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Abstract

:

Pyrite bio-oxidation by chemolithotrophic acidophile bacteria has been applied in the mining industry to bioleach metals or to remove pyritic sulfur from coal. In this process, it is desirable to use autochthonous and already adapted bacteria isolated directly from the mining sites where biomining will be applied. Bacteria present in the remnant solution from a mining company were identified through cloning techniques. For that purpose, we extracted total RNA and performed reverse transcription using a novel pair of primers designed from a small region of the 16S gene (V1–V3) that contains the greatest intraspecies diversity. After cloning, a high proportion of individuals of the strains ATCC-23270 (NR_074193.1 and NR_041888.1) and DQ321746.1 of the well-known species Acidithiobacillus ferrooxidans were found, as well as two new wild strains of A. ferrooxidans. This result showed that the acidic remnant solution comprises a metapopulation. We assayed these strains to produce bioferric flocculant to enhance the subsequent pyrite bio-oxidation, applying two-stage chemical–bacterial oxidation. It was shown that the strains were already adapted to a high concentration of endogenous Fe2+ (up to 20 g·L−1), increasing the volumetric productivity of the bioferric flocculant. Thus, no preadaptation of the community was required. We detected Au and Ag particles originally occluded in the old pyritic flotation tailings assayed, but the extraction of Au and Ag by cyanidation resulted in ca. 30.5% Au and 57.9% Ag.
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1. Introduction


At this point in time, metal recovery mining is facing its greatest challenge: to find new extractive methods for occluded or refractory metals, due to the current difficulty of locating high-grade ores. In addition to this issue, there are new concerns about environmental protection and conservation, and the need to reduce costs and energy consumption in mining companies. These concerns are best solved by using biomining methods or “biohydrometallurgy” [1,2], as the advantages are (1) no emissions into the atmosphere, (2) the low cost of operation and installation, (3) regeneration of the reagent used (Fe3+) by microorganisms and recirculation of the solution (to reuse water, acidity and Fe3+), and (4) the process takes place at ambient temperature and pressure.



Biohydrometallurgy is based on microbially catalyzed processes or bio-oxidation to extract metals by dissolving ores into acidic aqueous solutions (bioleaching) [3,4,5]. The bio-oxidation may accelerate the oxidation of the Fe2+ released during pyrite (FeS2) oxidation by a factor of 106 [6]. The microorganisms used in biohydrometallurgy procedures must be able to grow autotrophically at low pH, assimilate inorganic carbon, and resist soluble metals [7].



FeS2 is the most abundant metal sulfide in the Earth’s crust [8]. FeS2 arouses the economic interest of the extractive mining sector when it is associated with ores containing Au and Ag. However, Au and Ag may be in a “refractory” state, a condition that prevents cyanide solutions from contacting them, considerably limiting their recovery using conventional cyanidation techniques [9]. Trace elements and precious metals can be liberated by bio-oxidation [4,10]. Some studies have suggested preoxidation of the mineral prior to its bio-oxidation [11,12] as a simple, cheap, and harmless method to achieve higher efficiency in subsequent bio-oxidation for refractory sulfidic concentrates containing noble metals such as Au [13].



The two-stage chemical–bacterial oxidation of metal sulfides has been used as an alternative pretreatment for efficient recovery of Au, since chemical preoxidation may provide short-term preprocessing of the energetic substratum for its subsequent bio-oxidation in the second stage of the process [13,14,15,16,17,18]. Because temperature influences the catalyzation of the sulfide oxidation [19], sulfidic elements are removed from the mineral concentrate Equation (1) if the initial chemical stage occurs at >70 °C. The second stage of bio-oxidation over the solid remnant enables Fe3+ regeneration Equation (2) and bio-oxidation of reduced sulfur compounds such as S0 Equation (3), increasing Au recovery from the FeS2 concentrate.


SM + 2Fe3+ → M2+ + S0 + 2Fe2+



(1)






4Fe2+ + 4H+ + O2 → 4Fe3+ + 2H2O



(2)






2S0 + 3O2 + 2H2O → 2H+ + 2SO42−



(3)







Bacteria such as A. ferrooxidans oxidize the Fe2+ Equation (2) and directly oxidize the reduced sulfur compounds Equation (3), due to their sulfur oxidation capacity [20].



