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Introduction: Understanding organic amendment and the agglomeration of bauxite residue particles is vital to soil amelioration of bauxite residues. In this study, a pot culture experiment was conducted to illustrate the aggregation of organic amendment on bauxite residues particles and its improvement mechanism. The single organic amendment and its combination with soil inoculum were conducted to explore the aggregation effect of organic matter on bauxite residue particles, and its correlations with microbial rehabilitation.
 Methods: The dry- and wet-sieving method were used to obtain different sizes of aggregates. The concentrations of soil organic carbon and iron and aluminum (Fe/Al) oxides in the forms extractable by DCB (Fed/Ald) and oxalate (Fe0/Al0) were measured. Microbial rehabilitation after 180 days incubation was determined with the methods of Biolog Ecoplate™ and the high-throughput sequencing.
 Results and Discussion: The results showed that over 180 days incubation, the alkalinity of bauxite residues was significantly decreased with the organic amendment based on the value of pH, EC and ESP (down to 9.26, 0.61 m/cm and 55.5%, respectively, in HS3). Secondly, organic amendment significantly promoted microbial community establishment and ecological function recovery. Moreover, the MWD value of aggregates also increased to 0.73 mm from the initial 0.32 mm, companied with the increase of the Fe/Al oxidizes. The further Pearson relationship analysis and the characterization of EPMA and SEM indicated that the organic matter and Fe/Al oxides played important roles in cementing fine bauxite residues particles and increasing aggregates stability, while this aggregation process was accelerated by the establishment of microbial ecology in bauxite residues. Therefore, organic amendment was more implication in soil amelioration of bauxite residues other than the directive modifications on alkalinity.
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1 INTRODUCTION
Aluminum plays a strategic role in economic development and national defense program. The extraction of alumina from bauxite by the Bayer Process is an important process for the production of strategic aluminum (Smart et al., 2016). However, due to the limitation of production technology, a large amount of high alkaline solid waste - bauxite residues is produced during alumina extraction (Kong et al., 2018). Globally, the cumulative inventory of bauxite residue is about 4.60×109 t, and the annual production has reached 2.00×108 t by 2018 (Zhu et al., 2016d; Xue et al., 2016). Moreover, bauxite residues are characterized by strong saline-alkalinity, heavy metals, fine particles size and poor agglomeration, which cause environmental risk to the surrounding environment and life of residents (Higgins et al., 2017; Di Carlo et al., 2020). Recently, increasing investigations proved that the ecological landscape construction with various organic and inorganic amendments was considered a promising approach for the reclamation of bauxite residues on a large scale and to reduce its potential environmental risks (Courtney et al., 2013; Zhu et al., 2016a; Xue, 2019). However, the characteristics of strong alkalinity, poor aggregate structure, and low organic matter content are still the big challenges facing soil amelioration of bauxite residues, which defines the following reclamation of bauxite residues disposal site (Di Carlo et al., 2019b; You et al., 2019).
In practice, soil aggregates are important to ensure that soil remains structured and consistent, which play a key role in soil water and fertilizer conservation, enzyme activity regulation, and air permeability (Wilpiszeski et al., 2019). So that, the aggregation of bauxite residue clays is a key step to promote the soil amelioration of bauxite residue, although the transformation of bauxite residue into a plant-established soil-like medium, also known as bauxite residue soil amelioration, usually undergoes a series of physical, chemical, and biological processes (Goloran et al., 2017; Xue, 2019). In fact, the optimization of the aggregate structure, improvement of organic nutrients, and microbial restoration are all necessary for soil amelioration of bauxite residues (Tian et al., 2020). However, the aggregation of bauxite residue clays, the same to its alkalinity regulation, is a limiting step for the ecological reclamation of bauxite residues (Jones et al., 2012b; Courtney et al., 2013; Xue et al., 2019e). It showed that the natural weathering could improve the physical structure of bauxite residue (Zhu et al., 2016a), with the aggregate formation and plant growth (Santini and Fey, 2013), but this soil amelioration process could be speeded up with some improvement measures (Bray et al., 2018). For example, Zhu et al. (2017) found that the addition of organic matter and Ca2+ can reduce bauxite residue’s pH, promote the formation and stability of macro aggregate particles in the bauxite residue matrix. The single addition of organic matter also could drive the agglomeration of bauxite residue particles, improve the bauxite residue’s structure, and promote microbial rehabilitation and then soil development (Wang et al., 2014; Tian et al., 2020).
