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Abstract

:

Ion adsorption-type heavy rare earths found in southern China are important ore resources, whose yttrium(Y)-group rare-earth elements account for 90% of the total mass of rare earths known on the planet. At present, ammonia-nitrogen wastewater from extraction of rare earths pose threats to the environment. A bacterial strain (Bacillus sp. ZD 1) isolated from the “Foot Cave” mining area was used for adsorption of Y3+. Its adsorption capacity reached 428 μmol/g when the initial concentration of Y3+ was 1.13 mM. Moreover, 50 mg of Bacillus sp. ZD 1 (converted to dry mass) could completely adsorb Y3+ in the mother solution of mixed rare earths from the rare-earth mining area. Ammonia nitrogen in the remaining solution after adsorption was removed through denitrification using a fungus named Galactomyces sp. ZD 27. The final concentration of ammonia nitrogen in wastewater was lower than Indirect Emission Standard of Pollutants for Rare-earth Industry (GB 26451-2011). Furthermore, the resulting fungal cells of Galactomyces sp. ZD 27 could be used to produce single cell proteins, whose content accounted for 70.75% of the dry mass of cells. This study offers a new idea for integrated environmentally-friendly extraction and ecological restoration of the mining area in southern China.
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1. Introduction


Rare-earth elements, collectively referring to a total of 17 elements including 15 lanthanide elements, together with yttrium (Y) and scandium in the same family, are widely used in many industries, such as national defense, electronics, aerospace, energy, and transportation. Furthermore, they are strategic resources used to promote the upgrading of national strategic emerging industries and maintain national resources and economic security [1]. China benefits from large rare-earth reserves and supplies the vast majority of rare-earth resources on global markets [2]. At present, the “Foot Cave” deposit of heavy rare-earths in Longnan County, Ganzhou City, Jiangxi Province (which is the largest ion adsorption-type heavy rare earth deposit in China with an area of about 40 km2) is a main production area of raw materials for heavy rare-earths in China. Rare-earth ions in this mining area are mainly adsorbed on the surface of clay minerals, such as kaolinite, halloysite, and mica. Y-group rare-earth elements account for the majority thereof, ∑Y2O3/∑TR2O3 is greater than or equal to 90% [3]. Five rare-earth elements including yttrium, terbium, dysprosium, europium, and neodymium are regarded as the most important rare-earth metals in the USA due to their vital roles in clean energy technology applications [4,5] and a huge market demand leads to the prosperity in mining of Y-rich rare-earth ores. Wells for fluid injection are arranged on the mountain surface, in which ammonium sulphate solution is injected into the ore body to serve as the leaching agent. Based on this, ion exchange of rare-earth ions adsorbed on the surface of clay minerals and ammonium ions occurs, and then the rare-earth ions are collected to a hydrometallurgical workshop through liquid collection engineering. Thereafter, the carbonate rare earth products are obtained through precipitation and enrichment by adding ammonium bicarbonate [6]: however, much ammonia nitrogen is used in the process of ore leaching and purification and it enters soil and water under the influences of rainfall, leading to eutrophication and posing great risks to the environment [7]. Therefore, it is urgent to develop an environmentally-friendly extraction process for ion adsorption-type rare-earth ores, to realize sustainable development.



As a new type of metallurgical technique for processing mineral resources, biomining is widely used in theoretical and applied research into the smelting of multiple metal minerals [8,9], in which recovering metals by microbial adsorption forms the second stage of biomining [10]. Due to their large specific area, small volume, and rapid rate of reproduction, bacteria can adsorb a variety of rare-earth ions [11,12,13,14]. Microbial adsorption has great application prospects in the mining and metallurgy of rare-earth metal ions [15]; however, the low adsorption capacity of microorganisms for rare-earth ions results in a low extraction efficiency, which limits its application in rare earth mining, metallurgy, and recovery.



The treatment of ammonia-nitrogen wastewater by biotechnology has become a research focus in recent years [16,17]. The conventional microbial degradation of ammonia nitrogen includes aerobic nitrification by autotrophic microorganisms and denitrification by heterotrophic microorganisms under anaerobic conditions, however, such a denitrification system is difficult to realize in practice due to a low nitrification rate and complicated separation of nitrification and denitrification stages [18]. Recently, a group of microorganisms that can combine heterotrophic nitrification and aerobic denitrification has been studied, which shows potential for application in ammonia nitrogen removal [19]. Heterotrophic nitrification and aerobic denitrification of fungi have attracted broad interest: although fungi usually grow slowly, they have a large biomass and a high degradation efficiency and can adapt to harsh environmental conditions. Fungi were found to be able to remove ammonia nitrogen under different substrate concentrations, which play an increasingly important role in the nitrogen cycle [20,21].



