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Abstract

:

Globally, the amounts of metal ore deposits have been declining, so the research directions investigating the extraction of metals from materials that are classified as waste are gaining more importance every year. High concentrations of Cu, Pb, Zn, and Fe were analyzed in the sludge sediment (Zlaté Hory, Czech Republic), which is a waste product of the mining industry. In the bioleaching process, bacterial cells have been established as being able to convert metals from solid to liquid phase. However, the most important parameters of bioleaching are particle size, pH, and pulp density, thus our research focused on their optimization. The acidophilic and mesophilic bacteria Acidithiobacillus ferrooxidans were applied due to the high Fe content in the sample. The recovery of metals in the leachate was determined by F-AAS and the residual metal concentrations in the waste fraction were analyzed by XRF. The grain size fractions <40 µm –200 µm were investigated. The atomic absorption spectrometry (AAS) results show that the highest Fe (76.48%), Cu (82.01%), and Pb (88.90%) recoveries were obtained at particle size of 71–100 μm. Zn was dissolved for all fractions above 90%. Experiments with different pH values were performed at a pH of 1.6–2.0. The highest dissolution rates of Zn, Fe, and Cu were achieved with a suspension pH of 1.8, where 98.73% of Zn, 85.42% of Fe, and 96.44% of Cu were recovered. Due to the high percentage dissolution of metals, experiments were performed under pilot conditions in a bioreactor at a pulp density of 2.5% and 4.2% (w/v). From an economic point of view, the leaching time of 28 days was evaluated as sufficient.
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1. Introduction


Bio-leaching is often used in the case of wastes that contain low concentrations of elements for which other separation methods cannot be used or would not be sufficiently efficient. Even in the 21st century, research has dealt with other possibilities of applying bioleaching in practice using various bacterial cultures [1]. Ore deposits with high concentrations of metals are becoming smaller and in the future rocks with a lower percentage of metals or waste will be used more and more often [2,3]. Globally, up to 10% of copper is obtained by leaching with the help of microorganisms. The application of bioleaching in practice includes many advantages when compared to other processes. The formation of inorganic gaseous pollutants, such as sulfur oxides, is eliminated. If arsenic is present in the ore, the formation of its compounds is prevented, as in the case of ore processing by pyrometallurgical processes. These products must be further disposed of as hazardous waste [4]. From an economic point of view, the bioleaching process is very advantageous, not only due to the elimination of flue gas cleaning, but also due to its simple application [5,6,7].



The process of dissolving metals in solution is influenced by several parameters that are related to the properties of microorganisms, chemical reactions (formation of precipitates), or the degree of friction in the suspension [8]. These include pH, particle size, pulp density, stirring frequency (rpm), temperature, nutrient concentration, oxygen content, and total bioleaching time [9,10,11]. These factors have a significant effect on the overall success of the transition of metals to the liquid phase and it is important to investigate their effect in order to achieve the highest possible yield of metals [10,12].



Deveci’s research [13] looked at the effect of solid material on the viability of a mixture of bacterial cultures. Their amount decreased in proportion to the decreasing radius of the particles to a value of approximately 45 µm. Particles that were <45 µm no longer had such a significant effect on the population of microorganisms and the particle effect on the decrease of bacteria decreased. Nemati et al. [14] investigated the effect of different grain sizes on populations of microorganisms during leaching and its overall effectiveness. In the finest fraction <25 µm, a significant decrease in the amount of microorganisms in the medium was found in a short period of time from the start of the experiments. It has been shown that different size fractions have an effect on the recovery leaching of metals. Not only in terms of the effect of particles on bacteria, but also due to the formation of clots. These form on the surface of the grains as leaching products, and their amount often depends on the mineralogical composition of the sample, which may vary slightly from fraction to fraction. [8,15]. The pH value is one of the determining parameters of the metabolic activity of A. ferrooxidans cells. However, the optimal pH for growth and cellular oxidation, as well as the pH cut-off at which the bacterium is able to perform basic biological functions, varies in many sources [4,15,16,17,18]. In previous studies, the dependence of pH value and extraction efficiency was investigated, but, for other bacterial species [19], for non-stationary systems [20,21,22], or the research focused only on iron [23]. In our study, the polymetallic waste of A. ferrooxidans was leached at different pH values, which were kept limit-stationary during dissolution.



Our research deals with the effect of particle size, pH, and pulp density due to the importance of these factors and its goal is to intensify the overall gain of metals. There is much work on bioleaching using different types of microorganisms, mixtures of bacterial cultures, fungi, and archaea [1,24,25,26,27,28], but the effect of pH is not sufficiently studied. Different size fractions and pulp densities are among the major aspects of the process and the results should clarify the choice of conditions for further studies of bioleaching and their subsequent use in practice. In addition, the comparison of the effect of pulp density was carried out in pilot plant conditions, which was to simulate the situation in industrial use.




2. Materials and Methods


2.1. Ore Samples


The sample was obtained from the Jeseníky-Zlaté Hory mountains in the Czech Republic. The owner of the waste material is the state enterprise Diamo, specifically the enterprise GEAM in Dolní Rožínka. In the past, Au and sulphide ores containing Cu, Zn, and Pb were mined in the area [29]. The sludge sediment was dried for 24 h in a Memmert UF 110PLUS (Memmert GmbH + Co. KG, Schwabach, Germany) oven (108 L) at 90 °C to constant weight due to the high humidity of the sample. The sample was crushed while using a VIPO VMA - 386, VIPO vibrating mill, and it was sufficiently homogenized. Due to experiments with different particle sizes (<40 µm, 40–71 µm, 71–100 µm and 100–200 µm), a part of the sample was mechanically separated while using a Retsch AS 200 digit cA (Retsch GmbH, Haan, Germany) analytical sieving machine. XRD confirmed the presence of FeS2, ZnS, SiO2, CuFeS2, and PbS in the sediment. A representative sample was obtained, its element content was determined by XRF analysis, and it is shown in Table 1.