Bio-oxidation has been proposed as an attractive technique due to its low environmental impact. Specifically, it has been proposed to use bacteria present in the mine’s processing solutions (e.g., remnant solutions), since bio-oxidation is more efficient if an endemic bacterium is used instead of an allochthonous single-strain population [5,21]. Bacteria for biohydrometallurgy can be used either as a community composed of different species or as a metapopulation of one single known species. The term “metapopulation” refers to “a set of local populations inhabiting discrete habitat patches that are connected to one another through dispersal or migration” [22]. Even though the concept of a “metapopulation” was first conceived for animals and plants, it has also been used in analyses of bacterial dynamics [23], including acid mine drainage research [24]. Bacterial populations undergo recombination processes that generate individuals whose genomes have different population histories and populations with recombination-derived mosaicism [25]. These genetic processes assist individuals and the overall population to adapt and thrive in their habitat. Thus, genomic changes that follow stochastic events of mutation, recombination, insertion, or deletion [26,27] ultimately compose a whole metapopulation. In biohydrometallurgical batches, the dominant strains are usually the indigenous strains because the deep oxidative processes in these pulps activate microevolutionary processes and give rise to new strains that differ in terms of “the structure of chromosomal DNA, plasmid composition, optimal pH and temperature for growth, the growth and substrate oxidation rates, resistance to heavy metal ions, adaptability and adaptation thresholds” [28].



In this work, the main bacteria species from an industrial remnant solution was identified by 16S mRNA and used for microbial oxidation of FeS2-rich material from ZnS flotation; currently, these tailings are stored as mining wastes that are suitable for being exploited due to their content of Au. To ensure FeS2 oxidation, a two-stage chemical-bacterial oxidation was assayed in this work.




2. Materials and Methods


2.1. Pyrite Concentrate


Mining waste deposits (old pyritic flotation tailings) were used. This waste was mainly composed of FeS2 (52.2%) and other sulfurs (20.7%), including sphalerite (ZnS) and galena (PbS). The FeS2 contained occluded Ag and Au particles, up to 78 g Ag/T and 22.4 g Au/T (Table 1). The 92% class fineness was <53 µm.



To measure the total concentration of metals, the FeS2 concentrate was digested in acid media (a 3:1 ratio of concentrated HNO3 and HCl), and the extracted solution was filtered through a cellulose acetate syringe filter with a 0.45 µm pore size (Advantec 03CP045AN). The concentrations of Fe, Cu, Zn, Pb, As, and Ag were analyzed by an atomic absorption spectrophotometer with a graphite furnace (Perkin Elmer). For Au, the solution was analyzed by inductively coupled plasma optical emission spectrophotometry (ICP-OES). Other metals in the concentrates are presented in Table 1.




2.2. Origin, Acquisition, and Maintenance of Microorganisms


The bacteria were obtained from a remnant solution (T6) from biohydrometallurgical processing that was delivered by a mining company. The solution was used to generate ferric ions (Fe3+) by ferrous bio-oxidation (Fe2+). T6 was analyzed for the density of active (mobile) cells, pH, ORP, and total Fe and Fe2+ concentrations. This community was not incubated; instead, it was used directly from the solution delivered by the company, which was considered to have been discarded from their process.



To isolate the original bacterial community from the T6 solution (named T6-OC), a separation method was standardized. Non-incubated samples from the bottom of the container were obtained, where precipitate particles had formed, so cells were separated from the residues by centrifugation (twice at 21,000× g and 4 °C per 1.5 min) and pellets were washed in acidified water (with concentrated H2SO4 at pH 1.5) to dissolve the precipitates. The cell samples obtained were used for identification and culture.



The bacteria were cultured in triplicate in modified K9 (Km) medium [29] containing, per liter of deionized water, 0.4 g of MgSO4·7H2O, (NH4)2SO4, and KH2PO4; 14 g Fe2+ (as FeSO4·7H2O, added through a sterilizing filter using a 0.22 μm pore-size polycarbonate filter); and 2.0 g of S0. The initial pH was fixed at 1.8 (with H2SO4, 98%). The cultures were maintained at 160 rpm and 30 ± 1 °C until use (3–4 weeks).



To adapt the cultured bacteria to the 10% FeS2 concentrate (w/v), the microorganisms were exposed to a progressive increase in the concentrate content (2%, 6%, 8%, and 10%). Previously, the FeS2 concentrate was finely ground to ≤37 µm (sieve mesh 400) as the recommended particle size for bio-oxidation is 25 to 45 µm [30]. Each assayed stage was performed in triplicate in Erlenmeyer flasks with Km medium (pH 1.8) and an initial cell density of 107 cells·mL−1. The cultures were incubated for 14 days at 30 ± 1 °C with constant agitation (120 rpm). Bacteria for the bio-oxidation assays were obtained from the final culture (with 10% FeS2 concentrate) and were named the T6-adapted culture (T6-AC).




2.3. Identification of Bacteria


Subsamples of cells isolated directly from T6 (T6-OC) and subsamples of cells from the adapted culture (T6-AC) were centrifuged again and washed with a saline phosphate buffer (PBS) (8.06 g NaCl, 0.22 g KCl, 1.15 g Na2HPO4, and 0.2 g KH2PO4 dissolved in 1 L deionized water and filtered for sterilization). From this, solutions with ~2.5 × 109 cells·mL−1 were achieved, and the cells were concentrated using PBS (21,000× g and 4 °C per 1.5 min).