In this study, microorganisms with excellent adsorption capacity for Y3+ were screened from the “Foot Cave” Y-rich rare-earth mining area. To realize the extraction of rare earths, the bacteria were used to adsorb rare-earth ions in mother solution from ore soil leached with ammonium sulphate. The waste liquid after adsorption contained a large amount of ammonia nitrogen and was made into a basal medium suitable for the growth of fungi by adding appropriate nutrient elements after dilution. The capacity of fungi that can remove ammonia nitrogen allows the final ammonia nitrogen in mining wastewater to meet prevailing emissions standards. This study lays a foundation for the application of microorganisms in the mining process of ion adsorption-type rare-earth ores in southern China and provides a new idea for solving problems related to ecological damage and environmental pollution in mining areas.




2. Materials and Methods


2.1. Analysis of Soil Samples in the Mining Area and Rare-Earth Extraction with Ammonium Sulphate


Soil samples were collected from the “Foot Cave” Y-rich rare-earth mining area in Longnan County, Ganzhou City, Jiangxi Province, China in spring (early April) when conditions were optimal for microbial reproduction. Sample collection and determination of the contents of rare earth elements have been published [15]. The processes and results are outlined here. The ore samples were taken back to the laboratory within 12 h. The samples were divided into two parts: one was placed in a refrigerator at 4 °C for screening strains; the other was used for analysis of the content of rare-earth elements. The analysis results are shown in Supplementary Material (Supplementary Material Table S1). The results demonstrate that the content of rare-earth elements in topsoil at the non-mined site is significantly higher than those at the mined site or in deep soil and the content of Y, a heavy rare-earth element, is hundreds of times higher than that of light rare earths. The reason for this is the particularity of ion-adsorbed rare earth occurrence in southern Jiangxi: the parent rock contains a low rare-earth content, which moves upwards with weathering and the topsoil has a high rare-earth content [3]. Based on the measurement of the content of rare-earth elements in the ore samples, the surface soil at the non-mined site was selected as the rare-earth ore sample for leaching with ammonium sulphate solution to obtain a mother solution of rare-earth ions and was used in a microbial adsorption experiment. According to Chi and Tian [22], the leaching of the ion adsorption-type rare-earth ore in southern Jiangxi Province is suitable given the following conditions: the rare-earth ore was leached for 30 min at room temperature in 3% ammonium sulphate solution agitated at 250 rpm on a shaking table and then centrifuged at 8000 rpm to acquire the mother solution of rare-earth ions.




2.2. Screening of Microorganisms for Adsorbing Y3+


Soil microorganisms were isolated from the soil samples by the spread plate method, thus obtaining 26 strains of bacteria and 13 strains of fungi. To screen microorganisms that could adsorb Y3+, the bacterial and fungal biosorbents were prepared separately. Bacterial cells were obtained through liquid-state fermentation for 24 h in a Luria-Bertani culture medium, while mycelium was acquired by fermentation for 3 to 5 d in a Potato-Dextrose Broth medium. The resulting bacteria and fungi were harvested by centrifuge, and then ground into powder after being dried. The Y3+ adsorption of the microbe was conducted as follows: 5 mL of 0.5 mM Y3+ solution was added into a 10-mL centrifuge tube, the tube was placed in an oscillator (Qilinbeier KB5010, Haimen, China) for balancing for 2 h after adding microbial adsorbents (5 mg) and then centrifuged for 10 min at 6000 rpm to separate adsorbents from supernatant. The concentrations of Y3+ in the initial solution and remaining solution after adsorption were identified and the amount of Y3+ adsorbed by microbial adsorbents was calculated.