In addition, microorganism, as an important part of soil ecosystem, regulating energy flow and material circulation, also plays a key role in soil amelioration of bauxite residue (Ke et al., 2021). It was proved that the rehabilitated microorganisms could produce or excrete various functional metabolites, including organic/inorganic acids, and extracellular polymers, which could neutralize bauxite residues’ alkali and bind fine bauxite residues’ particles into the larger and stable aggregates (Di Carlo et al., 2020; Redmile-Gordon et al., 2020). This is beneficial to regulate the alkalinity and salinity, increase the agglomeration of micro-particles, and lastly promote the rehabilitation of bauxite residue (Xue et al., 2019f; Ke et al., 2021). Previous studies have shown that the assembly and succession of fungal flora in rehabilitated bauxite residue were also driven by the improvement of texture structure and fertility and the decrease of alkalinity of bauxite residue matrix (Dong et al., 2021). Nevertheless, there is still necessary to give more investigation on the comprehensive improvement of organic amendment on the aggregate formation and microbial community restoration in bauxite residue.
The object of this study is to explore the effect of organic matter addition on the agglomeration of bauxite residue particles, and its correlations with microbial rehabilitation during the bauxite residues amelioration process. The pyroligneous acid extracted from corn stalk was chosen as the organic matter amendment, and the campus soil was used as a microbial source. Soil culture experiment was used to evaluate the soil amelioration effect of organic matter on bauxite residue by analyzing the dynamic changes of salinity, aggregate structure, functional microbial community, and other indexes of the improved matrix with different incubation times. We hope to provide theoretical support for the large-scale ecological disposal of bauxite residue by this study.
2 MATERIALS AND METHODS
2.1 Materials preparation and experimental design
The bauxite residue used in this study was provided by the Shandong branch of Chinalco Limited in Zibo, China (118.05686°E, 36.761111°N). The 0–30 cm samples from the bauxite residue disposal site, and transported to the laboratory in polyethylene bags. After natural air-dried, all samples were passed through a 2 mm sieve for the next analysis and cultural experiment. The organic matter extracted from corn stalk, provided by Aoke New Material Technology Company Limited in Shanghai, China, was used as an organic amendment which ingridents were shown in Supplementary Table S1. The surface soil (0–20 cm) of the campus was used as a microbial inoculum added in bauxite residue. The soil was silty loam with pH 8.51, organic matter 57.1 mg/g, and electrical conductivity 0.11 m/cm.
Seven treatments were prepared: 1) CK, unamended bauxite residues; 2) H1, amended with 1% organic matter; 3) H2, amended with 2% organic matter; 4) H3, amended with 3% organic matter; 5) HS1, amended with 1% organic matter and 5% soil; 6) HS2, amended with 2% organic matter and 5% soil; 7) HS3, amended with 3% organic matter and 5% soil. Triplicates were performed for each treatment. All treatments were placed outside in flowerpots (h × ø: 150 mm × 200 mm) with aerated holes at the bottom, cultured outside and irrigated regularly to maintain a humidity (75% or so of the maximum water holding capacity). At 0, 10, 30, and 180 days of incubation, five samples were collected from each pot and mixed as one sample. Each mixed sample was divided into two parts. One part was air-dried for the physical and chemical properties analysis, while the remaining fresh samples were stored at 4°C for microbial analysis.