2.2. Microorganism and Preparation of Media


Mesophilic and acidophilic bacteria Acidithiobacillus ferrooxidans were applied on all of the experiments. The inoculum with bacteria was sent from the workplace of the Czech Collection of Microorganisms (Brno). The bacteria were cultured in 9K medium, the composition of which was described in 1959 by Silverman and Lundgren. The medium was prepared by dissolving 2 g (NH4)2SO4, 0.5 g K2HPO4, 0.5 g MgSO4∙7H2O, 0.1 g KCl, and 0.01 g Ca(NO3)2 in 700 mL distilled water. Next, 40 g of FeSO4∙7H2O were dissolved in 300 mL of distilled water, and the two solutions were mixed in order to eliminate the formation of undesired precipitates [30]. All of the chemicals used were supplied by Penta. The main parameters of A. ferrooxidans culture include pH and temperature. The acidophilic conditions of the solution (range 1.8–2.2) were stabilized by the addition of 5M H2SO4. A constant temperature of 30 °C was maintained by a laboratory incubator and a thermostat LP BT 120 M. A 9K solution was prepared 14 days before the start of the experiments due to the optimal growth of bacteria in the medium.




2.3. Chemical Leaching


A blank experiment was performed to compare the efficiency of abiotic and bacterial extraction. The sample was dissolved in sulfuric acid pH 2.0, which was kept stationary during extraction. The parameters of the sterile experiments were particle size <40 µm and suspension density 6.0% (w/v). Acid oxidation was performed in Erlenmeyer flasks. The system temperature was not regulated due to the absence of the microbial cells. All of the experiments were performed in triplicate.




2.4. Bioleaching Experiments


All of the experiments were performed in triplicate and the error bars were calculated as the standard deviations.



2.4.1. Particle Size Experiments


Grain size fractions were tested in order to compare the effect of different particle sizes: <40 µm, 40–71 µm, 71–100 µm, and 100–200 µm. The experiments were performed in Erlenmeyer flasks at pH 2.0 and a pulp of density of 6.7% (w/v). The constant pH value was stabilized while using 5M H2SO4 and in the case of exceeding the pH by a solution of 0.4M NaOH. The suspension was placed in an incubated INFORS HT Multitron II (Infors LTD., Reigate, UK) shaker, which maintained a constant temperature of 30 °C and agitation rates of 100 rpm (Figure 1). The experiments were performed for 42 days in order to determine the optimal leaching time after the end of the experiments.




2.4.2. pH Experiments


The sludge sediment was extracted in 9K inoculated medium at stationary pH values of 1.6, 1.8, 2.0, and 2.2 in an INFORS HT Minifors 2.5 LTV (Infors LTD., Reigate, UK) bioreactor/incubator shaker. The bioreactor allows for automatic pH regulation only in the range of values 2–12. In accordance with the technological parameters of the device, the samples were leached in the fermenter at pH 2.0 and 2.2 (Figure 2). At pH 1.6 and 1.8, extraction was performed in 2 L Erlenmeyer flasks that were placed in an incubator shaker. Identical parameters of all experiments were solid concentration 5.6% (w/v), particle size <40 µm, temperature 30 °C, and stirring speed 150 rpm.




2.4.3. Pulp Density Experiments


The experiments under pilot conditions were performed in a New Brunswick Scientific Bioflo & CelliGen 310 (Eppendorf, Hamburg, Germany) bioreactor. The bioreactor was equipped with its own software, which recorded the temperature (30 °C), suspension pH (2.0), and kept them constant throughout the experiments (Figure 3). The samples with pulp densities of 2.5% and 4.2% (w/v) were tested. The suspension was agitated with a mechanical stirrer, which ensured an intensive suspension of the solid fraction in the biomedia, thus ensuring effective contact of the grains and the solution with the microorganisms and preventing the sample from settling at the bottom of the bioreactor.




2.4.4. Solid and Liquid Sampling


The solid and liquid phases were collected and separated by filtration under reduced pressure (KNF LIQUIDPORT NF 300 KT.18S, KNF Neuberger GmbH, Schmachtl, Germany). All of the samples were taken in triplicate. The solid sample was washed with 40–50 mL of 0.1 M HCl and then poured into distilled water until the acidity of the solution dropped to 5.0–5.3. The sample was filtered again, and the solid fractions were dried in an oven [Memmert, UF 110PLUS, Memmert GmbH + Co. KG, Schwabach, Germany (108 L)] at 60 °C after 4–5 h to constant weight. Subsequently, the sample was homogenized, and a representative sample was obtained from the total amount, which was placed in plastic containers with screw caps. The total leaching time was 42 days and the solid (and liquid) phases were collected at weekly intervals.




2.4.5. Chemical Analysis


Heavy metal concentrations in the leaching solutions were determined by flame atomic absorption spectrometry (F-AAS; VARIAN AA 280FS, Agilent, Santa Clara, California, USA). The methods of calibration curves that were prepared by the operator before the actual determination using certified standards were used for the analyses. Evaluation and concentration calculations were performed while using instrument software (SpectrAA Base, PRO and CFR software versions) from Varian Australia Pty Ltd. Quantitative analysis of metals in waste solid fractions was performed by X-ray fluorescence spectrometry. Analyte concentrations were determined on powder compressed tablets while using a BRUKER S8 TIGER (Brukner Co., Billerica, MA, USA) equipped with an automatic crystal changer (XS-55, PET, LiF 200) and a very powerful 4 kW Rh tube. The concentrations of Fe, Pb, Cu, and Zn were determined by the QUANT T calibration method, which consists in the application of reference materials (CRM). The calibration of the elements was performed within one software solution, which eliminated the necessity of creating a self-calibration by the operator.



The pH values were measured while using a pH meter WTW 330i/Set (Xylem Analytics Germany Sales GmbH & Co. KG, WTW, Weilheim, Germany) (accuracy ± 0.005). The pH values in the bioreactors were automatically regulated. The relative amounts of metals in the leachates RA [%] were calculated while using the following equations [31]:


  R A =      M l     M s    × 100  



(1)






   M l  =  C e  ×  V e    × f .    