2.3. Sequencing of the 16S and 5.8S rRNA Genes


A bacterium (No. 1) and a fungus (No. 27) with the best adsorption effects on Y3+ were selected for identifying microbial species. The universal primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′ and 1492R (5′-GGTTACCTTGTTACGACTT-3′) of bacteria and universal primers ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) of fungi were taken as primers and genomes of the No. 1 bacterium and No. 27 fungus were used as templates. The objective fragment was obtained through polymerase chain reaction (PCR) of Taq DNA polymerase (Takara, RR001q) and the PCR procedure is illustrated as follows: the polymerase underwent 30 cycles at 98 °C (5 min), 98 °C (10 s) at 57 °C (5 s), and 72 °C (1 min), then fully extended at 72 °C for 10 min. The objective fragment was sent to Shanghai Sangon Biotech (Shanghai) Co., Ltd., Shanghai, China, for sequencing. After submitting the objective sequences of No. 1 bacterium and No. 27 fungus to the US National Center for Biotechnology Information (NCBI) for alignment, it was found that they were most similar to Bacillus vallismortis and Galactomyces candidum, with similarities of 99.86% and 100%. The sequences of bacterial species have been uploaded to the NCBI with the serial numbers of MN508970 and MN509003. Phylogenetic tree of the strains was drawn by MEGA5.0.




2.4. Adsorption Capacity of No. 1 Bacterium for Y3+ and Rare-Earth Adsorption by the Bacterium from Mother Solution of Mixed Rare Earths


The above experimental results show that No. 1 bacterium has the best adsorption effects on Y3+. Therefore, it was selected as the objective strain to ascertain the adsorption capacity for Y3+ and used as a biosorbent to adsorb rare-earth ions from mother solution of mixed rare earths. A stock solution (10 mM) of Y3+ was prepared and diluted 100, 20, and 10 times to get Y3+ solution with different concentrations for later use. In analysis of adsorption capacity of Y3+ by No. 1 bacterium, the bacterial adsorbent was the dried bacterial powder. Bacterial powder (10 ± 0.05 mg) was weighed and added into a 15-mL clean centrifuge tube. After adding Y3+ solution of different concentrations, the tube was put on the oscillator for balancing for 2 h. The bacterium and supernatant were separated by centrifugation and the concentrations of Y3+ in the solution before and after adsorption were determined. Moreover, the adsorption capacity was calculated. The bacterial sample after adsorption with an initial Y3+ concentration of 1 mM was fixed for at least 4 h in 2.5 mM glutaraldehyde (containing 1 mM Y3+) and then fixed in 1% osmic acid after rinsing. Furthermore, after embedment in Epon812 resin and gradient dehydration in acetone, the samples were sliced and the morphology of Y3+ adsorbed by the bacterium was observed by a transmission electron microscope (TEM) (JEM1200, Japan) after staining the ultra-thin slices with uranium acetate and lead citrate. The adsorption of No. 1 bacterium for rare-earth ions from the mother solution of mixed rare earths was measured as follows: a bacterial cell suspension with OD600 = 2.8 was obtained through centrifugation after culturing the bacterium for 24 h in the LB medium. To determine the cell dry mass per millilitre of the cell suspension, 5 mL of the bacterial suspension was centrifuged to acquire the bacterial cells, which were then dried, and weighed. The dry mass of cells per millilitre of bacterial suspension was about 5 mg. That is, the dry bacterial concentration in the bacterial suspension was approximately 5 mg/mL. The prepared bacterial cell suspensions (1, 3, 6, and 10 mL) were placed into the 10-mL clean centrifuge tubes and then the supernatant was removed by centrifugation for 10 min at 6000 rpm. The mother solution of rare-earth ions (5 mL) was added into the tubes containing the bacterial cells. Thereafter, the tubes were placed on the oscillators for balancing for 2 h at room temperature and agitated at 200 rpm. Finally, we separated the bacterium from the supernatant by centrifugation for 10 min at 6000 rpm. Ion concentrations in the mother solution of rare-earth ions and remaining solution after adsorption were separately identified.




2.5. Determination of Y3+ Concentration


The content of rare earths in mineral soil samples was determined by ICP-MS after digestion. The concentrations of Y3+ before and after adsorption when screening microorganisms for absorbing Y3+ were measured by Arsenazo III colorimetric method [23]. The reaction system consists of 1 mL citric acid/phosphate buffer (pH 2.8), samples of 980 μL and 1 mM Arsenazo (20 μL). After the samples in the system were mixed evenly, the absorbance at 650 nm was detected by a spectrophotometer (Youke, Shanghai, China), and the concentration of Y3+ was calculated according to standard curves. The standard solution of Y3+ was prepared into 0, 0.5, 1, 5, and 10 mM for drawing the standard curves. The contents of ions in the mother solution of mixed rare earths and the remaining solution after adsorption were determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES).