2.2 Physico-chemical properties analysis
The pH and electrical conductivity (EC) of bauxite residue samples were determined in the extraction solution of deionized water with a solid: liquid ratio of 1:5 (Banning et al., 2014). The organic matter was determined by hydrated heat potassium dichromate oxidation-colorimetric method (Wu et al., 2015). The exchangeable cations (i.e., K+, Na+, Ca2+, and Mg2+) were extracted by 1 M CH3COONH4 (pH 7.0). Free iron oxide (Fed) and free alumina (Ald) were extracted by the dithionite-citrate-bicarbonate (DCB) method, and amorphous iron oxide (Feo) and amorphous alumina (Zhu et al., 2018) were extracted by the ammonium oxalate method (Zhu et al., 2016b). The exchangeable cations and the contents of the iron and aluminum oxide in the solution were determined using an Inductively coupled plasma atomic emission spectrometer (ICP-AES, Optima 5300DV, Perkin Elmer). In addition, the cation exchange capacity (Nannipieri et al., 2003) is calculated using the sum of exchangeable cations, and the exchangeable sodium percentage (Vázquez et al., 2020) was calculated by the percentage of exchangeable Na+ content in total exchangeable cations (Zhu et al., 2016c; Li et al., 2018).
2.3 Microbial community diversity and functional analysis
Biolog EcoPlate™ (Biolog Inc., Hayward, CA, United States) was used to measure the microbial community level physiological profiles (CLPP), and the absorbance data of the plate were measured regularly every 12 h at 590 nm for 7 days. Then the average well color development (AWCD) and microbial functional diversity indexes (Shannon-Wiener (H’) and Simpson (D)) were calculated (Feigl et al., 2017).
Microbial community composition and diversity were determined by the high-throughput sequencing. Use the E.Z.N.A. ®Stool DNA Kit (D4015, Omega, Inc., United States ) to extract bacterial and fungal DNA from bauxite residue samples according to the instructions. The V3-V4 region of bacterial 16S rDNA was amplified by the polymerase chain reaction (PCR), and the primer sequences were 341F (5′-CCTACGGGNGGCWGCAG-3′) and 805R (5′-GACTACHVGGGTATCTAATCC-3′). The ITS1 gene was amplified by the PCR with primers fITS7 (5′-GTGART-CATCGAATCTTTG-3′) and ITS4 (5′-TCC​TCC​GCT-TAT​TGA​TAT​G-3′). The purification and recycling of the PCR products were conducted with AMPure XT beads (Beckman Coulter Genomics, Danvers, MA, United States ). And then, Qubit® 2.0 DNA kit was used to accurately quantify the DNA obtained. Illumina Hiseq/Miseq PE300 sequence platform (provided by Hangzhou Lianchuan Biotechnology Co., LTD.) was used for the sequencing analysis of the obtained DNA. High quality sequences were obtained by splicing, filtering, eliminating chimera, and discarding low quality sequences, and used for classification of the operational taxon (OTU), diversity index calculation, and species abundance analysis.
2.4 Aggregate stability analysis
The distribution of aggregates particles size was determined by dry and wet sieving methods respectively (Le Bissonnais, 1996). The mean weight diameter (MWD), geometric mean diameter (GMD), and the proportion of aggregate destruction (PAD) were selected as parameters to evaluate the aggregate stability of bauxite residue. The calculation formulas are as follows:
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Where, Xi is the mean diameter over each particle-size (mm), Wi is the percentage of aggregates in that size range (Six et al.), n is the number of sieves, Wd is the proportion of >0.25 mm aggregates in dry sieving (Six et al.), Ww is the proportion of >0.25 mm aggregates in wet sieving (Six et al.).
2.5 Morphological and mineral composition analysis
Scanning electron microscopy (SEM, Quanta 200 FEG, FEI, American) and electron probe micro-analyzer (EPMA, Oxford INCA Energy 350, United Kingdom) were used to reveal the microstructure and element distribution of different bauxite residue treatments. The mineral composition of different bauxite residue samples was analyzed by X-ray diffraction (XRD, D8 Advance, Bruker, German).
2.6 Data analysis
All raw data were calculated in Microsoft Excel 2019. One-way analyses of variance (ANOVAs) for different treatments using SPSS 19.0. Redundancy analyses (RDAs) were analyzed using Canoco 5. All figures were drawn using Origin 8.0.
