38
	0.25
	2.72
	1.04
	2.40
	0.13
	0.06
	0.23



	Magnetic zeolite B
	59.94
	11.35
	11.02
	2.56
	0.23
	2.91
	0.77
	1.85
	0.02
	0.02
	0.12



	Magnetic zeolite C
	58.20
	11.79
	10.84
	2.52
	0.16
	3.40
	0.85
	1.95
	0.02
	0.01
	0.10



	Modified zeolite A
	70.25
	12.50
	0.83
	3.78
	0.15
	2.76
	0.44
	0.96
	0.02
	0.02
	0.07



	Modified zeolite B
	70.62
	12.37
	1.07
	3.04
	0.08
	3.31
	0.42
	1.37
	0.06
	0.03
	0.06



	Modified zeolite C
	69.06
	13.56
	1.13
	3.28
	0.11
	0.78
	0.78
	2.57
	0.02
	0.01
	0.05










 





Table 8. VSM result of the magnetized zeolites.
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Sample No.

	
Size

	
Saturated Magnetization

	
Residual Magnetization

	
Rectangle Ratio

	
Coercive Force (Hc/G)




	
Ms (A∙m2/kg)

	
Mr (A∙m2/kg)






	
Magnetized zeolite A

	
1–3 mm

	
5.8257

	
0.40636

	
0.07

	
72.115




	
Magnetized zeolite B

	
60–80 mesh

	
10.722

	
0.68184

	
0.064

	
63.611




	
Magnetized zeolite C

	
120 mesh

	
12.055

	
0.82313

	
0.068

	
71.612
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