(2)






  f =     ∑  e = 2  n    C  e − 1   +    v  e − 1    



(3)






   M s  =    C s    ×    M s   



(4)







In these equations, M1 represents the amount of heavy metal in solution after chemical or biological extraction [mg]; Ms represents the weight of heavy metal in the mine sediment sludge [mg]; Ce represents the concentration of the dissolved element in the extract at the time of sampling e [mg·L−1]; Ve represents the volume of leachate at the relevant sampling time [l]; f represents the total correlation factor of previous samples; ve−1 represents the volume of leachate that was taken from the extraction system at time e−1 [l]; Cs represents the metal concentration in the mine sediment before the extraction process [mg∙kg−1]; and, ms represents the weight of dried sediment [kg].






3. Results and Discussion


3.1. Interaction of Sample, Medium and Microorganisms


From the chemical point of view, the following reactions took place during the experiments. During direct leaching, the sample containing the sulphides of the metals in question reacted with sulfuric acid (or water) in the presence of oxygen in order to form metal sulphates. Sulphate metals are readily soluble and they can be subsequently separated from the liquid phase (Equations (5)–(8)). Acidophilic mesophilic bacteria A. ferrooxidans participated in all reactions [32,33,34,35,36].


Pyrite: 2 FeS2 + 7 O2 + 2 H2O ⎯⎯A. ferooxidans⎯→ 2 FeSO4 + 2 H2SO4



(5)






Sphalerite: ZnS + ½ O2 + H2SO4 ⎯⎯A. ferooxidans⎯→ ZnSO4 + H2O + S



(6)






Chalcopyrite: CuFeS2 + O2 + 2 H2SO4 ⎯⎯A. ferooxidans→ CuSO4 + FeSO4 + 2 H2O + 2 S



(7)






Galenite: PbS + ½ O2 + H2SO4 ⎯⎯A. ferooxidans⎯→ PbSO4 + H2O + S



(8)







At the same time, due to indirect leaching, the sulphide ores of a given metal oxidized with ferric sulphate, which is described by Equation (9) [1].


(Zn, Cu, Fe, Pb)S + Fe2(SO4)3 ⎯⎯⎯→ (Zn, Cu, Fe, Pb)SO4 + 2 FeSO4 + S0



(9)







The resulting ferrous sulfate was further oxidized in the presence of sulfuric acid and microorganisms to ferrous sulfate (Equation (10)), which re-entered into reaction No. 9 [37].


4 FeSO4 + 2 H2SO4 + O2 ⎯⎯A. ferooxidans⎯→ 2 Fe2(SO4)3 + 2 H2O



(10)







Elemental sulfur reacted with water in the presence of oxygen to form sulfuric acid (Equation (11)), which is essential for both bioleaching mechanisms [38,39,40].


S + ½ O2 + H2O ⎯⎯A. ferooxidans⎯→ SO42− + 2 H+



(11)







Chemical reaction No. 11 returned sulfuric acid to the system, which had a positive effect on the equilibrium state in the leaching process. This process was accompanied by a negative value of the reaction enthalpy, heat was released, which resulted in a faster course of the surrounding reactions [41]. According to Equation (5), the metal sulfides were converted to sulfates that have completely different ion arrangements in their crystal lattice. If we compare the ion radii of these two chemical structures, the sulfates show larger values, which resulted in better availability for A. ferrooxidans bacteria [1]. In order for leaching in the presence of microorganisms to proceed as efficiently as possible, an important supply of oxygen was an important factor. This is necessary for the proper activity of bacteria. Not only in the case of the conversion of metal sulphides into sulphates, but also of ferrous iron to trivalent (Equation (10)) [42]. The sufficient agitation of the suspension was ensured during all of the experiments.



The bacterium A. ferrooxidans was chosen for the research due to the composition of the sample, which draws energy from oxidation-reduction reactions of inorganic substances (divalent Fe, reduced form S) and macroergic compounds. The ATP (adenosine triphosphate) molecule provides energy by converting it to ADP (adenosine diphosphate) and releasing phosphate. The bacterium is cultured in an acidic environment, but inside the cell the pH has a weakly acidic character (around 6.5) [43,44]. During bioleaching, the cell is attached to the leached grain and it receives O2, CO2, N2, and H2 from the air [4]. Airborne CO2 is processed through the Calvin cycle, with ribulose-1,5-bisphosphate carboxylase/oxygenase being the major biocatalyst for these reactions. During the process, the sulphate anion SO42− is formed, which, in the case of controlled leaching in the bioreactor, contributes to a more efficient extraction of metals. A longer exposure of test samples and biomedia is required for bioleaching of sulphide ores [45]. Therefore, the tests were performed for 42 days in order to determine the most economically advantageous leaching time after the end of the experiments.



The test sample containing 7 mg·kg−1 Ag. A. ferooxidans cells is not inhibited by the silver content of the leached material, as has been shown in thermophilic bacteria [45]. Leaching with A. ferooxidans is economically advantageous due to lower temperatures and no significant corrosive processes as in the case of thermophiles [10]. Akcil et al. [28] have shown a direct relationship between the efficiency of metal extraction and the amount of bacterial content in the medium. During the tests, the optimal conditions were maintained for the sufficient multiplication of microorganisms in order to ensure the most efficient dissolution of metals.




3.2. Chemical Leaching


The blank experiment was a chemical extraction of the sludge sediment with sulfuric acid at a stationary pH of 2.0. Figure 4 shows the relative contents of metal ions in the solution during sterile leaching.



Figure 4 shows that the curves expressing the dependences of chemical metal recoveries on times showed a completely different trend in the case of Fe, Pb, and Zn than the solubilization curves of elements in biological leaching. The majority of heavy metals were chemically extracted after 14 days, and the prolongation of the extraction time did not lead to an increase in metal removal yields. After 14 days, 4.71% Fe, 9.01% Pb, 12.98% Cu, and 31.88% Zn were chemically leached. The increase in the percentage of dissolved Fe, Pb, Cu, and Zn was only 2.21%, 1.61%, 13.36%, and 5.31%, respectively, between days 14 and 42. Only for Cu, the optimal extraction time was 21 days, when 22.01% of the metal was extracted. Consistently, as observed by Ye et al., dissolution in H2SO4 (pH 2.0) was the least effective for Fe [20]. After seven days, only 2.67% Fe was transferred to the solution, which was the lowest efficiency that was achieved in the study. Extending the extraction time to 42 days increased the Fe content in the acid to 6.92%, while, at pH 2.0 and 1.8, the Fe recovery efficiencies were 60.57% and 85.42% in Figure 13a.