3 RESULTS
3.1 Improvement on residues properties
The strong alkalinity, high salt content and nutrient deficiency are the key factors restricting the ecological large-scale disposal of bauxite residues (Wu et al., 2021). As shown in Figures 1A,B, organic amendment process significantly mitigated the alkalinity and salty of bauxite residues as the pH and EC in each amended treatment were lowered compared to the CK treatment, and over 180 days incubation, they were respectively down to 9.26 and 0.61 m/cm in HS3 treatments. However, no significant decrease in ESP was not determined as the organic amendment when compared the CK treatments, although over 180 days incubation the ESP was significantly decreased in each the treatment (Figure 1C). Finally, with the organic amendment, the total organic carbon increased significantly in each organic amended treatments, and it was even up 66.51 mg/kg in HS3 treatment (Figure 1D). Whatever, in comparison, the combined improvement of organic amendment and soil inoculum on bauxite residues is better than that of the single organic amendment, though there was still not rehabilitated to the level of the natural soils.
[image: Figure 1]FIGURE 1 | Physico-chemical characteristics of different bauxite residue samples (A), pH; (B), EC; (C), ESP; (D), the organic matter; (E), exchangeable Na+ content; (F), exchangeable Ca2+ content.
Different from ESP, organic amendment significantly decreased the content of exchangeable Na+, and it was down to 67.17 cmol/kg in HS3 after 180 days incubation. In addition, the content of exchangeable Ca2+ showed a continuous increase with the incubation extension, especially in the organic amended treatment. For example, the concentration of exchangeable Ca2+ increased from the initial 41.14 cmol/kg to 51.06 cmol/kg in HS3 over 180 days incubation. Moreover, the further XRD analysis indicated that the peak of the alkali mineral phases, such as Calcite (CaCO3) and Katoite (Ca3Al2(SiO4) (OH)4) decreased significantly both in Hs and HS3 treatments (Figure 2). That is, it could speculate that organic amendment decreased the pH, which led to the release of Ca2+ from Calcite (CaCO3) and Katoite, etc., the alkali mineral phase. The released Ca2+ can not only precipitate with the basic anions of bauxite residue, but also exchange with the bound Na+ by the bauxite residue particles, which in turn effectively improved the alkalinity of bauxite residues (Xue et al., 2019d).
[image: Figure 2]FIGURE 2 | XRD patterns of bauxite residue before and after amendment.
3.2 Restoration of microbial function and community diversity
The changes of microbial functional diversity in amended bauxite residue were measured by using the community level physiological profile at 0 and 180 days of incubation (Table 1). The microbial activity of fresh bauxite residue was low as the AWCD value was only 0.02. After 180 days incubation, the AWCD and the diversity index (H′ and D), indicating microbial function diversity, were significantly (p < 0.05) higher in each amended treatment than those of CK (Table 1), and in the HS treatments, the values of AWCD and H’ index was up to 1.12 and 3.21 respectively, which also significantly higher than the single organic amended treatments. It suggested that the co-addition of soil inoculum was more beneficial to microbial function recovery than the single organic amendment.
TABLE 1 | Functional diversity index of bauxite residue microbial community.
[image: Table 1]The further high-throughput sequencing analysis indicated that organic amendment promotes the rehabilitation of microbial community. Firstly, over 180 days incubation, whatever for bacteria or fungal community, the Chao1 index in organic amended treatments were all significantly (p < 0.05) higher than that of CK treatment (Table 2), indicated that organic amendment could significantly improve microbial community richness of bauxite residues, although there was still far from the microbial community richness of natural soils. Moreover, in most cases, the Shannon index or Simpson index in the organic amended treatments were significantly from that in the CK treatment, indicated that a significant increase of microbial community diversity in bauxite residues as the organic amendment. It suggested that organic amendment could make bauxite residues suitable for the colonization of various microorganism. However, different from the improvement effect on the physical and chemical properties of bauxite residues, the promotion of organic amendment and soil inoculum was not significantly better than the single organic amendment for bacterial or fungal community colonization in bauxite residues, according to their indexes of Chao1, Shannon and Simpson (Table 2).
TABLE 2 | Difference of alpha diversity between bauxite residue treatments and the natural soils.