2.6. The Ability of the Fungus to Degrade Ammonia Nitrogen and Wastewater Treatment


2.6.1. The Ability of the Fungus to Degrade Ammonia Nitrogen


By using ammonium sulphate as the sole nitrogen source, No. 27 fungus was cultured in a minimal salt medium (MSM) to reveal the degradation of ammonia nitrogen. The components (g/L) of the MSM included 0.9 g (NH4)2SO4, 4.8 g glucose, 0.5 g K2HPO4·3H2O, 0.25 g KH2PO4, 1 g NaCl, 0.25 g MgSO4·7H2O, and trace elements (TEs) 1 mL. The required raw materials of TEs (g/L) included 50.6 g EDTA·2Na, 2.2 g ZnSO4·7H2O, 5.5 g CaCl2, 1.0 MnCl2, 5.0 g FeSO4·7H2O, 1.1 g ammonium molybdate, 1.6 g CuSO4, and 1.6 g CoCl2, with a pH of 6.0. Seed solution (1 mL) was added into the MSM for culture for 2 d at 28 °C at 150 rpm and the concentrations of ammonia nitrogen and biomass of the fungus were ascertained by sampling at different times. The degradation curve of ammonia nitrogen and growth curve of the fungus were plotted. The concentration of ammonia nitrogen was determined by Nessler’s reagent spectrophotometry and the biomass of fungus was determined by measuring the turbidity of bacterial culture at 600 nm.



Under different concentrations of ammonia nitrogen, the ability of No. 27 fungus to degrade ammonia nitrogen and the growth of the fungus were explored according to the method of Liu et al. [24]. The procedure is as follows: the MSM was used and the concentrations of ammonia nitrogen were set to 400, 800, 1400, 2000, and 2500 mg/L. At C/N = 10, glucose to corresponding concentrations was added, while the other components were not changed. It should be noted that, different volumes of ammonium ion stock solutions (sterilized by 0.22-µm filtration membrane) were added to the cooled culture medium to prevent Maillard reaction between ammonia nitrogen and some components in the culture medium at high temperature, thus avoiding interference with the determination of the concentration of ammonia nitrogen. After introducing the seed solution (1 mL), the fungus was cultured for 100 h at 150 rpm at 28 °C. During this period, the samples were taken to measure the concentration of ammonia nitrogen and biomass of the fungus.




2.6.2. Design of a Uniform Experiment


High-concentration ammonia nitrogen was contained in the mother solution of mixed rare earths and the concentration of ammonia nitrogen in the residual waste liquid after adsorbing rare-earth ions by the bacterium was about 2200 mg/L. To decrease ammonia nitrogen levels remaining in the waste liquid that reach the prerequisite emissions standard, the original waste liquid was diluted five-fold to reduce the ammonia nitrogen concentration to about 400 mg/L. In this case, the content of the other nutrient elements therein was almost zero. Therefore, the mixed liquid containing glucose, phosphorus source (dipotassium hydrogen phosphate: potassium dihydrogen phosphate = 2:1), NaCl (1 g/L), MgSO4·7H2O (0.5 g/L) and 1‰ trace elements was added to prepare the culture medium that is suitable for microbial growth. To optimize the C/N ratio, the initial concentration of ammonia nitrogen and content of phosphorus source in the culture medium minimizes the final concentrations of the remaining ammonia nitrogen, sugar, and phosphorus in the culture solution, a uniform experiment was designed according to the following Table 1. A total of six groups of experiments (three replicates each) were conducted, and the fungus and supernatant were separated through centrifugation after culture for 3 d at 28 °C. Ammonia nitrogen, nitrate nitrogen, total nitrogen, chemical oxygen demand (COD), and total phosphorus in the supernatant were determined by the distillation–neutralization titration method (HJ 537-2009), phenol disulphonic acid spectrophotometry (GB/T 7480-1987), alkaline potassium persulphate digestion–UV spectrophotometry (HJ 636-2012), dichromate method (HJ 828-2017), and ammonium molybdate spectrophotometry (GB/T 11893-1989), respectively. Based on the measurement results, an equation was deduced through regression analysis.



