

  sustainability-15-15559




sustainability-15-15559







Sustainability 2023, 15(21), 15559; doi:10.3390/su152115559




Article



Assessment of Modified Culture Conditions for Fungal Bio-Oxidation of Sulfidic Gold Ores Performed at Circumneutral pH



Guillermo Hein, Harshit Mahandra * and Ahmad Ghahreman





Hydrometallurgy and Environment Laboratory, The Robert M. Buchan Department of Mining, Queen’s University, Kingston, ON K7L 3N6, Canada









*



Correspondence: hm90@queensu.ca







Citation: Hein, G.; Mahandra, H.; Ghahreman, A. Assessment of Modified Culture Conditions for Fungal Bio-Oxidation of Sulfidic Gold Ores Performed at Circumneutral pH. Sustainability 2023, 15, 15559. https://doi.org/10.3390/su152115559



Academic Editor: Antonio Zuorro



Received: 29 September 2023 / Revised: 27 October 2023 / Accepted: 30 October 2023 / Published: 2 November 2023



Abstract

:

The significant neutralization of waste streams required after the acidic bio-oxidation of sulfidic gold ores could be avoided by performing a novel treatment at circumneutral pH with an in situ neutralization. For the first time, the white-rot fungus Phanerochaete chrysosporium was incubated in a modified culture medium containing corn steep, an industrial waste product, to support microbial activity and, subsequently, the oxidation of a sulfidic ore at an initial circumneutral pH environment. In this investigation, the concentration of the native culture medium ingredients was first evaluated with response surface methodology to attain maximum sulfide oxidation. The statistical analysis proposed a modified culture medium composed of 12.86 g/L glucose, 2.20 g/L malt extract, 1.67 g/L yeast extract, and 0.49 g/L MgSO4·7H2O to reach a maximum of 28.7% sulfide oxidation after 14 d-bio-oxidation. pH-controlled batch cultures showed that an increase in initial pH in the range of 5.8 to 7.0 reduced the microbial activity, affecting sulfide oxidation. In addition, the modified culture medium at which yeast extract was substituted with 1.67 g/L corn steep produced comparable microbial activity and sulfide oxidation after 14 d, attaining 21.6% at 5% w/v with a maximum 39 U/L lignin peroxidase and 116 U/L manganese peroxidase. A 40.6% sulfide oxidation and 43.8% gold recovery were obtained after 42 d three-cycle replenishing bio-oxidation and 24 h cyanidation, respectively. Overall, corn steep waste showed the potential to substitute more expensive culture medium ingredients, supporting microbial activity and oxidation of sulfidic gold ores at an initial circumneutral pH and contributing to circularity of waste management.
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1. Introduction


The industrial process design, including acidic biological oxidation (bio-oxidation) followed by cyanidation, has shown a high effectivity in dealing with the refractoriness of sulfidic ores and has been implemented in numerous industrial gold (Au) plants across the globe [1]. Nonetheless, the industrial process results in a high amount of waste streams as acidic slurries generated in standard bio-oxidation (pH 1.0–2.0) are subsequently neutralized with slaked lime and limestones before cyanide leaching, leading to a more complex process circuit [2]. In standard bio-oxidation using acidophilic bacteria, pH regulation during the process and succeeding neutralization represents about 30% of the total operational cost [3]. Hence, a bio-oxidation process carried out at circumneutral pH with an in situ neutralization is a new development that could lessen the burden of new waste production, reinforce environmental protection, and simplify the current circuit process.



A bio-oxidation process avoiding extremely acidic pH requires microorganisms, e.g., fungi or bacteria, capable of growing at pH > 4.0. However, the use of these types of microorganisms to catalyze the oxidation of sulfidic ores in biomining has been barely investigated in comparison to acidophilic bacteria [2,4]. Recent investigations have shown a limited capacity of neutrophilic bacteria to oxidize solid matrices, while fungi have exhibited a more significant potential to assist the oxidation of sulfidic ores [5,6]. The oxidative capacity of the fungus Phanerochaete chrysosporium (P. chrysosporium) has been chiefly investigated in a pH range of 4.0 to 5.0, catalyzing the oxidation of sulfidic concentrates and pyrite [7,8]. In our previous investigation, a low-grade sulfidic ore was bio-oxidized at a circumneutral pH, showing the capacity of P. chrysosporium at this pH range [6]. The fungal action of P. chrysosporium is based on the secretion of ligninolytic enzymes, including lignin peroxidase (LiP) and manganese peroxidase (MnP), which are mainly responsible for the alteration of different substrates [9]. The mechanism for sulfide oxidation using P. chrysosporium has been proposed [7]; however, microbial oxidation at pH > 4.0 is likely reduced due to the formation of insoluble iron phases such as iron hydroxide (Equation (1)) as well as the exhaustion of microbial activity over time [8,10].