In the present work, we identified the bacteria using RNA extraction and reverse transcription of the V1–V3 region of the 16S gene, and further cloning. For this purpose, primer pair was selected. A bioinformatic study was carried out using the 16S universal bacterial primers proposed by Callender et al. [31] and Mesa et al. [32]. These were selected due to their similarity in environmental conditions, being gold mine waste rocks and tailings, and drainage from an acid mine, respectively. In both studies, the authors identified a bacterial community amplifying the region between V1 and V3 of the 16S gene. Marchesi et al. [33] designed a pair of universal 16S bacterial primers targeted for use with complex natural samples, so these were also selected as possible primers to use in the present study. The universal 16S primers from these three studies [31,32,33] were analyzed using the BLAST bioinformatics tool [34] (Available online: https://blast.ncbi.nlm.nih.gov; 1 February 2019) versus the 16S sequences reported in GenBank for species of acidophilic bacteria. Following this, the pair of primers with the highest number of alignments was selected. The chosen primers were the forward primer F63 (CAGGCCTAACACATGCAAGTC) from Marchesi et al. [33] and the reverse primer R533 (ATTACCGCGGCTGCTGGC) from Callender et al. [31]. The bioinformatic study of these two primers together resulted in the amplification of 22 species in total of the genera Acidimicrobium, Acidiphilium, Acidithiobacillus, Acidobacterium, Desulfurella, and Leptospirillum (Table S1). Thus, this pair of primers gave the highest number of matches with 22 acidophilic species. All expected amplicons from these 22 species (Table S1) ranged between 404 and 516 bp and amplified a fragment between the V1 and V3 regions of the 16S gene. These have been shown to effectively identify bacteria [35,36] as V1 and V2 contain the greatest intraspecies diversity [37], and the region V1–V3 has been used in other work to identify acidophile microorganisms [31,32,38,39]. The primers were synthesized by T4 Oligo (synthetic cycle method, Mexico), resuspended at 50 μg·μL−1, and stored at −20 °C until use.



rRNA extraction and reverse transcription into 16S rDNA (named complementary DNA) were performed by reverse transcription–polymerase chain reaction (RT-PCR) using the chosen primers. RT-PCR was chosen to identify acidophile bacteria because of its specificity and sensitivity that ensures the optimal DNA reverse amplification; also, rRNA extraction provides more copies of the 16S coding region. Cells concentrated in PBS were used to extract RNA using TRIzol reagent (Invitrogen, Waltham, MA, USA) following the manufacturer’s protocol; reverse transcription was performed with 0.5 μg of extracted RNA in a reaction with a total volume of 20 μL according to the instructions of the manufacturer of the 200U M-MLV (Invitrogen, USA). A GoTaq Flexi DNA Polymerase (Promega, Madison, WI, USA) kit was used for PCR reactions following the instructions recommended by the supplier, using the primers F63 and R533 and an annealing temperature of 72 °C (Labnet MultiGene OptiMax). PCR products were analyzed by electrophoresis in 1% agarose gels (Sigma-Aldrich, St. Louis, MO, USA). Bands obtained with the expected size of 16S rDNA were excised and purified by the phenol–chloroform method.



With amplified and purified 16S rDNA, a cloning process was performed using the vector pGem-T Easy (Promega, USA) with 50 μL of competent JM109 high-efficiency E. coli cells (Promega, USA) following the instructions provided by the manufacturer. Cloned cells were cultivated on plates of 1.5% LB–agar medium (in g·L−1: 10 tryptone, 10 NaCl, and 5 yeast extract; pH 7.0) with 100 μg·mL−1 ampicillin, 100 μL of 100 mM IPTG (Sigma-Aldrich, USA), and 20 μL of 50 mg·mL−1 X-Gal (Sigma-Aldrich, USA) and cultivated at 37 °C overnight. The colonies furthest away from their neighbors (all colonies on the plates had the same morphology) were selected (8 in total: 4 T6-OC and 4 T6-AC) and cultivated overnight in LB with 100 μg·mL−1 ampicillin. Plasmid DNA extraction was performed following a homemade lysozyme method. To verify the presence of the insert, digestions were carried out using an Anza 11 EcoR1 (Invitrogen) according to the supplier’s protocol. Once verified, samples were sequenced at LANBAMA (National Laboratory of Biotechnology, San Luis Potosi, Mexico) in an Applied Biosystems 3130 Genetic Analyzer by the Sanger method using the pUC/M13 (Promega) primers. We obtained 16S rRNA gene sequences of 36 clones in total. After comparing these sequences with the GenBank database (Available online: www.ncbi.nlm.nih.gov/genbank/; May 2019 and September 2021) using the BLAST tool vs. 16S rRNA gene sequences [34], we reported only the sequences with an identity percentage greater than 95% (Table S2).