Figure 4, 13 show that chemical extraction resulted in lower dissolution efficiencies for all elements than in biological phase enriched systems. After 42 days, H2SO4 dissolved only 37.19% Zn, 26.34% Cu, and 10.62% Pb, with the relative increase in metal ions in the biological extract (pH 2.0) being 57.12% Zn, 64.0% Cu, and 86.4% Pb. The presented results correlate with the theoretical assumption that the total concentration of metals in biological leachate is given by the sum of ions that are released by metabolic activity of living cells and elements dissolved by acid, while the concentration of sulfate anions in solution increases due to bacterial oxidation [46]. However, in the blank experiment, there were higher extraction efficiencies than those that were determined by Ye et al. [20].



The pH dependence as a function of time was almost linear in chemical extraction. The values of pH deviations from the required pH value 2.0 did not exceed 0.05 degrees during leaching. Ye et al. noted the same low rate of fluctuation of pH values during the leaching of H2SO4 [20]. Significant fluctuations in pH values were observed during bioleaching, while the oxidation of crystalline sulfides to sulfate anions and the activity of A. ferrooxidans cells were confirmed by decreases in pH. The interfacial transition of metals due to sulfuric acid oxidation was evaluated as significantly limiting.




3.3. Influence of Particle Sizes on Metal Extraction Efficiency


The success of bioleaching is influenced by many parameters that have been chosen with respect to other scientific studies. In the study of Olubambi et al. [10], the effect of agitation on the percentage dissolution of metals was monitored and the best results were obtained at a stirring speed of 150 rpm. The experiments were performed in a closed bioreactor. In the case of our research, the experiments were performed in Erlenmeyer flasks and, in order to avoid loss of suspension, the agitation rate of 100 rpm was evaluated to be sufficient. The solid fraction was suspended during leaching and it did not settle to the bottom of the flasks. The pH value was chosen, not only with regard to the use of acidophilic microorganisms, but also with the assumption of reducing the probability of the formation of jarosite precipitates. Zhao et al. [47] confirmed that at a pH value exceeding 2.0, there is a higher probability of the formation of jarosite-type compounds. Another factor for jarosite formation is the total concentration of ferrous and ferric iron in the biomedia. In a study by Tipre et al. [48] the same metals were extracted as in our experiments using a mixed culture of bacteria (including A. ferrooxidans). The pH was 2.0. In the study of Acevedo et al. [42], Fe was the major element in the sample. The thermophilic bacterium Sulfolobus metallicus at pH 2.0 was used in order to obtain it. Because of the given studies, the pH value was maintained by the addition of 5M H2SO4 or a solution of 0.4M NaOH. In order to have a sufficient number of samples for sampling (six samples), 100 g of sample was leached for each grain fraction.



3.3.1. Iron


Liquid samples were determined by atomic absorption spectrometry (AAS) analysis and the dependence of the percentage dissolution of Fe on the leaching time for individual particle sizes was determined (Figure 5). In solution, Fe was present in ionic form in oxidation stages II and III. It was found that Fe most readily passed into the liquid phase in the grain fraction 71–100 µm during the whole course of the experiments, when it was extracted from 76.48% (Fe concentration in the extract 11.558 g∙L−1). At a particle size of 40–71 µm, it was dissolved from 74.32% and, at a finest fraction, <40 µm from 66.48%. The worst results were achieved with the largest particle size 100–200 µm, when it was leached from 61.24%. The percentage difference in metal dissolution between the best and worst rated fractions was 15.26%. It is evident from the course of the curves that there was no significant inhibition of Fe leaching due to the formation of jarosite-type precipitates. These products were prevented by keeping the pH low, which was around 2.0.



In a study conducted by Conić et al. [1] Fe was leached from 68% at particle size <10 µm, agitation rate 150 rpm, pH 1.6, and pulp density of 8% (w/v) and the use of mixed culture microorganisms (including A. ferrooxidans). In a study by Acevedo et al. [42], the highest percentage dissolution was achieved with the finest fraction <38 µm and the least efficient extraction was demonstrated, as in our experiments with the largest particle size 106–150 µm. Nevertheless, over 80% of the Fe was leached in all of the experiments performed. It is probable that, in the case of the largest grains (100–200 µm), there was probably no sufficient contact of microorganisms and particles due to the smaller specific surface area. Olubambi et al. [49] monitored the dissolution of Fe at pH 2.0 and the application of a mixed culture of bacteria (including A. ferrooxidans). Even at low pH, the trend of the curves was first increasing (extraction from 48–50%), but it then decreased (extraction from 37–44%) for 21 days. It was found that the cause was the formation of secondary iron precipitates, which prevented further leaching. The best Fe extraction results were obtained with a grain size (75–106 µm). Despite maintaining a low pH value in our experiments, the formation of a very small amount of precipitates of the jarosite type is not ruled out, due to which the Fe extraction did not exceed 80%. These compounds have been shown not only to prevent further dissolution, but also to prevent sufficient O2 access [50].



The concentration losses of Fe from solid waste material were determined by XRF analysis (Figure 6). For comparison, a blank is displayed for all subscriptions. Of all the analysed metals and of all elements in general, Fe was the most represented in the sludge sediment at a concentration of 203,085 mg∙kg−1. After 42 days, the highest decrease in metal concentration was found in the grain fraction 71–100 µm (47,564 mg∙kg−1). The XRF results correspond exactly to the liquid fraction analyses that were determined by AAS.