To verify whether the optimized formula can ensure the maximum degradation of ammonia nitrogen, the culture medium was prepared according to the amounts of carbon source, nitrogen source, and phosphorus source in the above formula while keeping other components unchanged. In the medium, No. 27 fungus was inoculated and cultured for 3 d, thereafter, the fungus and supernatant were separated through centrifugation for 10 min at 8000 rpm. The supernatant was used to identify the content of the components, and the fungus was frozen, dried, and weighed to determine the content of single cell proteins. The crude protein content in the fungus was obtained according to the method recommended by the national standard (GB5009.5-2016), that is, the crude protein content in the samples was determined by a Kjeldahl nitrogen meter after digestion of fungal cells. The crude protein content in the samples was calculated in accordance with the formula   X =    (   V 1  −  V 2   )  ×    C    × 0.0140    m    ×  V 3  / 100   × 6.25 × 100   Where, X represents the content (g/100 g) of proteins in the samples; V1, V2, and V3 denotes the volume (mL) of standard titrant of sulphuric acid or hydrochloric acid consumed by the test solution, the volume (mL) of standard titrant of sulphuric acid or hydrochloric acid consumed by the blank reagent, and the volume (mL) of the adsorbed digested fluid, respectively. C denotes the concentration (mol/L) of standard titration solution and m is the mass (g) of the sample.






3. Results and Discussion


3.1. Strain Screening


The results show that 39 strains of microorganisms screened from the rare-earth ore exert different adsorption effects on Y3+, among which No. 1 and No. 27 strains have the best adsorption effects on Y3+ (Figure 1). The morphology of the No. 1 strain on the agar plate is like that of a bacterial colony, while the No. 27 strain presents a fungus-like morphology. By investigating conservation of 16S rRNA and 5.8S rRNA sequences, it was found the No. 1 strain belongs to the Bacillus species and is named Bacillus sp. ZD1, while the No. 27 strain is a Galactomyces sp., named Galactomyces sp. ZD27 (Figure 2).




3.2. Adsorption of Bacillus sp. ZD1 for Y3+ at Different Concentrations


Bacteria can adsorb various rare-earth ions due to characteristics, such as the large specific area, small volume, and rapid rate of reproduction [14,25,26]. Many studies indicated that multiple rare-earth ions are adsorbed based on the biomass of bacteria. For example, Mullen et al. [27] compared and studied the adsorption of several types of bacteria (Bacillus cereus, B. subtilis, Escherichia coli, and Pseudomonas aeruginosa) for a variety of metal ions. The results show that bacteria in a 1 mM La3+ system can adsorb 27% La3+ on average [11]. Texier et al. [28] found that P. aeruginosa adsorbed La3+, Eu3+, and Yb3+ by multilayer adsorption, with the maximum adsorption capacities of 397, 290, and 326 µmol/g, respectively. Under different initial concentrations in this study, adsorption capacities of Bacillus sp. ZD 1 for Y3+ are different (Table 2). When the initial concentrations are 0.09, 0.48, and 1.13 mM, the adsorption capacities of bacteria per gram for Y3+ are 90, 299, and 428 μmol and removal percentage are 100%, 62%, and 38%. Compared with the adsorptions of rare-earth ions by microbes, the adsorption capacity of Bacillus sp. ZD 1 for Y3+ is higher under the same initial concentration, indicating that the bacterium could be used to adsorb rare-earth ions.



Microorganisms are the earliest and most common life forms that make contact with metal ions in the natural environment and biosorption is the most direct mode of contact between them. Biosorption is an independent metabolic process occurring on the cell walls of organisms or biomass. For example, algae, yeast, bacteria, and their biomass are used to adsorb metal cations [29,30,31], and metal ions are adsorbed by functional groups (amino, carboxyl, phosphate, etc.) on the surface of microorganisms. Adsorption mechanisms include electrostatic interaction [32,33], ion exchange [34], surface chelation [35], redox [32], and precipitation [36,37]. The surface adsorption of microorganisms for metal ions is usually a passive process that does not depend on energy metabolism and reaches equilibrium quickly. The adsorption capacity usually accounts for most of the metal accumulated by microorganisms [38,39]). Based on the analysis using the TEM combined with the electron energy spectrometer, it is found that the adsorption for Y3+ by Bacillus sp. ZD 1 is extracellular when the adsorption reaches equilibrium at 2 h and Y3+ is adsorbed on the surface of bacterial cells, as if in clumps of villi (Figure 3 and Supplementary Material Figure S1). Y3+ may be adsorbed by functional groups (amino, carboxyl, phosphate, etc.) on the surface of Bacillus sp. ZD 1.