2.4. Two-Stage Oxidation of Pyrite


A two-stage chemical–bacterial FeS2 oxidation assay was performed in Km medium (pH 2.0) using BioFe3+ for the first stage and evaluating two independent chemical preoxidations at 30 and 90 °C. For both assays, the FeS2 concentrate (10% w/v) was preoxidized for 4 h with 4.1 g Fe3+·L−1 added as Fe2(SO4)3·7H2O or with 4.1 g·L−1 of BioFe3+ previously obtained from the T6 bacteria, as described below.



An inoculum of 2 × 107 cells·mL−1 from the T6 solution was transferred to a Km medium supplemented with 14 and 20 g·L−1 Fe2SO4·7H2O to produce Fe3+ (BioFe3+) ions. Next, the solution with BioFe3+ was filtered through polycarbonate filters with a 0.22 μm pore size and analyzed for Fe2+ concentration by potentiostatic titration. Moreover, the accumulated specific productivity of Fe3+ ions (     q ¯      Fe   3 +      ) was calculated according to Saavedra et al. [29]:


     q ¯      Fe   3 +     =   ∆  [    Fe   3 +    ]    ∆  [  #    Cell   ]     ×    ∆ t    



(4)




where [Fe3+] is the concentration in grams per liter, t is the time in hours, and [# Cell] is the density of active live cells in cells per liter.



Once the BioFe3+ had been obtained, the FeS2 concentrate (10% w/v) was preoxidated with BioFe3+ at 120 rpm under magnetic agitation at 30 and 90 °C, in triplicate; the same conditions were used for preoxidation of FeS2 with Fe3+ at 30 and 90 °C.



The second stage was that of bio-oxidation. After the FeS2 had been preoxidated with BioFe3+ at 30 and 90 °C, the supernatant of each assay was decanted and replaced with fresh Km medium with an inoculum of the T6-AC culture (2 × 106 cells·mL−1). All the trials were incubated at 30 °C and 120 rpm, in triplicate.



During preoxidation as well as during bio-oxidation, the pH, redox potential, and concentration of soluble Fe3+ and sulfate (SO42−) were monitored. On the last day of the bio-oxidation stage, samples of the remaining concentrate were analyzed by SEM-EDAX for the dissolution of Au and Ag by cyanidation.



Cyanidation of the concentrate was performed by the roll-bottle procedure using concentrate (10%w solid slurry) and 3 g·L−1 NaCN as the leaching or extractant agent. The pH was adjusted to 10.5 to 11.0 and was maintained throughout the leaching tests. The mixture was stirred at room temperature for 4, 6, 24, 48, 72, and 96 h. After each leaching period, the pregnant solution was sampled; also, the residues were sampled, filtered, and dried after each leaching period. The Au and Ag content of the pregnant solutions and the residual concentrate was determined by atomic absorption spectrometry (AAS). Due to environmental regulations, cyanidation was not carried out in our laboratory but by the mining company (Chihuahua, Mexico).




2.5. Analytical Methods


The microbial concentration (density of live active cells) was obtained by Neubauer chamber counting after centrifugation (21,000× g per 1.5 min). The solutions were analyzed after vacuum filtration for pH and redox potential (ORP) (Thermo Electron pH meter), total Fe by atomic absorption spectrometry (AAS) (Perkin Elmer 3100), Fe2+ (titration with 0.01 N K2Cr2O7), and Fe3+ ions (difference between total Fe and Fe2+ concentrations). The concentration of SO42− was measured by the colorimetric method with barium chloride (8%) in acidic media and analyzed with a UV-vis spectrophotometer (Thermo Scientific, Waltham, MA, USA) at 420 nm. A scanning electrode microscope (SEM) (Phillips XL-30) coupled with an energy-dispersive Si(Li) detector (EDAX DX4) was used for particle analyses after bioleaching assays at a nominal resolution of 3.5 nm up to 30 kV.





3. Results and Discussion


3.1. Strains of A. ferrooxidans Identified in the Remnant Solution T6


The microorganisms were genetically identified to describe the community in the remnant T6 solution. The results showed that the T6 solution contained a metapopulation composed of at least four strains of A. ferrooxidans (Figure 1), since (a) the 16S rRNA gene sequences obtained from three T6 samples (named T6-OC1, T6-OC2, and T6-OC4) and three sequences from the adapted cultures (T6-AC1, T6-AC3, and T6-AC4) showed 100% identity with A. ferrooxidans ATCC-23270 NR_074193.1 [40] and NR_041888.1 [28] and (b) T6-OC3 and T6-AC2 are only 99.33% and 99.10% identical, respectively, to the cited strain. Two clones from T6-OC (clones of T6-OC5) showed 100% identity with the DQ321746.1 strain of A. ferrooxidans.



