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Abstract

:

Granulated blast furnace slag (GGBFS) is a potential resource of rare earth elements (REEs), and due to the complex mineralogy, extraction by conventional hydrometallurgical process makes it an acid-consuming method. Bioleaching is thus investigated using a chemo-organotrophic bacterium Gluconobacter oxydans (DSMZ 46616) for REE extraction from GGBFS containing 157 ppm Ce, 90 ppm La, 71 ppm Nd and 40 ppm Er, hosted in a Ca-Al-Si matrix. The gluconic acid generation by G. oxydans was assessed for its role in REE extraction from GGBFS. With 5% (w/v) GGBFS using a mixture of a non-adapted and a GGBFS-adapted culture, a maximum solubilization of 67% and 88% Nd was observed after 12 and 40 days of incubation, respectively. The total amount of gluconic acid excreted by the bacteria increased with leaching duration, which contributed to a rise in metal extraction. Scanning electron microscope-energy dispersive analysis (SEM-EDAX) analysis of the solid residue showed bacterial cells in corrosion pits, and thereby assisting in metal solubilization.
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1. Introduction


Rare earth elements (REEs) are widely used for traditional sectors, including metallurgy, petroleum and textiles industry, and agriculture. A broad and rapidly expanding range of applications rely upon the chemical, catalytic, electrical, magnetic, and optical REE properties, especially in many high-tech applications such as hybrid cars, wind turbines, compact fluorescent lights, flat-screen televisions, mobile phones, disc drives, and defense technologies. Furthermore, their applications in clean energy technologies and defense systems have brought global attention to REE [1]. Given the growing economic and persistent strategic importance of these sectors, there is no doubt that continuous access to REE resources is strategically important, both in developing and developed countries. However, the distribution of REE all over the world is uneven. The countries with a deficit of land-based resources (mines) are also looking at alternative/secondary sources to obtain the coveted group of metals [2].



During the iron production process, large amounts of blast furnace slag (BFS) are generated, which is estimated to be 175–225 million tons per year worldwide [3]. Blast furnace slag has several potential applications in other industries, such as in the concrete/cement industry and wastewater treatment industry for phosphate and dye removal [4]. The concrete industry aims to replace Portland cement as much as possible with other cementitious materials, such as fly ash, ground granulated blast furnace slag (GGBFS), limestone fines, and silica fume. Some of these materials, such as fly ash or GGBFS, are wastes from industrial processes [5]. Several possible processes for the recycling and recovery of metals from blast furnace slag are under investigation. Base metal recovery from GGBFS has been widely examined [6]. The associated rare earth elements such as La, Ce, Nd, Pr, Y, Er, and Dy in GGBFS [7,8] provide an additional advantage for the aim of circular economy (the residue after extraction can be used for cement making [9,10].



Limited research has been carried out globally on the use of biohydrometallurgy in the extraction of REEs from such industrial wastes [11,12,13,14]. When considering the usage of Gluconobacter (G.) oxydans in bioleaching of REEs, Antonick et al. (2019) performed an extraction of REE from phosphogypsum using four different types of lixiviants such as sulfuric acid, phosphoric acid, commercial gluconic acid, and bio-lixiviant (mostly composed of gluconic acid produced by G. oxydans), where bio-lixiviant leached more amount of Y than sulfuric, phosphoric and commercial gluconic acids with 91.2% leaching recovery [12]. Likewise, Abhilash et al. (2021) used G. oxydans to extract REEs from red mud and achieved 83%–94% Sc in 18–20 d [11]. Using acid leaching, Abhilash et al. (2017) attempted the recovery of REEs from air-cooled blast furnace slag by sulfuric acid leaching [7], resulting in an extraction of 92% La, 36% Ce, 35% Nd, and 52% Er at 1%–5% pulp density (PD). Owing to the characteristics of the material for its amenability towards REE extraction and good recoveries at room temperature by microbial intervention, bioleaching can be attempted to evaluate the efficacy of REE extraction, thereby reducing the use of acids [13,14]. The disruption of phosphate-specific transport system genes in G. oxydans enhances REE bioleaching by up to 18% [15]. This work thus focuses on using the gluconic acid-producing chemo-organotrophic bacterium, G. oxydans to extract REEs from GGBFS, whilst varying the parameters in the presence of non-adapted and adapted cultures. The binding of bacteria on slag surface resulting in REE complexation-cum-dissolution is also highlighted.