3.3.2. Copper


Copper is one of the predominant elements, in which leaching with the help of microorganisms is applied in practice. Worldwide, up to 10% of total metal production is obtained by this microbial technology [4]. Figure 7 shows the increasing course of the Cu leaching curves in the range of 42 days. From day 9, there was a more significant percentage increase in particles 40–71 µm, which was evaluated as the second best extractable in the end (79.15%). The largest grain fraction of 100–200 µm was dissolved from 75.37%. From day 20 until the end of the tests, the least willingness to transfer metal to solution was demonstrated for the finest particle size <40 µm (73.34%). The best results were obtained with a grain size of 71–100 µm, when the metal was released from chalcopyrite into the liquid phase from 82.01% (Cu concentration in the extract 1.116 g∙L−1). The percentage difference in Cu extraction between the best and worst rated fractions was 8.67%.



In a study conducted by Conić et al. [1], Cu was extracted from 83% under similar conditions. In the case of our experiments, it was shown that the worst results were obtained with the finest fraction. Deveci [13] investigated the effect of grain radii on the microbial activity of bacteria. It has been shown that shrinking particles have a negative effect on the cellular structure of A. ferrooxidans (as well as L. ferrooxidans), which are damaged by friction. In a study by Nemati et al. [14], when Sulfolobus metallicus was applied, requiring an acidic and thermophilic environment, the finest particles <25 µm showed a loss of microorganisms in the medium during the experiments. By the impact of fine particles on the bacterial walls, the microorganisms were inhibited, and further did not participate in the oxidation of sulfides and ferrous sulfate. Agitation is also an important factor, which, in the case of very fine grains, promotes damage to cellular structures. On the contrary, in the case of larger particles, it accelerates the overall course of the process and keeps the grains in sufficient buoyancy. Consequently, they are easily accessible to multiplied colonies of microorganisms in solution. These studies confirm the results of our experiments.



The best percentage dissolution of Cu was achieved in the fraction 71–100 µm. The particle size in the range of 71–100 µm was evaluated as the most effective, even in the case of Fe leaching. In a study by Olubambi et al. [10] of all monitored fractions (<53 µm, 53–75 µm, 75–106 µm, >106 µm), the highest metal dissolution was achieved with a particle size of 75–106 µm, which corresponds to our conclusions. Nevertheless, only 14% of Cu was leached. It was found that, in some cases, copper-ferrous sulphide showed higher resistance to dissolution and insufficient kinetics of chemical reactions were demonstrated during the process. This phenomenon could be prevented by higher temperature (the use of thermophilic bacteria) or by prolonging the exposure time of the biomedia and the sample. In the case of our experiments, Cu was gradually released from chalcopyrite, and the temperature of 30 °C was sufficient. After 28 days from the start of the experiments, there were no significant changes in the transition of the metal to the solution.



The decreasing Cu concentrations in the waste fraction were analyzed by XRF and they are shown together with a blank sample in Figure 8. Prior to the experiments, the sample contained 17,434 mg∙kg−1 Cu. The highest concentration loss of metal was determined at a particle size of 71–100 µm, when it decreased to 3,105 mg∙kg−1.




3.3.3. Zinc


Figure 9 shows the dependence of the percentage dissolution of Zn on the leaching time for different grain fractions.



In the case of Zn, the smallest differences in percentage leaching between different particle sizes were demonstrated. Until day 30, the fraction 71–100 µm was evaluated to be the most effective with a final extraction of 97.69% (Zn concentration in the extract 2.634 g∙L−1). For grains in the range of 40–71 µm, the resulting percentage extractability was 98.18%. These values do not differ much from the results of the previous fraction. Particles that were in the range of 100–200 µm were leached from 94.66% and the finest grains from 92.91%. The percentage difference between the most effective and the least soluble particle size was 5.27%. Zn was evaluated as the best extractable of all monitored metals, when, for all grains, the final leachability exceeded 90%. On the twenty-first day after the start of the experiments, three grains (<40 µm, 40–71 µm, 100–200 µm) showed almost identical dissolution results. In the study of Conić et al. [1], Zn was 89% soluble. In a study by Olubambi et al. [10], the best results were obtained with a grain size between 75–106 µm (65.2%) and 53–75 µm (62.5%), with a difference of only 2.7%. It was shown that, as in the case of Cu, the worst rated grain size was <40 µm. Makita et al. [51] found that very fine particles can form more complicated solutions, which has a negative effect on the overall metal leaching process.



The waste solid material was determined by XRF and the concentration loss of Zn in the solid fraction is shown together with the blank sample presented in Figure 10. In the original sample, the Zn content was determined to be 38,777 mg∙kg−1. The best results were obtained with a particle size of 40–71 µm, when the decrease in metal concentration to 716 mg∙kg−1 was analyzed.




3.3.4. Lead


Figure 11 shows the dependence of the percentage dissolution of Pb on the exposure time of the biomedia to the solid sample. The best results were obtained with a grain size of 71–100 µm, where Pb was extracted from 88.90% (Pb concentration in the extract 223.670 mg∙L−1). In the case of the 40–71 µm fraction, Pb was leached from 85.83% and, in the case of the largest particle size, 100–200 µm from 78.84%. An unexpected course of leaching was found for the finest grains <40 µm, which was initially the worst leached fraction, but, from day 22, there was a significant increase in extractability until the dissolution of Pb amounting to 86.68%. The percentage difference between the best and least soluble particle size was 10.06%.



It has been confirmed in several studies that, in the case of Pb bioleaching, the process may be inhibited due to the formation of precipitates. Under certain conditions, sulfate ions in the medium can react with divalent Pb ions to form lead sulfate, which settles on the surface of the particles in insoluble form. If the grains are significantly coated with this precipitate, the access of bacteria is prevented, and the extractability of the metal is gradually slowed down. Another negative phenomenon is the insufficient supply of oxygen, which is needed for the proper functioning of microorganisms [49]. These phenomena were confirmed in a study conducted by Keeling et al. [52], where the dependence of the formation of precipitates and insufficient dissolution of metals was demonstrated. Due to the effect of these compounds, the action of trivalent iron ions on sulphides in the grains is prevented, thus reducing the solubility of the elements. The trend of the curves of our experiments shows that there was no inhibition of the leachability of the metal into solution due to precipitates.