A. ferrooxidans is a Gram-negative bacillus (rod-shaped) 1–1.5 µm in length and 0.5 µm in diameter that occurs as single cells or in pairs or chains but does not form endospores. The strains were cultivated as aerobic obligate acidophile chemilithoautotrophs, using molecular oxygen and ferric iron as electron acceptors for cultures without sulfur, or sulfur for cultures with S0 or with FeS2. Strains from both OC and AC cultures were at a pH between 1.4 and 2.0.



Sample T6-OC3 exhibited three nucleotide substitutions and Sample T6-AC2 had three different substitutions and one nucleotide addition, all within the highly conserved region of the 16S gene. These differences implied new wild strains of Acidithiobacillus ferrooxidans not yet described. Sequences of Samples T6-OC3 and T6-AC2 were reported to GenBank (https://www.ncbi.nlm.nih.gov/genbank/; 1 June 2021). The corresponding NCBI sequence numbers are MZ517251.1 and MZ517257.1, respectively.



A further study was performed with the obtained sequences according to Nuñez et al. [41]. A. ferrooxidans strains were found within two subclades (2A and 2B), represented mainly by seven strains (ATCC-23270, MCM-49, and Riv 11 for Subclade 2A; DSM-1927, VIR APRN1, HSS-3, and A. sp. SN108 for Subclade 2B). We performed an alignment of the sequences obtained in this work and the seven sequences that described Subclades 2A and 2B from the work of Nuñez et al. [41] (Figure 2), using the strain ATCC-19377 of A. thiooxidans as a differentiator control. Nucleotide substitutions on T6-OC3 can be seen in Positions 343, 419, and 429 (Figure 2). T6-AC2 substitutions occurred at Positions 233, 302, and 319 and a nucleotide addition was present at Position 191 (Figure 2). Other single nucleotide differences present in the strains that are representative of Subclades 2A and 2B [41] are also shown in the alignment in Figure 2, confirming that a single nucleotide change within the 16S gene indicates that a different strain has been found.



As Gevers [43] summarized, prokaryote species have diverse metabolisms and ecotypes, so the definition of species among bacteria has been debated for a long time. Differences in the genome of a bacterium can define different capacities in different individuals, despite being the same species. Thus, the four different strains identified after amplification of the sequence of A. ferrooxidans suggest the presence of a metapopulation [44], as they are four subpopulations that “occupy a minimally adaptive different zone” or, as Levins described, a “population of populations” [45]. Despite the term “metapopulation” having been conceived initially for macroorganisms, it has already been used for microorganisms, e.g., Keymer et al. [46], whose work proved that a metapopulation of bacteria emerges when they are inoculated into a habitat constituting different patches. Moreover, the term “metapopulation” has been used in other microbial population studies, e.g., Mc Ginty et al. [47] and Goethert et al. [48]. In this work, we propose that a metapopulation of A. ferrooxidans is present in the solution T6 as the solution itself is a complex habitat containing several mineral particles to which bacterial biofilms adhere, comprising different patches within the same habitat. Pristas et al. [49] also showed that actual genomic analyses are indicative of pronounced genetic diversity within the Acidithiobacillus genus, especially within the A. ferrooxidans clade.



Even though further genomic analyses are required, we can assume that different populations from one single species composed of four strains are present in the communities T6-OC and T6-AC, providing a new example of the existence of a bacterial metapopulation.



After having been identified, the strains were cultivated as aerobic obligate acidophilous chemilithoautotrophs, using molecular oxygen and Fe3+ as the electron acceptors for cultures without sulfur, or sulfur for cultures with S0 or with FeS2. Strains from both the OC and AC cultures were at pH values between 1.4 and 2.0.




3.2. Bioferric Production by A. ferrooxidans Strains


The production of bioferric material by A. ferrooxidans strains was assayed to enhance the subsequent FeS2 bio-oxidation, applying two-stage chemical-bacterial oxidation, since the strains of A. ferrooxidans from T6 (T6-OC) were already adapted to a high concentration of endogenous Fe2+ (Table 2), and Fe2+-adapted cells may increase the volumetric productivity of Fe3+ [29], as was observed after our assays for the bioproduction of Fe3+ (or BioFe3+) (see below). Moreover, the A. ferrooxidans strains from T6 were tolerant of Cu, Zn, Pb, and As (Table 2), as was previously reported [21,50,51]. Furthermore, Rawlings et al. [51] reported that total Fe concentrations of up to 20 g·L−1 have no inhibitory effect on the oxidizing activity of A. ferrooxidans.



The results of our assays for the bioproduction of Fe3+ (BioFe3+) by A. ferrooxidans strains cultured at 30 °C showed that T6-OC generated >97.7% of BioFe3+ after 56 h in the Km medium supplemented with two different initial Fe2+ concentrations (Table 3), while the pH remained constant (~2.1). However, with an initial Fe2+ concentration of 14 g·L−1, the redox potential increased to 800 mV, which favored FeS2 (bio)oxidation [9].