3.3. Prepared Mother Solution of Mixed Rare-Earth Ions and Bacterial Adsorption for Rare-Earth Ions


The total content of rare earth in soil samples is 2091.42 mg/kg (Sc and Po are not included); the total rare earth content in soil leaching solution after treatment with ammonium sulphate is 1073.95 mg/kg (Supplementary Material Table S2) This suggests that 51% of the total rare-earth elements in the rare-earth ore can be desorbed into the leaching solution by using 3% ammonium sulphate solution to leach the rare-earth ore. The leaching liquor resulting from the use of ammonium sulphate is the mother solution of mixed rare-earth ions. The analysis results of ICP-AES show that the content of heavy rare earths in the leached mother solution is slightly higher than that of light rare earths (Supplementary Material Table S2). It is worth mentioning that Y accounts for 67% of the mother solution of mixed rare-earth ions and its leaching percentage reaches 51%. By adsorbing rare-earth ions in the mother solution of rare-earth ions by Bacillus sp. ZD 1 cells of different concentrations, the results show that bacterial adsorbent of 5 mg can adsorb 17.42% of Y3+, and percentage of adsorption of bacterial adsorbents (15, 30, and 50 mg) for Y3+ separately reach 31.40%, 67.98%, and 99.21% (Figure 4).



The 15th International Conference on Environmental Science and Technology held in Greece in 2017 redefined the meaning of biomining and considered biomining as a bio-metallurgical technology combining bioleaching in the first stage and biosorption in the second stage [10]. A number of biological mining processes rely on the fact that most of the metal ions can be recovered by the following two steps: obtaining the leaching solution containing metal ions through use of the bioleaching technology, then adsorbing metal ions by (micro) biosorption, and finally recovering metal ions by the combustion of the (micro) adsorbent [40,41]. The extraction of rare-earth ions in the mother solution of mixed rare earths only involves biosorption. Bacillus sp. ZD1 with strong adsorption ability for Y3+ can be used to adsorb rare-earth ions in the mother solution and rare-earth elements can be recovered through combustion. This lays a foundation for the biological mining technology in the exaction of the rare-earth ore.




3.4. The Removal of Ammonia Nitrogen by Galactomyces sp. ZD27


Biodegradation is an important process in the field of wastewater treatment. At present, some denitrifying bacteria, such as Pseudomonas [42], Alcaligenes faecalis [43], and Burkholderia [7] have been identified: however, compared with bacteria, filamentous fungi are easier to cultivate and immobilize, especially some fungi which can form mycelial pellets and have good biological properties. A strain of heterotrophic nitrifying fungus that can degrade ammonia nitrogen was isolated from activated sludge in an aeration tank for coking wastewater and was cultured for 3 d under an initial concentration of ammonia nitrogen of 130 mg/L. Its degradation percentage for ammonia nitrogen is 95.68% and there is almost no accumulation of nitrite nitrogen and nitrate nitrogen [44]. Liu et al. [24] obtained a strain of fungus Paecilomyces variotii with strong ability to remove ammonia nitrogen isolated from chicken manure compost. When the concentration of ammonia nitrogen is lower than 100 mg/L, the removal percentage for ammonia nitrogen is 100%; as the concentration of ammonia nitrogen exceeds 1100 mg/L, the removal percentage is 40% and the maximum degradation percentage is 15 mg-N/L/h. In this research, when culturing the No. 27 fungus by taking ammonia nitrogen with the concentration of 248 mg/L as nitrogen source, the adaptive period of the fungus is 6 h, followed by a tendency to rapid growth. At 20 h, a stationary period is reached, and the rate of degradation of ammonia nitrogen is maximized in the logarithmic period. Ammonia nitrogen is almost completely degraded when reaching the stationary period after culturing for 20 h (Figure 5).



The determination results of the No. 27 fungus in terms of its tolerance to and degradation effects on high-concentration ammonia nitrogen show that the fungus has consistent growth curves under high concentrations of ammonia nitrogen and all densities of the fungus reach OD600 of 1.2 in the stationary period. The results indicate that high-concentration ammonia nitrogen cannot inhibit growth of No. 27 fungus (Figure 6). Under different concentrations of ammonia nitrogen, the rapid degradation process of ammonia nitrogen always occurs in the logarithmic growth period of Geotrichum sp. After entering the stationary period, the degradation rate of ammonia nitrogen is very low and remains quasi-constant. The degradation of ammonia nitrogen under different initial concentrations is summarized in Table 3.