2. Materials and Methods


2.1. Blast Furnace Slag


The material used in this study was granulated blast furnace slag (GBFS) which has been collected from TATA STEEL, Jamshedpur. The slag was crushed, ground, and passed through a sieve of 150 mesh size to generate GGBFS. A representative sample was prepared by the coning and quartering method for analysis of its major and critical metals using inductively coupled plasma optical emission spectroscopy (ICP-OES) after dissolution in aqua regia. The morphology and mineralogy of the ground sample was evaluated by SEM, electron probe microanalysis (EPMA), and X-ray diffraction (XRD).




2.2. Growth Characteristics of Gluconobacter oxydans and Adaptation


Gluconobacter (G.) oxydans DSM 46616 was cultivated at 35 °C in DSMZ medium 105 (glucose: 100 g/L; yeast extract: 10 g/L; calcium carbonate: 20 g/L) as advised by the German Collection of Microorganisms and Cell Cultures GmbH (DSMZ, Braunschweig, Germany). G. oxydans oxidizes glucose (carbon source) to gluconic acid, as demonstrated in our previous study on REE bioleaching from red mud [10]. Liquid cultures were supplemented with GGBFS for adaptation with increasing amounts of GGBFS to a final content of 10% (w/v). Cell density, redox potential (Eh), and pH were determined as described previously [10] and used to evaluate the adaptation efficiency.




2.3. Bioleaching Experiments


Bacterial cells as inoculum (10% v/v) were added to 100 mL medium containing 5% (w/v) sterilized GGBFS in a 250 mL Erlenmeyer flask and incubated at 35 °C and 120 rpm, unless stated otherwise. The experiments were conducted in two different modes, i.e., using non-adapted cells and a GGBFS adapted culture at 20% (v/v) inoculum unless specifically described. For adaptation, 100 mL of medium was prepared for G. oxydans in a 250 mL Erlenmeyer flask and sterilized in an autoclave. The sterilized GGBFS sample was added into the media using 5% and 10% pulp densities, and 10% (v/v) bacterial culture was inoculated in the respective flasks, with regular monitoring of redox potential (Eh in mV vs. Ag/AgCl) and pH. Liquid samples were withdrawn at regular intervals to analyze bacterial cell numbers, pH value, redox potential, and concentrations of metals. The cell number was determined in a counting chamber (Petroff Hauser) under a phase-contrast microscope. Control experiments were performed by using distilled water and fresh leaching medium, with addition of mercuric chloride for sterility. Parameters like glucose concentration (10%–40%), pulp density (5%–30% w/v), type of inoculum (adapted vs. non-adapted), and leaching time (0.5–10 h) were varied to observe their effect on the REE extraction. All experiments were run in triplicates with <±1.2% variation. At the end of the leaching period, the leaching residue was filtered, followed by washing with water, and dried overnight at 40 °C. Liquid samples for metal analysis were stabilized by adding a pre-determined volume of leach liquor in 0.65% nitric acid. The recovery of REE and other metals was analyzed using ICP-OES and inductively coupled plasma mass spectroscopy (ICP-MS). The leaching residues were characterized by EPMA and SEM examinations.





3. Results


3.1. GGBFS Characterization


As depicted in Table 1, a high concentration of CaO, Al2O3, and SiO2 was observed in GGBFS via ICP-OES analysis of dissolved samples. Nearly 157 ppm Ce, 90 ppm La, 71 ppm Nd, and 40 ppm Er were detected in GGBFS with ~84% rich matrix of CaO, SiO2, and Al2O3. EPMA mapping analysis (Figure 1) reported a presence of the targeted REEs. It also revealed that concentrations of calcium silicate and aluminosilicates were spatially distributed across the entire sample. However, the desired rare earth elements were found to be accumulated in calcium-rich spots, as shown in the mapping of the elements (Figure 1).




3.2. Growth Kinetics and Gluconic Acid Production by G. oxydans


Growth kinetics was determined by cell counting every hour over 5 h. The initial cell count was 7.2 × 106 cells/mL and reached a maximum cell count of 1.9 × 108 cells/mL after 5 h, with a generation time of 3.49 h. The ability of G. oxydans to produce gluconic acid was monitored using the D-gluconic acid estimation kit [10]. A fully grown non-adapted culture of G. oxydans produced 63 g/L gluconic acid in 10 d (Figure 2a).