Therefore, we did not preadapt the A. ferrooxidans strains to progressively higher concentrations of Fe, as has been suggested [29], because we used a metapopulation that was already adapted to a high Fe concentration, as indicated by the results obtained from the remnant solution analyses (Table 2). Mousavi et al. [52] also used a native strain of A. ferrooxidans with 20.2 g Fe2+ per L, obtaining a maximum bio-oxidation rate of 1.2 g·L−1·h−1 after 70 h. The results showed that with autochthonous and already adapted strains, the production of bioferric flocculant from an initial concentration of 14 and 20 g·L−1 of Fe2+ occurred relatively quickly (56 h) even at 30 °C (Table 2). Consequently, the specific Fe2+ bio-oxidation activity of the assayed A. ferrooxidans strains was high (Table 3). This reinforces the importance of using native species, which must be identified even down to the strain level, as Karavaiko et al. [28] suggested.



Furthermore, the density of active cells increased from 2 × 106 to 9 × 106 cells·mL−1 (average after centrifugation of the culture sample) at a final Fe3+ concentration of up to 19.5 g·L−1, while the specific Fe2+ bio-oxidation activity (     q ¯      Fe   3 +      ) of A. ferrooxidans strains was relatively high (Table 2) compared with that found in other studies; e.g., Saavedra et al. [29] reported a      q ¯      Fe   3 +       of 1.75 × 10−8 g Fe3+ cells−1 h−1 for cells adapted to 18 g Fe3+·L−1. These authors obtained planktonic cells covered with EPS, demonstrating that A. ferrooxidans has a greater EPS content on its cell surfaces, which enhances its tolerance to high Fe3+ ion concentrations. Developing as biofilms (Figure 1), cells of A. ferrooxidans can tolerate higher concentrations of Fe3+ [29,53] and, in adapted cells forming biofilms, EPS-complexed Fe3+ by electrostatic interactions may increase the FeS2 dissolution rate [54].




3.3. Chemical Preoxidation Followed by Biological Oxidation of Pyrite


3.3.1. Chemical Preoxidation of Pyrite


The strains of A. ferrooxidans from the T6-OC remnant solution (Table 1) assisted the production of BioFe3+. Following this, the FeS2 was chemically preoxidized for 4 h at 30 °C with the BioFe3+ at 4 g·L−1, and with 4 g/L of Fe3+ added as Fe2(SO4)3·7H2O as a comparison.



The FeS2 preoxidation exposing the FeS2 concentrate to BioFe3+ or Fe3+ at 90 °C (TBioFe3+ or TFe3+, respectively), resulted in a higher oxidation rate that than at 30 °C, as indicated by the lower pH values and redox potential after 4 h (Figure 3a,c), as well as the high sulfate production and Fe3+ consumption (Figure 3b,d). These results were expected as the catalytic effect of temperature also favors Fe3+ precipitation [19,55,56]. Moreover, higher sulfate production and Fe3+ consumption in the TBioFe3+ trials can be noted.



During preoxidation of the FeS2 concentrate at 30 °C, the pH, the redox potential, and the concentration of sulfates and Fe3+ changed to a lesser extent than during preoxidiation at 90 °C, particularly in batches with Fe3+. In other words, the use of BioFe3+ seems to be more effective at both 30 and 90 °C than the use of commercial salt. For example, the concentration of total Fe in the solution was up to 50% after preoxidation with the Fe3+ salt, but up to 58.5% with BioFe3+; the use of Fe3+ salt also generated more sulfate precipitates [56] than the use of BioFe3+ (Figure 4), according to the following reaction [14]:


FeS2 + 7Fe2(SO4)3 + 8H2O → 15FeSO4 + 8H2SO4



(5)







The formation of jarosite precipitates hinders FeS2 oxidation [12]. Because of greater jarosite formation after preoxidation with Fe3+ salt, we only carried out the bio-oxidation stage of the pretreated FeS2 concentrate with BioFe3+.




3.3.2. Biological Oxidation of Pyrite Concentrate


At the end of the preoxidation stage, the FeS2 concentrate from each experimental batch was exposed to microorganisms from T6 to initiate the second stage of the process, namely bio-oxidation of the pretreated FeS2 concentrate. Figure 3 summarizes the Fe3+ and the sulfate concentration, and the pH and redox potential of the media during both stages of oxidation of the FeS2 concentrate.



The evolution of pH, sulfates, and the Fe3+ concentration during this second stage of the process (i.e., biological oxidation) are shown in Figure 3. Fe3+ was regenerated by the active biomass of the inoculated A. ferrooxidans strains Equation (2) in the batches with the preoxidized FeS2 concentrate at 90 °C, indicated by the increased concentration of this ion during the first 2 days of the second stage (Figure 3d). From days 2 to 7, oxidation of the FeS2 concentrate proceeded as the Fe3+ consumption indicated, due to the ferric oxidation of FeS2 Equation (1) but lower acidity production (Figure 3a) and sulfate solubilization (Figure 3b) were recorded. From days 7 to 14, the Fe3+ was regenerated by A. ferrooxidans. Notably, the production of soluble sulfate ceased; its concentration even decreased, especially in trials where the FeS2 concentrate was preoxidized with TFe3+ (Figure 3b). This may be because of sulfate precipitation due to acid consumption: with increased pH and in the presence of iron, the concentration of alkaline sulfates increases [55,56]. The formation of jarosite precipitate hinders FeS2 (bio)oxidation [12].