The best evaluated fraction was the particle range of 71–100 µm, not only in the case of Pb, but also in other monitored metals: Cu and Fe. In the case of Zn, there were slight differences in the leachability for the first two best extractable grain sizes (40–71 µm and 71–100 µm). In a study conducted by Makita et al. [51], it has been shown that the most efficient grain size corresponds to particles around 75 µm. This was also confirmed in a study by Olubambi et al. [10], where the best results were obtained for the 75–106 µm fraction (63.5%). The trend of all the curves was initially sharply increasing, but, from day 13, it gradually decreased due to the formation of a precipitate of lead sulphate. The insoluble compound gradually settled on the surface of the grains, thus preventing further extraction. The 100–200 µm fraction was evaluated as the worst leached. In a study by Nemati et al. [14], the largest particles in the range of 150–180 µm were evaluated as the worst extractable. The cause was insufficient access of microorganisms to metals in the form of sulfides in the leached sample.



The Pb content in the sludge sediment was determined by XRF to be 3422 mg∙kg−1. The dependence of the concentration loss of metal during the leaching period of 42 days is shown, together with the blank sample in Figure 12. The highest decrease of the Pb concentration was determined in the fraction 71–100 µm when 391 mg∙kg−1 was analyzed.





3.4. Influence of pH Value on Metal Extraction Efficiency


The studied pH values were selected on the basis of previous studies [20,23]. Kocadagistan et al. [23] determined the lowest extraction efficiency of A. ferrooxidans cells across the entire range of pH values of 1.5–2.5 in a leaching system with a constant pH of 1.5. The study also evaluated the total Fe recovery efficiencies in suspensions with pH values of 2.25 and 2.5 as relatively similar.



An increase in the pH of the leaching solution above the limit value of 2.5 is associated with undesired precipitation of Fe3+ ions and the subsequent adhesion of bacterial cells to the formed precipitate. The formation of the jarosite phase, and the associated decrease in the concentration of Fe3+ ions, are a significant inhibitory factor in the oxidation of mineral grains [53]. The mentioned mechanism basically falls into the so-called passivation, when during bioleaching a substance is formed, which is concentrated on the surface of solid particles. The formation of an interfacial barrier disrupts the supply of nutrients and dissolved oxygen to microorganisms and, at the same time, prevents the material flow of metals. Cu4Fe2S9 a Cu4S11, ammonium jarosite, and polysulfide were detected as the main passivation layers in the leaching of Cu minerals by A. ferrooxidans [54].



The sludge sample was leached at pH 1.6, 1.8, 2.0, and 2.2. The yields of heavy metals were calculated from Equations (1)–(4) based on F-AAS analyses. The optimal pH value of bacterial leaching was evaluated on the basis of solubilization curves shown in Figure 13.



Figure 13a shows that the bacterial dissolution efficiency of Fe was the lowest of all metals. When initial pH values were 1.6, 1.8, 2.0, and 2.0, it resulted in Fe recovery efficiencies of 24.10%, 28.65%, 16.54%, and 11.18%; Pb recovery efficiencies of 62.96%, 60.64%, 67.67%, and 72.26%; Zn recovery efficiencies of 77.16%, 84.93%, 74.38%, and 73.30%; and, Cu recovery efficiencies of 49.76%, 61.36%, 56.62%, and 46.93%, respectively, after seven days (Figure 13). From the absolute values of the differences of all extraction yields of metals, which were related to the same extraction time, the strongest dependence between Fe extraction efficiency and pH value was derived for Fe. The difference between the percentage of Fe in the extract (day 35) at pH 1.8 and 2.2 was 32.49%. Throughout the bacterial leaching, higher amounts of Fe were analyzed in suspensions with pH values of less than 2.0. Removal yields of Fe (day 42) decreased in the following order: 1.8 (85.42%) > 1.6 (79.53%) > 2.0 (60.57%) > 2.2 (52.29%). The decrease in Fe contents in extracts with a pH value ≥ 2.0 could be caused by different types of agitation in extraction devices or by precipitation of dissociated forms of Fe. In 2L Erlenmeyer flasks, the suspension was agitated in the orbital direction, while, in the bioreactor, the particles were dispersed by vertical flow. Qui et al. determined a significant increase in the formation of iron precipitates in the leaching suspension with a pH value that was higher than 2.0 [22]. In contrast to Cu and Zn, in which the percentage of ions in the solution exceeded 90% after only 21 days (Figure 13c,d) and from an economic point of view it would be possible to terminate the extraction by this time, the Fe concentration in the extract increased up to 35 days (Figure 13a). Because the dependences of total Fe recoveries on time were almost linear, a longer extraction time (35 days) was evaluated to be optimal for Fe.



Figure 13b shows that Pb was the second best biologically extractable metal. In the initial phase of bioleaching (by day 21), most Pb was released into the pH 2.2 solution. When stationary pH values were 1.6, 1.8, 2.0, and 2.2, it resulted in Pb recovery efficiencies of 67.58%, 72.29%, 82.94%, and 91.41%, after 21 days; 79.03%, 79.00%, 96.23%, and 93.65%, after 28 days; and, 87.79%, 92.01%, 96.83%, and 95.49, after 35 days. The achieved yields of Fe show that the rate of dependence of total Pb recovery on pH decreased with increasing bioleaching time. From an economic point of view, a leaching time of 28 days was evaluated to be sufficient at pH 2.0; however, in a leachate of pH 1.8 (optimum for other metals), it would be necessary to extend the process time to 35 days. At relatively analogous leaching parameters, i.e., initial pH 2.0, stirring speed 160 rpm, constant temperature 30 °C bacterial species A. ferrooxidans, and suspension density 5% (w/v), Ye et al. [20] extracted 4.13% Pb, 85.45% Fe, and 97.77% Zn after 50 days. By reducing the pulp density to 2% (w/v), a maximum Pb extraction efficiency of 9.08% was achieved [20]. Figure 13 shows that, after 42 days, at a stationary pH value of 2.0, agitation rate of 150 rpm, constant temperature of 30 °C, and pulp density 5.6% (w/v), 97.02% Pb, 60.57% Fe, 94.31% Zn, and 90.34% Cu were dissolved.