3.3. Adaptation of G. oxydans on 5%–10% (w/v) GGBFS


In the case of adaptation of 5% PD slag with G. oxydans, the cell count increased from 1 × 108 cells/mL to 1 × 109 cells/mL on day 6 at 5% PD (Figure 3). Figure 4a shows the trend of pH and redox potential in the presence of 5% PD from day 1 to day 6, where the pH decreased from 6.8 to 5.3 within 6 days, while Eh decreased from 165 mV to 40 mV.



In the presence of 10% PD GGBFS, the pH decreased to 5 in 1 day, however, the final pH on the 6th day was 5.2. A characteristic variation in redox potential, likely due to a delayed lag phase of cell growth, was seen. The redox potential increased from the lowest value of −335 mV to −80 mV (Figure 4).



G. oxydans was getting adapted proficiently at a low pulp density of GGBFS and growth occurred at low pH and reduced redox potential. In the case of 10% PD, even though the cell number was lower as compared to 5% PD, the value of Eh was increasing towards more oxidative conditions. Cell attachment to the slag surface was observed (Figure 5).




3.4. Bioleaching Studies for Extraction of REE from GGBFS


As shown in Figure 6, the use of non-adapted and adapted cells of G. oxydans influenced the recovery of REE from GGBFS. With non-adapted G. oxydans, 13% La, 19.4% Ce, 18.6% Nd, and 11.2% Er using 5% GGBFS, and 11.4% La, 18.7% Ce, 16.2% Nd, and 10.6% Er using 10% GGBFS were measured after 12 d, respectively. The effect of using an adapted culture of G. oxydans improved the bioleaching performance with the slurry of 5% GGBFS, thereby increasing the REE extraction to 43.4% La, 58.1% Ce, 67.4% Nd, and 37.3% Er in 12 d. A slight decrement in REE recovery was seen in the case of 10% PD (Table 2), which could be attributed to the substantial effect of higher solids that impede the secretion of gluconic acid (Table 3). In control sets, owing to no bio-lixiviant, <0.2% total REEs recovery was observed, which could be attributed to the sulfur content in GGBFS. The rise in pulp density beyond 10% (w/v) decreased the REE extraction using non-adapted and adapted cultures of G. oxydans, however, it only improved the Al dissolution in solution under the same conditions. Bioleaching resulted in 39.06 ppm La, 91.26 ppm Ce, 47.86 ppm Nd, and 14.9 ppm Er in leach liquor.





4. Discussion


To assess the role of gluconic acid in extraction of REEs from GGBFS, the leaching period was prolonged over 40 d. It was observed that prolonged duration of leaching led to further decrement of pH from 5.2 on the 6th day to 4.42 on the 12th day and further to 2.86 on the 40th day. As shown in Table 3, the rise in gluconic acid concentration from 12 d (446 mM) to 40 d (564 mM) improved the extraction of REEs, especially Nd, from 67.4% to 88.6%, with a very meager effect on co-extraction of Ca, Al, and Si using 5% (w/v) GGBFS (Figure 6). The evidence of cells attached to GGBFS even after 40 d of leaching (Figure 2c) and the surface corrosion (Figure 2d) likely led to the rise in metal extraction.



The rise in REEs dissolution is linked with the improved secretion of gluconic acid. Gluconic acid forms complexes with lanthanides Gluconic acid, CO2H(CHOH)4CH2OH, is a poly-hydroxylated carboxylic acid with potentially labile protons that can be displaced during metal complexation at low pH. The Ln2Gl complexes formed are anticipated with low log β values due to the different number of H+ ions, favoring easy displacement [16].




5. Conclusions


Ground granulated blast furnace slag (GGBFS) was assessed as a potential resource of REE (La, Ce, Er, Nd). The bioleaching of REE from GGBFS using G. oxydans (DSMZ 46616) was tested in laboratory shake flask experiments with a non-adapted and an adapted culture with two different pulp densities. The recovery of REEs using the non-adapted G. oxydans was 13% La, 19.4% Ce, 18.6% Nd, and 11.2% Er using 5% GGBFS, and 11.37% La, 18.74% Ce, 16.2% Nd, and 10.6% Er using 10% GGBFS, respectively, in 12 d. Using the adapted cultures of G. oxydans, the extraction improved to 42.% La, 56.2% Ce, 65% Nd, and 34.1% Er in 12 d at 10% pulp density. Adaptation of G. oxydans to GGBFS improved the ability of the bacteria to bind to the aluminosilicates matrix and ensure pitting to solubilize the REEs by secretion of gluconic acid. The rise in gluconic acid concentration in 12 d (446 mM) until the 40th day (564 mM) improved the extraction of REEs, especially Nd, from 67.4% to 88.62%, with the very meager dissolution of Ca, Al, and Si.