The opposite occurred after bio-oxidation of the preoxidized FeS2 concentrate at 30 °C, in which the ferric oxidation of the FeS2 remained Equation (1) for the first 2 days, followed by the regeneration of Fe3+ Equation (2) on days 2 to 7 and its subsequent use as an oxidizing agent Equation (2) during days 7 to 14, which resulted in greater production of sulfate and acidity Equation (3). There was a notable increase in the sulfate concentration (up to 324%), as well as a constant decrease in pH when using the concentrate preoxidized with BioFe3+ (Figure 3a).



The accumulated specific productivity of Fe3+ ions,      q ¯      Fe   3 +      , shows a marked difference in the specific bio-oxidation activity of A. ferrooxidans on the preoxidized FeS2 concentrate (Figure 5). BioFe3+ actively oxidized the remaining preoxidized FeS2 concentrate at 30 °C for the first 24 h, followed by BioFe3+ regeneration by the increasing biomass of A. ferrooxidans strains (24 to 48 h), and its consumption as an oxidant agent, until the      q ¯      Fe   3 +       remained constant (168 and 336 h), confirming that the cells had adapted to the process [29]. In contrast, using the FeS2 concentrate preoxidized at 90 °C (TBioFe3+), the BioFe3+ was regenerated but gradually accumulated until it precipitated as late as day 14 (336 h).



Thus, BioFe3+ seems to be an important booster for FeS2 bio-oxidation. In the presence of FeS2, the EPS produced by A. ferrooxidans was mainly composed of neutral sugars, C12–20 saturated fatty acids, some glucuronic acid residues, and complexed Fe3+ ions [57]; therefore, it may enhance the bioleaching process.



Finally, the bio-oxidation of the preoxidized FeS2 concentrate with BioFe3+ at 30 °C triggered the release of Au particles from day 14 onwards (Figure 6a,b); these trials were maintained for a further 35 days (49 days in total). Non-occluded Au particles could be observed after 21 days (Figure 6c), but mainly after 28 days (Figure 6e,f). However, Ag particles were only observed after 49 days (Figure 6g,h). Notably, neither sulfates nor elemental sulfur were detected on the surface of the FeS2 particles (Figure 6).




3.3.3. Gold and Silver Extraction


Samples of the FeS2 concentrate obtained after 21, 25, and 35 days were treated to cyanide leaching, to extract the Au and Ag at the end of chemical–bacterial oxidation at 30 °C. The Au and Ag recovery are presented in Table 4, and the last column reports the Au and Ag by cyanide leaching of the concentrate. The maximum Au and Ag extraction rates were after 96 h of cyanidation, the extraction percentages were up to 30.5% Au and 57.9% Ag after 21 days of bio-oxidation.



These results have been communicated to the mining company in North-west Mexico to optimize the process of exploiting their waste material and obtaining Au and Ag, ideally through the two-step process assayed in this work using local strains of A. ferrooxidans from their T6 remnant solution.