[image: Table 2]Cluster analysis was performed on the 10 most abundant bacterial and fungal genera in each treatment (Figure 3). The different community composition in bacteria and fungi was determined between the organic amended treatments and the CK treatment. Moreover, in contrast to CK treatment, the abundance of Bacillus, Halomonas, Egicoccus, and Nitriliruptor, which are all halotolerant or halophilic to the high salinity-alkali environment (Zhao et al., 2022), were decreased, while some acidogenic strains, such as Pseudomonas, Acidobacteria_unclassified, and Acremonium (Schmalenberger et al., 2013), were increased in the amendment treatments. In short, as the increase of added organic matter, cluster analysis indicated that bacterial and fungal composition at the genus level in the bauxite residue became gradually closer to that of the reference soil (Figure 3).
[image: Figure 3]FIGURE 3 | Cluster analysis of community compositions of (A) bacteria and (B) fungi based on the relative abundance.
3.3 Aggregate size distribution and aggregate stability
Iron and aluminum oxides and organic matter are the basic components of soil complex, which can significantly affect soil structure and aggregates composition through cementation (Six et al., 2004). So that, to illustrate the improvement effect of organic amendment on the aggregation of bauxite residues particles, the present study determined the content of free and amorphous iron and aluminum oxides between the different bauxite residues treatments and their variation along the incubation (Figure 4). As shown in Figures 4A,C, in most cases, organic amendment increased the content of iron and aluminum oxides, especially for the free iron and aluminum oxides, which showed a significantly increase with organic amendment and it was particularly significant over 180 days incubation. However, no significant increase was almost not determined for amorphous iron and alumina with the amendment of organic matter, although there was an obvious increase in most treatments after 180 days incubation (Figures 4B,D).
[image: Figure 4]FIGURE 4 | Iron-aluminium oxide contents in bauxite residue samples (A), Fed content; (B), Feo content; (C), Ald content; (D), Alo content.
Accordingly, the aggregation effect of organic amendment on bauxite residues particles was observed in different treatments at each incubation stage (Figure 5). Based on the dry sieve analysis of aggregates, the proportion of >0.25 mm aggregates increased, whilst it decreased markedly for the component of <0.25 mm aggregates, especially for those of <0.05 mm micro-aggregates, in each organic amended treatment; In addition, under wet sieving, the proportion of >0.05 mm aggregates with water stability also increased markedly, especially for macro-aggregates of 1–2 mm. That is, in the CK treatment the aggregates of <0.05 mm accounted for 65.86%, while in the organic amendment treatments, the proportion of 1–2 mm and 0.05–0.25 mm aggregates in HS3 treatment increased to 11.54% and 36.26%, respectively. Moreover, as shown in Figure 6A-C, the MWD and GMD of bauxite residue particles, whatever calculated according to the dry or the wet sieve analysis, all showed a markable increase with the amendment of organic matter and soil inoculum; and with the incubation extension, they increased up to 0.73 mm (MWDd), 0.37 mm (MWDw) and 0.16 mm (GMD). In addition, after 180 days incubation, the PAD of the aggregates in organic amended treatments showed a markable decrease comparted to the CK treatment (Figure 6D). The results showed that the addition of organic matter had an improvement on aggregation of bauxite residues as well as the water stability of the aggregates, and this improvement with the co-addition of soil inoculum was more significant for the water stability of aggregates.
[image: Figure 5]FIGURE 5 | Percentage distribution (%) of aggregate sizes (mm) in different residue samples (A), dry sieving; (B), wet sieving.
[image: Figure 6]FIGURE 6 | Changes in aggregate stability of the treated residues following amendment additions (A), MWDd under dry sieving; (B), MWDw under wet sieving; (C), GMD; (D), PAD in different residue samples.