FeS2 + 3.75O2 + 3.5 H2O → 2SO42− + 4H+ + Fe(OH)3



(1)







In processes using microorganisms, the culture medium (CM) composition and incubation conditions, e.g., pH, temperature, and agitation, have a key role because they can affect the gene expression for a wide array of enzymes as well as growth and metabolism. In the case of white-rot fungi such as P. chrysosporium, it can significantly influence the activity of ligninolytic enzymes and, ultimately, its response to alter substrates [11,12]. A large variety of medium components have been used to culture P. chrysosporium and stimulate the secretion of extracellular enzymes such as LiP and MnP, as displayed in Table 1. The enzyme activity for LiP and MnP has ranged between 1 to 1375 U/L and 86 to 2600 U/L, respectively, depending on the type of CM and initial pH. Most frequently, the CM to grow P. chrysosporium is conditioned at pH < 5.0 as the fungus has optimal activity in the pH range of 4.0–4.5 [13]. Investigating the effect of CM and optimal culture conditions at pH > 5.0 seems necessary to expand the understanding of this fungus into other applications, taking advantage of its robustness to survive in a wider pH range [14,15].



In most investigations, glucose has been employed as a primary source of carbon (C), while different sources of nitrogen (N), including inorganic and organic substrates such as ammonium chloride, ammonia tartrate, yeast extract, peptone have been tested to trigger the secretion of enzymes under N and C limited conditions [20,21]. The current literature review has evidenced a need for more utilization of waste products as an alternative source of nutrients to grow microorganisms, especially at pH > 5.0. Most CM components are frequently considered costly and unsuitable for large-scale processes. Therefore, replacing standard ingredients with inexpensive options is still a matter of study. Incorporating waste products from different industrial operations, e.g., sugarcane molasses, wood sugars, beer yeast waste, food processing waste, and wastewater, can boost waste circularity management, resulting in more sustainable and viable potential applications [22,23]. The circularity of waste management is an essential contribution of this investigation by evaluating corn steep waste as a cost-effective source of C and N by supplying the microorganism with micro- and macro-nutrients. Proper valorizing organic waste can avoid the accumulation of municipal solid waste and global greenhouse emissions, which are current issues worldwide.



Taking into account the research gap of earlier investigations, this study pertains to examining the effect of CM and the application of corn steep waste as a substitute to support microbial activity and, eventually, the oxidation of a sulfidic ore at an initial circumneutral pH. Compared to previous studies that have focused primarily on a fungal oxidative treatment at acidic pH using conventional reagents (Table 1), the main novelty of this investigation lies in the assessment of waste to support microbial activity and, subsequently, the oxidation of a sulfidic ore at an initial circumneutral pH.



As shown in Figure 1, the microbial activity and sulfide oxidation were first assessed in the native CM (glucose, malt extract, yeast extract, and MgSO4·7H2O) by modifying the individual concentration of each ingredient. Subsequently, the evaluation of the CM was performed using D-optimal response surface methodology (RSM) using Design Expert 7.0.0 (State-Ease Inc., Minneapolis, MN, USA) to find out modified culture conditions to maximize sulfide oxidation. Then, pH-controlled batch cultures using phosphate buffer were studied, and their effect on sulfide oxidation was determined. Finally, corn steep was assessed in the modified CM and compared with the standard culture conditions concerning enzyme activity, sulfide oxidation, and Au recovery after applying a replenishing bio-oxidation strategy.




2. Material and Methods


2.1. Low-Grade Sulfidic Ore


A sulfidic Au ore from a Canadian deposit classified as a refractory and low-grade source was used in this investigation. In the first instance, the Au-bearing ore was crushed and pulverized until obtaining a particle size < 75 μm for bio-oxidation experiments. Manual rifflers were used to ensure the representativeness of the samples. A laser particle size analyzer (Malvern Mastersizer 3000, Malvern, UK) was employed to determine the 80% passing size of the particles, which was 55 μm (Figure S1). The primary mineralogical characteristics of the samples were determined with X-ray diffraction analysis (XRD) to be pyrite quartz, illite, and magnetite (Figure S1). From Table 2, the ore has an Au grade of 1.69 ppm and 5.7% w/w total sulfur, containing traces of metals such as copper, magnesium, and nickel.