This method could be useful for leaching of REEs from the huge accumulation of GBFS beds, more like a heap bioleaching phenomena, due to the extended duration of leaching, but stands meritorious due to very minimal gangue dissolution. The work is further investigated for improvement in selective extraction of REEs and base metals (Zn, Pb, etc.), with no dissolution of gangue (Al, Ci, Ca, and Mg), ensuring the holistic utilization of leach residue.
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Figure 1. Mapping of elements and relative distribution of REEs in GGBFS. 
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Figure 2. Microscopic observation of G. oxydans (a) sub-cultured in medium and viewed in light microscopy (1000×); (b) G. oxydans cells adapted on GGBFS surface viewed in SEM; (c) Attachment of adapted G. oxydans on GGBFS; and (d) pitting on the surface of GGBFS. 






Figure 2. Microscopic observation of G. oxydans (a) sub-cultured in medium and viewed in light microscopy (1000×); (b) G. oxydans cells adapted on GGBFS surface viewed in SEM; (c) Attachment of adapted G. oxydans on GGBFS; and (d) pitting on the surface of GGBFS.



[image: Minerals 12 00701 g002a][image: Minerals 12 00701 g002b]







[image: Minerals 12 00701 g003 550] 





Figure 3. Growth of G. oxydans in the presence of 5% and 10% PD GGBFS. 
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Figure 4. Variation of (a) pH and (b) redox potential (Eh in mV vs. Ag/AgCl) with time due to activity of G. oxydans in the presence of 5% and 10% PD GGBFS. 
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Figure 5. Attachment of G. oxydans on GGBFS slag particles during adaptation at 5% PD. 
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Figure 6. Variation of REE recovery from 5% (w/v) GGBFS in the presence of varying gluconic acid concentrations using an adapted culture of G. oxydans. 
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Table 1. ICP-OES analysis of GGBFS after dissolution in aqua regia.
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	Metals
	Concentration
	Metals
	Concentration





	CaO
	33.62 wt%
	K2O
	0.48 wt%



	SiO2
	32.82 wt%
	Na2O
	0.15 wt%



	Al2O3
	18.26 wt%
	MnO
	0.064 wt%



	MgO
	10.12 wt%
	P2O5
	0.03 wt%



	SO3
	1.23 wt%
	Ce
	157 ppm



	TiO2
	0.91 wt%
	La
	90 ppm



	Fe2O3
	0.63 wt%
	Nd
	71 ppm



	K2O
	0.48 wt%
	Er
	40 ppm
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Table 2. Variation of REE recovery from GGBFS in the presence of adapted and non-adapted cultures of G. oxydans in 12 days.
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Culture Type

	
% Metal Recovery




	
La

	
Ce

	
Er

	
Nd

	
Al

	
Si

	
Ca






	
5% PD with non-adapted G. oxydans

	
13

	
19.4

	
11.2

	
18.6

	
25.7

	
8.1

	
17.9




	
10% PD with non-adapted G. oxydans

	
11.4

	
18.7

	
10.6

	
16.2

	
20.1

	
2.2

	
16.6




	
5% PD with adapted G. oxydans

	
43.4

	
58.1

	
37.3

	
67.4

	
25.5

	
3.6

	
6.6




	
10% PD with adapted G. oxydans

	
42.1

	
56.2

	
34.1

	
65

	
24.8

	
3.2

	
6.5
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Table 3. Variation in gluconic acid concentration (mM) in the presence of different cultures of G. oxydans.
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Days

	
Gluconic Acid Concentration (mM)




	
5% PD with Non-Adapted

G. oxydans

	
10% PD with Non-Adapted

G. oxydans

	
5% PD with Adapted

G. oxydans

	
10% PD with Adapted

G. oxydans






	
2

	
62.8

	
125.6

	
316.4

	
233.6




	
4

	
84.7

	
169.4

	
377.8

	
277.4




	
6

	
91.9

	
183.8

	
395.6

	
291.8




	
8

	
117.2

	
234.4

	
402.4

	
342.4




	
10

	
123.4

	
246.8

	
417.4

	
354.8




	
12

	
133.2

	
266.4

	
446.3

	
374.4




	
15

	
144.4

	
288.8

	
498.2

	
396.8




	
20

	
158.4

	
316.8

	
516.4

	
432.8




	
30

	
163.9

	
327.8

	
527.6

	
451.8




	
40

	
172.2

	
343.2

	
564.2

	
457.6
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