No. 27 fungus has a very strong ability to remove ammonia nitrogen and there is almost no NO3− residue (Supplementary Material Table S3). When the initial concentration of ammonia nitrogen is 242.66 mg/L, the maximum degradation rate of ammonia nitrogen is 20.12 mg/L·h (the calculation methods refers to Yang et al. [45]), which is higher than that of fungi reported by Liu et al. [24]. In addition, No. 27 fungus is classified as a dimorphic fungus in the genus Geotrichum and its morphology is somewhat between bacteria and fungi. It forms short hyphae in liquid culture and reproduces in the form of arthrospores by hyphal rupture (Supplementary Material Figure S2). At the end of culture, the culture medium was stood, and the fungus settled naturally after about 3 h (Supplementary Material Figure S3). This feature allows omission of the step of centrifugal filtration in any industrial application, which offers the benefits of energy saving.




3.5. Optimisation Design of Degradation of No. 27 Fungus on Ammonia-Nitrogen Wastewater


The rare earths were extracted through the adsorption by bacteria in the mother solution of mixed rare earths and the residual waste liquid contained a large amount of ammonia nitrogen with a concentration as high as 2200 mg/L. The above experimental results pertaining to the degradation of ammonia nitrogen show that such a fungus could completely degrade ammonia nitrogen when the concentration of ammonia nitrogen was about 400 mg/L, so the original waste liquid was diluted five-fold to reduce the ammonia nitrogen concentration to about 400 mg/L. When diluting to about 400 mg/L, there were almost no residual soil nutrients (such as K+, Mg2+, and P) in the solution. A carbon source and inorganic salt were added to transform the waste liquid into the basal culture medium suitable for microbial growth. After optimization of the culture medium, ammonia nitrogen was degraded to the maximum extent. The COD, total nitrogen, total P, ammonium nitrogen, and nitrate nitrogen were identified in the uniform experiment design and the determination results of each index are shown in Supplementary Material Table S3. SPSS was used to perform regression analysis on data, thus obtaining an equation Y = −0.745081807 X1 − 0.000330308 X22 − 0.001234486 X32 + 0.009908125 X1X3 + 0.00134483 X2X3 + 84.9550 (R2 = 0.95), in which X1: C/N; X2: NH4+-N (ppm) and X3: P (ppm). Y represents the percentage of removal of ammonia nitrogen. Theoretical calculation showed that, when X1 = 10, X2 = 400, and X3 = 190, Ymax was 100%. Under such conditions, No. 27 fungus was cultured for 3 d and the verification results are close to those calculated using the regression equation. At C/N = 10, the initial concentration of ammonia nitrogen is 410 mg/L, and that of the P source is 190 mg/L, the percentage of removal of ammonia nitrogen is 88.67% after fermentation for 3 d. The residual concentration of ammonia nitrogen in the waste liquid is 46.45 mg/L, which is lower than the Indirect Emission Standard of Ammonia Nitrogen (50 mg/L) of Pollutants for the Rare-earth Industry (GB 26451-2011).



In recent years, it is common to produce single cell protein through microbial fermentation with industrial wastes as raw materials, such as high-concentration fermentation wastewater, yellow serofluid, and waste molasses [46,47]. The fungus, Geotrichum, is a common strain used for producing single cell protein. In this study, the biomass of the No. 27 fungus fermented for 3 d in an optimized basal culture medium using ammonia nitrogen as a nitrogen source is 1.74 ± 0.05 g/L and the content of single cell protein accounts for 70.75% of the dry mass of the cells. Although the biomass of bacteria is low under such culturation conditions, the content of single cells is high, which has value in terms of the comprehensive utilization thereof.





4. Conclusions


The current extraction process of the ion adsorption-type rare-earth ore is facing elimination due to production of a large amount of ammonia-nitrogen wastewater. The need for a new, environmentally-friendly extraction process for ion adsorption-type rare-earth ores is pressing. Bacillus sp. ZD 1 screened in this study has good adsorption effects on rare-earth Y3+ and can potentially be applied to extraction of rare-earths. Under an initial concentration of Y3+ of 1.13 mM, the adsorption capacity reached 428 μmol/g and 50 mg of Bacillus sp. ZD 1 (converted to dry mass) can fully adsorb Y3+ in the mother solution of mixed rare-earths from leaching of the ore with ammonium sulphate solution.