4. Conclusions


In this work, a successful standardized method was described for isolating bacteria and obtaining functional genomic material for further experiments such as RT-PCR and cloning protocols from a complex and highly acidic solution. We also present a novel pair of primers to amplify a small region of the 16S gene that contains the greatest intraspecies diversity. The original community from a remnant solution (T6-OC) maintained a similar composition of A. ferrooxidans strains after the adaptation process (T6-AC). Thus, the T6 solution with a A. ferrooxidans metapopulation that is already adapted to FeS2 permits bio-oxidation activity, which is reflected in the accumulated specific productivity of the Fe3+ ions (     q ¯      Fe   3 +      ). As in other studies, the tolerance of this species to ≥20 g Fe·L−1 was again demonstrated. The BioFe3+ was obtained in a relatively short time (56 h) and used for FeS2 preoxidation at 30 °C, allowing the lower presence of passivation compounds and therefore detection of free Au and Ag particles after biooxidation of the preoxidized FeS2. The wild strains found in both the T6-OC and T6-AC cultures may explain the improved bio-oxidation capacity and accelerated BioFe3+ production, but further genomic and biooxidation assays should be carried out to confirm this. The discovery of a metapopulation of four strains of A. ferrooxidans sharing minimally different niches in T6 was shown. These findings should be considered by the mining company to exploit its mine tailings using its autochthonous metapopulation of A. ferrooxidans as sources of free particles of Au and Ag. Of course, it will be necessary to accelerate the two-stage process and evaluate it in terms of its costs and benefits.
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Figure 1. (a) Bacterial cells from the T6 remnant solution from a biohydrometallurgical process, observed under an optical microscope (40×). (b) An image obtained by SEM (20,000×) shows a single cell from T6. 
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Figure 2. Alignment of the sequences obtained versus the sequences of representative strains for Subclades 2A and 2B from Nuñez et al. [41]. Red: consensus level of 95%; blue: consensus level of 50%. Created with MultAlin online software [42]. 
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Figure 3. Results of pH, sulfate concentration, redox potential, and ferric ion concentration during: (a–d) FeS2 concentrate (10% w/v) preoxidation with bioferric (BioFe3+) (solid lines) or with ferric sulfate, Fe3+ (dotted lines) at 30 °C (green lines) or 90 °C (blue lines) and during (a’–d’) bio-oxidation of the preoxidized FeS2 concentrate at 30 and 90 °C with BioFe3+. 
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Figure 4. XRD results of precipitates obtained after preoxidation of the FeS2 concentrate with (a) BioFe3+ and (b) Fe3+ at 30 °C. Note: Different color codes were used in (a,b) for the minerals; e.g., FeS2 is shown in blue in (a) but in red in (b). 
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Figure 5. Accumulated specific productivity of Fe3+ ions (     q ¯      Fe   3 +      ) and biomass density after 336 h of bio-oxidation using the T6 community and the FeS2 concentrate previously preoxidized with BioFe3+ at 30 or 90 °C. 
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Figure 6. Images obtained by SEM of bio-oxidated FeS2 particles after 14 (a,b), 21 (c,d), and 28 (e,f) days (previously preoxidized with bioferric flocculant at 30 °C), in which the gold particles (Au) stand out. (b) FeS2 with Au occlusions (<1 µm), one at the edge (left) and the other within the particle (center); (c) Au in the free state; (d) Au entrapped in FeS2; (e,f) Au in free state after 30% oxidation of the FeS2 concentrate. (g,h) After 49 days of the assays, partially occluded Ag particles were observed with a size of 5 µm (g) or less (h). For SEM-EDX analysis, samples were prepared by resin mounting with mirror-finish surface exposure. 
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Table 1. Metal content in FeS2 concentrate.
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Element

	
Fe

	
Cu

	
Zn

	
As

	
Pb

	
Ag

	
Au




	

	
(%)

	
(g/T)






	
Content

	
36.2

	
0.04

	
0.30

	
0.46

	
0.23

	
78

	
22.4
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Table 2. Certain characteristics of the remnant solution T6 and the precipitate formed at the bottom of the containers. Metal concentrations are given in grams per liter (g·L−1).
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Solution

	
pH

	
Eh (mV)

	
Total Fe

	
Fe2+

	
Cu

	
Zn

	
Pb

	
As

	
Biomass

(Cells·mL−1)






	
T6

	
3.05

	
552

	
30.9

	
27

	
57

	
127

	
1.2

	
7.5

	
14 × 106




	
Precipitate composition

	
Jarosite, KFe3(SO4)(OH)6 (83.7%); rozenite, FeSO4·4H2O (16.34%)
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Table 3. Concentration of Fe2+ oxidized and BioFe3+ generated, percentage of BioFe3+ generated, and specific productivity of Fe3+ ions (     q ¯      Fe   3 +      ) after 56 h, assayed in two initial Fe2+ concentrations.
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	Initial Fe2+ (g·L−1)
	Final Fe2+ (g·L−1)
	Final BioFe3+ (g·L−1)
	Final %BioFe3+
	       q ¯     F    e   3 +        

    (  gFe  3 +      cel  − 1      h  − 1   )    





	14
	0.0
	14.0
	100
	3.97 × 10−7



	20
	0.5
	19.53
	97.7
	3.86 × 10−7
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Table 4. Analyses and extraction of Au and Ag from the FeS2 concentrate at the end of chemical–bacterial oxidation. Data show the maximum value reached after 72 to 96 h of agitation leaching using NaCN as the extractant.
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Oxidation Duration, Day

	
Oxidation Residue 1

	
Cyanidation Residue

	
Pregnant Solution

	
Extraction




	
Au

(g·T−1)

	
Ag

(g·T−1)

	
Au

(g·T−1)

	
Ag

(g·T−1)

	
Au

(mg·L−1)

	
Ag

(mg·L−1)

	
Au

(%)

	
Ag

(%)






	
21

	
2.89

	
75

	
2.59

	
32

	
0.11

	
4.18

	
30.52

	
57.97




	
25

	
2.90

	
73

	
2.65

	
35

	
0.09

	
4.05

	
27.17

	
55.27




	
35

	
2.96

	
74

	
2.65

	
34

	
0.09

	
3.75

	
27.09

	
54.42








1 Au and Ag in the original concentrate before chemical–bacterial oxidation.
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