Figure 13c shows that Zn extraction due to the integration cooperation of chemical and biological dissolution, was evaluated as the highest. Zn was the only metal for which the removal efficiencies exceeded 70% after seven days and 90% after 42 days over the entire pH range. The dependence between the amount of dissolved metal and the pH value was evaluated as the weakest for Zn, because Zn underwent cellular dissolution easily in the whole range of pH values. After 42 days, 95.85%, 98.73%, 94.31%, and 92.30% of Zn were dissolved at pH 1.6, 1.8, 2.0, and 2.2.



Figure 13d shows that the Cu dissolution curves showed a general trend in which the maximum concentration increase of Cu in the solution, which was limited to day 28, was determined during the first three weeks of bioleaching. During the whole extraction, the highest percentage of Cu was always determined in a solution with a pH value of 1.8. After 42 days, 95.46%, 96.44%, 90.34%, and 81.17% Cu were recovered at pH 1.6, 1.8, 2.2, and 2.2.



Figure 13 shows that, in relation to the oxidative activity of A. ferrooxidans, a pH value of 1.8 was evaluated as the optimal pH for the recovery of Fe, Zn, and Cu. The efficiency of bacterial extraction at pH 1.8 (day 42 of leaching) decreased in the following order: Zn (98.73%) > Cu (96.44%) > Pb (93.17%) > Fe (85.42%). The final concentrations of heavy metals in the leachate at pH 1.8 were 9.671 g∙L−1 Fe, 1.965 g∙L−1 Zn, 0.948 g∙L−1 Cu, and 179.559 mg∙L−1 Pb. For Pb only, the optimum pH was 2.0. When stationary pH values were 1.8 and 2.0, it resulted in Pb recovery efficiencies of 93.17% and 97.02%, after 42 days. The quantitative difference of the stated values was only −3.85%. Because Pb was the second best biologically extractable metal and high yields were achieved over the entire range of pH values, a value of 1.8 was evaluated as the optimal pH for the bioleaching of polymetallic sludge sediment.



The division of bacterial cells is negatively affected by too low, but also high, pH values [55]. Hydrogen cations are essential for the metabolism of bacteria. In order to oxidize the divalent form of iron to the trivalent form, the microbial cell takes up hydrogen ions from the surrounding solution [23]. The interaction of H+ with the bacterium is made possible by the negatively charged functions that are part of its outer cell wall. The cell wall is a carrier of carboxyl, hydroxyl, and phosphate groups, which dissociate in an aqueous medium [18,56]. However, too high concentrations of H+ in solution alter the electrical properties of cell membranes. Excess H+ ions causes a decrease in the activity of bacterial enzymes, which ultimately causes a reduction in the oxidation of mineral grains [55].



Waste material from biological leaching is characterized by concentration losses of metals in solid samples presented in Figure 14.



Table 1 shows that in the original sludge sediment, an average of 203,085 mg∙kg−1 Fe, 38,777 mg∙kg−1 Zn, 17,434 mg∙kg−1 Cu, and 3,422 mg∙kg−1 Pb were analyzed by XRF spectroscopy. A blank experiment presented in Figure 4 is shown to compare the contributions of bacterial oxidation to the total amount of metals removed. After 42 days, the waste fraction from chemical extraction contained 189,619 mg∙kg−1 Fe, 25,020 mg∙kg−1 Zn, 12,990 mg∙kg−1 Cu, and 3,163 mg∙kg−1 Pb. After 42 days of bioleaching at a stationary pH value of 1.8 (optimum), the concentration of metals in the waste was reduced to 29,710 mg∙kg−1 Fe, 507 mg∙kg−1 Zn, 627 mg∙kg−1 Cu, and 241 mg∙kg−1 Pb. From the concentration losses of elements in the sludge sediment, which were correlated to the individual sampling times, the kinetics of Zn dissolution were evaluated as the highest and the dissolution rate of Fe as the lowest.




3.5. Influence of Pulp Density in Pilot Plant Conditions


Before starting the experiments, the bioleaching parameters were selected on the basis of research [42,47,48]. The advantage of the bioreactor was maintaining constant values throughout the leaching process: temperature (30 °C), pH (2), and agitation (150 rpm). Steady pH values were achieved with an automatic dispenser of 5M H2SO4 and in the case of exceeding the value with an alkaline solution of 0.4M NaOH. Olubambi et al. [10] evaluated the most effective agitation to be 150 rpm for all three leached metals (Zn, Cu, Pb) from the investigated mixing speeds (100, 150, and 200 rpm). The same mixing speed was set in our experiments. The total grain size of the sample after milling treatment without separation on analytical sieves (<40–200 µm) was used.



3.5.1. Bioleaching of Iron and Zinc


Figure 15 shows the dependence of the percentage leaching of Fe and Zn for different pulp densities. From day 24, more efficient Zn dissolution was achieved at a pulp density of 2.5% (w/v), with Zn extracted from 97.08% and 4.2% (w/v) from 95.03%. Zn was the best leachable metal of all the monitored elements. Fe was leached at a pulp density of 2.5% (w/v) of 58.75% and at a pulp density of 4.2% (w/v) of 47.08%. For both metals, better results were obtained with a lower pulp density. The percentage difference was 11.67% for Fe and 2.05% for Zn.



Olubambi et al. [35] studied the effect of pulp density of 5%, 10%, 15%, and 20% (w/v) on the bioleaching of sulphide ores. In the case of Zn, it was found that, the lower the weight of sulfide rock used, the more successful the total metal extraction. For pulp density of 5% (w/v), it was 83.1% and, for 20% (w/v), it was only 45.0%. In a study conducted by Acevedo et al. [42], it was found that a higher weight fraction of the solid phase had a negative effect on the total amount of multiplied bacteria (Sulfolobus metallicus) in the medium and it caused a lower content of leached Fe. This was also due to less oxygen access to the grains, which had a negative effect on the proper activity of the bacteria. Ghassa et al. [57] confirmed the negative effect of increasing pulp density on Zn leaching. Tipre et al. [40] found that increasing the weight of the sample in solution resulted in lower bacterial activity. A mixed culture of microorganisms (including A. ferrooxidans) was applied and it was determined that increasing the pulp density of 5% (w/v) reduced the solubility of Zn and Cu by 0.2 g∙L−1 per day.