The waste liquid after extraction of rare-earth ions through bacterial adsorption is transformed into the culture medium suitable for growth of fungi through dilution and addition of carbon source and inorganic salt. Thereafter, Geotrichum sp. ZD 27 was inoculated for heterotrophic nitrification and aerobic denitrification, thus removing ammonia nitrogen from wastewater. This causes the ammonia nitrogen concentration to be reduced from 400 mg/L to 46 mg/L, which is lower than the Indirect Emission Standard of Pollutants for Rare-earth Industry (GB 26451-2011). Meanwhile, the resulting cells of Geotrichum sp. could be used to produce single cell protein, the content of which reached 70.75% (by dry mass) of cells. The research results show that bacterial adsorption and fungal denitrification have great application prospects in the integration of environmentally-friendly and efficient development of ion adsorption rare-earth ores and ecological restoration.
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Figure 1. Adsorption effects of 39 strains of microorganisms screened from rare-earth mining area for rare-earth ions Y3+ (Nos 1 to 26 are bacteria, while Nos 27 to 39 are fungi). 






Figure 1. Adsorption effects of 39 strains of microorganisms screened from rare-earth mining area for rare-earth ions Y3+ (Nos 1 to 26 are bacteria, while Nos 27 to 39 are fungi).



[image: Sustainability 13 09460 g001]







[image: Sustainability 13 09460 g002 550] 





Figure 2. Evolutionary relationships of taxa (1: solid triangle, 27: solid circle). (A) strain No. 1. (B) strain No. 27. The evolutionary history was inferred using the neighbor-joining method; evolutionary analyses were conducted using MEGA5. 
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Figure 3. Transmission electron micrograph of Bacillus sp. ZD1 cells equilibrated with 1 mM Y3+. (a) Precipitates are villous deposits around the cell. Bar, 200 nm. (b,c) show element maps of O (green) and Y (yellow). (d) Scans of the white rectangular box in a. 
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Figure 4. Adsorption of rare-earth ions in mother solution of mixed rare earths by a bacterial adsorbent, Bacillus sp. ZD1. 
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Figure 5. Degradation of ammonia nitrogen by Geotrichum sp. ZD 27. 
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Figure 6. Degradation of ammonia nitrogen with different initial concentrations by Geotrichum sp. ZD 27. 
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Table 1. Uniform design test factor level U6 (63).
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	Num. of Experiments
	X1

Concn. of NH4+-N (mg/L)
	X2

C/N
	X3

Concn. of Phosphorus (mg/L)





	1
	50
	5
	60



	2
	100
	20
	200



	3
	150
	40
	40



	4
	200
	2.5
	160



	5
	300
	10
	20



	6
	400
	30
	80
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Table 2. Adsorption capacity and removal percentage of Y3+ by Bacillus sp. ZD 1 under different initial Y3+ concentrations.






Table 2. Adsorption capacity and removal percentage of Y3+ by Bacillus sp. ZD 1 under different initial Y3+ concentrations.





	

	
Sorption (μmol·g−1) with an Initial Concentration of Y3+




	
0.09 mM

	
0.48 mM

	
1.13 mM






	
adsorption capacity

	
90 (±13)

	
299 (±30)

	
428 (±81)




	
removal percentage

	
100%

	
62%

	
38%
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Table 3. Ammonium removal capability of the Geotrichum sp. at various nitrogen concentrations.






Table 3. Ammonium removal capability of the Geotrichum sp. at various nitrogen concentrations.





	Cultivation Time (h)
	Initial NH4+-N (mg/L)
	Final NH4+-N (mg/L)
	Removal Percentage (%)





	20
	242.66 (±15.28)
	14.10 (±4.40)
	94.42



	20
	493.77 (±19.57)
	154.34 (±31.06)
	68.55



	46
	778.54 (±103.49)
	333.59 (±27.06)
	56.91



	46
	1364.61 (±20.18)
	1051.87 (±66.17)
	22.95



	70
	1795.58 (±7.63)
	1517.16 (±53.39)
	15.50



	100
	2587.59 (±66.64)
	2086.70 (±78.37)
	19.34
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