3.4 Aggregation mechanism of bauxite residue particles
As shown in Figures 6A,B, the distribution of the element Na was distinctly reduced while Ca elements was obviously increased on the particles’ surface of the HS3 treatments compared with CK treatment. This is well agreed with the results of the exchange Na+ and Ca2+ (Figures 1E,F) and the XRD results that the peak of the mineral phase Calcite and Katoite decreased in bauxite residues as the organic amendment (Figure 2). Moreover, the EMPA images also indicated that Na was evenly distributed in small particles, while Ca was distributed in large particles (Figures 6A,B). This result might suggest that the increased Ca promoted the aggregation of bauxite residue particles. As for the distribution images of the elements Fe and Al (Figures 6A,B), there was a clear increase with organic amendments (HS3) in contrast to the CK treatment. This is the same to the results of Fe-Al oxides analysis (Figure 4). At the same time, the elements of Al and Fe were more densely distributed on the large aggregates of bauxite residues, especially after treated with organic amendment (Figure 6B), which suggested that organic amendment could promote the formation of the aggregate through the cementation of Fe-Al oxides. The further correlation analysis also proved that the Fe-Al oxides and organic carbon had positive relationships with the aggregates size over >1mm, while were negatively relative to the PAD of aggregates (Supplementary Figure S2).
Figure 6C showed the morphology of bauxite residue particles in different treatments over a 180 days incubation. As shown in Figure 6C, in the unamended bauxite residues (CK), it has a loose microstructure and mainly consists of fine particles and detritus; while for the H3 treatment with a single organic amendment, the flocculation of bauxite residue particles was distinctive in contrast to the CK treatment as the loose large particles became the main component of bauxite residues matrix. Moreover, in HS3 treatment with the organic amendment and soil inoculum, the bauxite residue aggregates began to appear obvious flake structure, and its texture became denser in contrast to the H3 treatments, which was called the formation of large aggregates and began to appear soil-like structure (Li et al., 2019). This gradual improvement in bauxite residues’ aggregates from the CK to the H3 and then HS3 suggested that microbial community should play an important role on the agglomeration of bauxite residue particles by the entanglement of hyphae, when considering the closer fungal composition between the HS3 treatments and the reference soils (Figure 3B).
4 DISCUSSION
Despite high alkalinity, the soil amelioration of bauxite residues are also restricted by fine powder particles and poor fertility (Xue et al., 2019c). Therefore, the formation of stable aggregates and accumulation of organic matter were considered to be a key step to the soil amelioration of bauxite residues and the subsequent successful establishment of ecological system (Courtney et al., 2014b). Organic amendment was proved effective to improve the matrix structure of bauxite residues by increasing porosity, and improving aggregate stability (Jones et al., 2012a; Courtney et al., 2013). But few studies illustrated the improvement mechanism of organic amendments on bauxite residues. In the present study, we mainly investigated the promotion of organic amendments on the agglomeration of bauxite residue particles and its possible mechanisms.
Firstly, organic amendment in the present study effectively decreased pH, EC, and ESP of bauxite residue, especially with incubation extension (Figures 1A–C), which is similar to the previous studies (Banning et al., 2011; Haynes and Zhou, 2019). As all known, the high alkalinity and salinity is not a big obstacle to the rehabilitation of bauxite residues (Ruyters et al., 2011; Anam et al., 2019), but also causes great problems on the agglomeration of bauxite residue particles, as the highly active Na+ could cause the dispersion of the colloidal double layer, and lead to the disintegration of aggregates and the dispersion of clay particles (Kong et al., 2017). At the same time, we determined a more significant decrease of exchangeable Na+ in bauxite residues with the organic amendment and the distinct increase of exchangeable Ca2+ (Figures 1E,F) as well as the changes in mineral phases of bauxite residues (Figure 2). It was proved that the small organic acids from the organic amendment biodegradation could accelerate the dissolution of the alkaline minerals, including Calcite (CaCO3) and Katoite (Ca3Al2(SiO4) (OH)4), in the bauxite residues (Di Carlo et al., 2019a; Di Carlo et al., 2019b), and resulted in the increase of the exchangeable Ca2+, which is beneficial to the aggregation of the fine bauxite residues clays as the clay absorbed Na+ is removed by the exchanger of Ca2+ (Power et al., 2011; Gupta et al., 2019). In the present study, according to the changes of the exchangeable Na+ and Ca2+ with organic amendment and over incubation (Figures 1E,F) as well as the results of XRD (Figure 2), the similar process should have occurred as the organic amendment has various organic acids (Supplementary Table S1), too.