2.2. Microorganism and CM


The biosafety level one fungus Phanerochaete chrysosporium (ATCC 34541) from The American Type Culture Collection (ATCC) was used throughout this investigation. The fungus was first stored in Petri dishes on malt extract agar medium consisting of 15 g/L bacto agar (Sigma-Aldrich, Oakville, ON, Canada) and 30 g/L malt extract (Fisher Scientific, Ottawa, ON, Canada) at 37 °C. Subsequently, a spore suspension having an optical density (OD) of 0.3 respecting water was created by washing the fungus in malt extract-agar medium with sterile deionized water.



The fungal suspension served as inoculum to start the culture of P. chrysosporium in the standard CM composed of 10 g/L glucose, 3.5 g/L malt extract, 2.5 g/L yeast extract, and 0.5 g/L MgSO4·7H2O (all analytical grade, Fisher Scientific, Ottawa, ON, Canada). Unless otherwise stated, 1 mL of the spore suspension was inoculated in a total of 100 mL working CM using 250 mL Erlenmeyer flasks covered with a foam stopper. The microorganism was initially incubated stationarily (0 rpm) in an incubator (Biobase; BJPX-2102C, Jinan, China) at 37 °C for 7 d. Before all the experiments, solutions and glassware pieces were sterilized using a 0.2 µm rapid flow filter (Cole-Parmer, Quebec City, QC, Canada) and an autoclave (Tuttnauer; Valueklave 1730, Hauppauge, NY, USA) at 121 °C for at least 20 min, respectively. When required, 0.5 M NaOH was used to adjust the pH solution [15]. Afterward, corn steepin dried format (Sigma-Aldrich) was subsequently used in the CM as an alternative energy source.




2.3. Experimental Design of Bio-Oxidation Tests


The bio-oxidation experiments were outlined in six stages, in which the concentration of individual medium ingredients was varied to monitor changes in enzyme activity and sulfide oxidation to optimize the composition of the standard CM. In this way, the enzyme activity was first monitored in the standard CM. Subsequently, the effect of CM modifications on sulfide oxidation and final pH was determined. Next, the standard CM was modified to maximize sulfide oxidation in the sulfidic ore using D-optimal RSM. Afterward, pH-controlled batch cultures with phosphate buffer (6.8 g/L KH2PO4 adjusted to specific pH with 0.2 M NaOH) were used to maintain the pH constant throughout the experiments [24]. Then, the replacement of standard medium components by corn steep, a waste product from food processing industries, was assessed regarding enzyme activity, sulfide oxidation, and pH trends. Finally, experiments were scaled up in a 2 L reactor, and sulfide oxidation and Au recovery were evaluated employing a replenishing strategy for three cycles (14 d bio-oxidation per cycle). In replenishing tests, once a bio-oxidation cycle was finished, the residual spent liquid was replaced with a new microbial culture, continuing with the treatment for the next cycle [6].



The bio-oxidation experiments were all started at pH 5.8 using an inoculum of 1% (v/v) fungal spores in fresh CM under a two-step approach. Hence, the fungal culture was allowed to grow steadily at 0 rpm and 37 °C in a temperature-controlled incubator prior to commencing the experiments with the sulfidic ore. After 7 d of growth, enzyme activity, pH, and oxidation-reduction potential (ORP) were recorded. The choice of 7 d for the pre-growth stage is based on the time required to reach robust microbial growth, which is frequently observed after 5 d to 8 d of incubation [12,18]. In order to maintain consistency and comparison with our previous investigation, 7 d of incubation was maintained in this research [6]. After the growing stage, bio-oxidation tests were begun using a 5% w/v PD (pulp density) sulfidic ore, setting the agitation speed at 150 rpm for 14 d. Control runs were also carried out using identical experimental conditions, excluding microbial inoculation. All the experiments were performed at least in duplicates in this investigation, presented as mean values ± standard deviation.