3.5.2. Bioleaching of Copper and Lead


Figure 16 shows the percentage dissolution of Cu and Pb for different pulp densities of the sample. In the case of Cu, the most significant concentration increase in the solution was observed until day 14 from the start of the experiments, when extraction was achieved from 65.38% for pulp density of 2.5% (w/v) and from 62.43% for 4.2% (w/v). From day 12, a pulp density of 2.5% (w/v) was evaluated as more effective, with a final leaching of 79.11%. For a pulp density of 4.2% (w/v), the metal dissolution was determined to be 73.03%. In the case of Pb, the metal was dissolved from 89.35% for pulp density of 2.5% (w/v) and from 80.69% for pulp density of 4.2% (w/v). The percentage difference was 6.08% for Cu and 8.66% for Pb.



In a study conducted by Olubambi et al. [10] for all monitored metals, it was shown that at a higher value of pulp density the percentage dissolution of elements decreased. In the case of Cu, an extraction of 15.9% and 20% (w/v) g of 12.5% were found at a pulp density of 5% (w/v). In the case of Pb, metal dissolution was determined to be 64.8% for 5% (w/v) and 30.9% for 20% (w/v). This was also confirmed in the studies of Makita et al. [51] and Abhilash et al. [58], when a higher percentage of Cu was achieved with a smaller amount of sample. The conclusions of the studies correspond to our experiments, where increasing the value of pulp density resulted in a decrease in metal leaching.



This section may be divided by subheadings. It should provide a concise and precise description of the experimental results, their interpretation, as well as the experimental conclusions that can be drawn.





3.6. Processing of the Pregnant Leach Solution


After converting the metals to the liquid phase, it is economically advantageous to reduce the volume of the acidic solution with metal ions and, thus, increase their concentration. Ion exchangers or organic solvent extractions are used for this. In the case of ion exchangers, the ions from the acidic extract are exchanged for an equivalent proportion of ions in the solid ion exchanger. During the extraction, the metals are transferred to the organic solvent due to their higher affinity, and subsequent re-extraction yields a much more concentrated solution. Once the volume of the liquid phase is reduced, the metals are most often precipitated by cementation or are obtained by electrolysis. In the case of our experiments, their separation by cementation would be recommended, when metals with a more positive electrode potential are displaced from solution by a metal with a more negative potential, which, in turn, passes into solution. Acidic extracts that formed during the bioleaching process must be subjected to neutralization, e.g., CaOH2 [59,60,61,62,63,64].





4. Conclusions


In this study, the feasibility of recovering heavy metals from sludge mine sediment by bacterial extraction was investigated and the results can be summarized, as follows:



	
There is great potential for recovery of Fe, Zn, Cu, and Pb from mining wastes by biological leaching (hydrometallurgical).



	
High extraction efficiencies of heavy metals were achieved by leaching Acidithiobacillus ferrooxidans bacteria under laboratory and pilot conditions.



	
Chemical extraction with sulfuric acid was achieved lower metal yields than biological leaching, which integrates the principle of microbial dissolution and acid oxidation.



	
Particle size, pH, and pulp density significantly influenced metal recovery efficiencies.



	
The optimal parameters for the bioleaching of polymetallic waste were pH 1.8, particle size 71–100 µm, extraction time 35 days, and orbital direction of agitation.



	
It was found that increasing the pulp density reduced the amount of regenerated metals.



	
Bacterial leaching under optimized conditions could be applicable to waste materials with similar total elemental chemistry.



	
The main benefits of the proposed methodology are the reduction of sludge sediment weight, metal recovery, and partial removal of permanently stored mining waste, which is a local environmental risk due to the high concentration of heavy metals.



	
The practical disadvantage of the method is the low kinetics of the process.
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Figure 1. Bioleaching of samples of different particle sizes in an incubator shaker Multitron II. 
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Figure 2. Bacterial leaching of sludge sediment in the Minifors 2.5 LTV bioreactor with automatic pH and temperature control system. 
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Figure 3. Bioleaching of samples in pilot plant conditions in a Bioflo & CelliGen 310 bioreactor. 
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Figure 4. The percentage of metal ions in the extract as a function of time during leaching of H2SO4. 
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Figure 5. Influence of particle size on Fe recovery (pH 2, stirring speed 100 rpm, and 6.67% (w/v) pulp density). 
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Figure 6. Concentration loss of Fe in waste material for individual grain fractions. 
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Figure 7. Influence of particle size on Cu recovery (pH 2, stirring speed 100 rpm, and 6.67% (w/v) pulp density). 
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Figure 8. Concentration loss of Cu in waste material for individual grain fractions. 
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Figure 9. Influence of particle size on Zn recovery (pH 2, stirring speed 100 rpm, and 6.67% (w/v) pulp density). 
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Figure 10. Concentration loss of Zn in waste material for the different grain fractions. 
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Figure 11. Influence of particle size on Pb recovery (pH 2, stirring speed 100 rpm, and 6.67% (w/v) pulp density). 
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Figure 12. Concentration loss of Pb in waste material for the different grain fractions. 
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Figure 13. Dependence of the percentage of dissolved metal on time at differential pH values for Fe (a), Pb (b), Zn (c), and Cu (d). 
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Figure 14. Metal concentrations in solid samples taken during bioleaching at differential pH values for Fe (a), Pb (b), Zn (c), and Cu (d). 
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Figure 15. Influence of pulp density on Fe and Zn recovery (pH 2, stirring speed 100 rpm, and particle size < 40–200 µm). 
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Figure 16. Influence of pulp density on Cu and Pb recovery (pH 2, stirring speed 100 rpm, and particle size < 40–200 µm). 
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Table 1. Elementar chemistry of sludge sediment determined by XRF spectrometry.
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Elements

	
Mass Fraction [%]

	
Elements

	
Mass Fraction [%]




	
Average

	
SD

	
Average

	
SD






	
Cu

	
1.743

	
0.023

	
Pb

	
0.342

	
0.013




	
Fe

	
20.309

	
0.064

	
S

	
0.840

	
0.011




	
P

	
0.822

	
0.011

	
Zn

	
3.878

	
0.118
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