Microorganisms are thought to play important roles in cementing different particles into through the cementing, winding, and wrapping of metabolites (such as extracellular polymers, polysaccharides, etc.), mycelium, and dead cells debris (Santini et al., 2015b). Beside of the improvement on bauxite residues’ properties, the organic amendment can also increase the nutrient content of the bauxite residue matrix, and then accelerated the colonization of some pioneer microbial strains as well as the further microbial community establishment in the amended bauxite residues (Santini et al., 2015a; Bray et al., 2018), (Courtney et al., 2014a; Yang et al., 2020). In the present study, in contrast to the CK treatment, a significant increase was also found in microbial functional activities (Table 1) and communities’ richness and diversity for the organic amendment treatments, especially after 180 days incubation (Table 2). Moreover, with the organic amendment, some reported pioneer organisms, such as the halophilic alkalophilic bacteria Ascomycota, Basidiomycota, Actinomycota, Proteobacteria, and Bacillus (Liu et al., 2014; Dong et al., 2021), decreased over incubation, and the appearance of some acidogenic organisms, such as Pseudomonas, Acidobacteria_unclassified, and Acremonium (Schmalenberger et al., 2013), compared to the CK treatments. Villar et al. (2004) found that the polysaccharide secreted by microorganisms and the winding effect of fungal hyphae made soil particles better aggregate. Studies had shown that microbial decomposition of organic matter produced polysaccharides, which could effectively cemented bauxite residue particles by ionic and hydrogen bonds of free hydroxyl groups (Santini et al., 2015b). So that, stimulating microbial rehabilitation in bauxite residues should be an effective way for organic amendment to promote the agglomeration of bauxite residue particles. This could be proved by the closer bacterial and fungal flora to the reference soils (Figure 3B), companied with the appearance of the soil-like large aggregates in the HS3 treatments (Figure 7B). Qu et al. (2019) found that bacteria and fungi could dissolve the fine particles (mainly iron oxide) in bauxite residue, producing the layered structure of bauxite residue.
[image: Figure 7]FIGURE 7 | The morphology of (C) different treatments and elemental mapping images of (A) CK and (B) HS3.
Soil organic carbon and Fe/Al oxides are the main cementing agents in the formation of soil aggregates (Xue et al., 2019a; Xue et al., 2019b). A significant increase of the total organic carbon and Fe/Al oxides occurred in the organic amended treatments in contrast to the CK treatment (Figure 4), which was all proved to be positive relationship with the aggregates size over >1mm, and negatively relative to the PAD of aggregates (Supplementary Figure S2). This result agreed with the previous studies that the cohesion between aggregates from the SOC and Fe/Al oxides could reduce the breakdown of hydraulic and air pressures to aggregates (Zhao et al., 2017; Pituello et al., 2018; Du et al., 2022). In addition, companied with the transform of the aggregates’ morphology from the loose microstructure (CK) to a soil-like structure appearance (HS3) (Figure 7C), there was a markable increase for the distribution of Ca, Fe and Al elements on the aggregate surface (Figures 7A,B). It showed that Ca2+ had a good affinity with the soil colloidal surface, which could reduce the dispersion of clays, and promote the flocculation and stability of aggregates (Harris and Rengasamy, 2004; Xue et al., 2021). So that, beside of the directive cohesion between aggregates, Increasing the level of Fe/Al oxides and Ca2+ also is principal way for organic amendment to promote the aggregation of fine bauxite residue particles.
5 CONCLUSION
In the present study, the aggregation effect of organic matter on bauxite residue was investigated with a pot experiment. It was found that, in addition to the improvement on the alkalinity and the promotion on microbial recovery, the proportion and size of bauxite residues’ aggregates were significantly increased with organic amendments. Moreover, the further analysis of Fe/Al oxides, EMPA characterization as well as the micromorphology showed that beside of the directive cohesion between aggregates, the increase of Ca2+ and Fe/Al oxides should play important roles in the improvement of organic amendment on the agglomeration of bauxite residue particles; and the rehabilitation of microbial community and ecological function could accelerate the large aggregates formation in the organic amended bauxite residues. Based on this study, it could be seen that organic matter amendment was an effective measure for the improvement of bauxite residues aggregates formation.
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