2.4. Enzyme Assays


The enzyme activity of LiP and MnP was determined by spectrophotometrically measuring the absorbance of the culture filtrate under specific assay conditions using the oxidation of veratryl alcohol (310 nm) and Mn2+ (240 nm), correspondingly [6,25]. One unit (U) of a particular enzyme activity is designated as the amount of enzyme needed to form 1 μmol of its specific product per min per liter (U/L). For LiP, the activity was quantified following the formation of veratraldehyde in a 3.0 mL solution composed of 100 mM sodium tartrate (pH 3.0), 10 mM of veratryl alcohol, 10 mM H2O2, and 0.4 mL culture filtrate. In the case of MnP, the enzymatic activity was monitored considering the formation of Mn3+ in a 3 mL solution comprising 50 mM sodium succinate (pH 4.5), 15 mM of MnSO4, and 10 mM H2O2, and 0.4 mL culture filtrate.




2.5. Statistical Analysis of CM


Following the determination of the influential concentration for each component in the CM, the optimization of sulfide oxidation was investigated on the basis of the design of experiments (DOE) using D-optimal RSM in the software Design Expert 7.0.0. DOE is a satisfactory methodology that offers a quick alternative to reduce the number of experimental runs with high precision. This statistical analysis also includes the interaction and numeral relationships among the considered relevant parameters. In order to reduce the number of experiments and maximize sulfide oxidation of the sulfidic ore, 25 runs were designed by D-optimal RSM using the selected levels for each parameter, as shown in Table S1.



The experimental designation shown in Table S1 is prepared based on the relevant concentration of culture medium ingredients, that is, glucose (10–20 g/L), malt extract (0–3.5 g/L), yeast extract (0–2.5 g/L), and MgSO4·7H2O (0–0.5 g/L) as well as D-optimal DSM.



After finding the modified concentration for each component for maximal sulfide oxidation based on analysis of variance (ANOVA), replicates were performed to confirm the result suggested using the software Design of Expert 7.0.0.




2.6. Analytical Techniques


The as-received ore sample was characterized with coupled plasma–optical emission spectrometry (PerkinElmer, Waltham, MA, USA) and XRD (Philips, Eindhoven, The Netherlands). Ultraviolet-visible spectrophotometry (Thermo Scientific GENESYS 10S, Ottawa, ON, Canada) was used to determine enzyme activity secreted by P. chrysosporium and the OD of the fungal spore concentration used as inoculum in all the experiments. A pH/ORP meter with an Ag/AgCl electrode (VWR) was utilized to monitor the pH and ORP of filtrated liquid samples. The content of sulfur in all the solid samples was determined with a carbon-sulfur analyzer (Eltra CS 2000, Newtown, PA, USA), and the sulfide oxidation was calculated according to Equation (2) [26]. Before determining the total sulfide oxidation, the oxidized sample was previously subjected to three washing steps to eliminate the remaining medium component and biomass, elemental sulfur (S°) and sulfate (SO42−), following standard methods described in our previous research [6].


   S   sulfide   oxidation    =    W I   S I  −  W F   W F       W I   S I    × 100  



(2)




where WI and WF designate the weight (g) of the initial sample and final residue, respectively. SI and SF are the initial and final sulfur content (% w/w), respectively.



After performing conventional cyanidation in the samples (2000 ppm NaCN, 30% w/v PD, 24 h, pH 11), Au recovery was determined indirectly by considering the difference between the assay of Au in the head sample and the oxidized sample using Au fire assay.





3. Results and Discussion


3.1. Effect of CM on Enzyme Concentration


Enzyme activity in response to variations in the concentration of each ingredient in the standard CM is displayed in Figure 2. According to the results, there was a negligible influence of the concentration of MgSO4·7H2O in the range of 0–1 g/L, whilst the variation in concentration of the rest of the medium components was more significant during the growth of P. chrysosporium. From Figure 2a, an increasing concentration of glucose up to 10 g/L boosted the secretion of extracellular enzymes, attaining 51 U/L LiP and 128 U/L MnP. However, the availability of greater concentrations apparently depressed microbial activity. The secretion of enzymes by P. chrysosporium is denominated as secondary metabolism, depending on nutrient limitation conditions [27]. Glucose, a conventional carbohydrate used in CM, is categorized as a simple sugar (monosaccharide), serving as a rich C source for microorganisms to use as a growth substrate [21]. As the primary source of C in the selected CM, glucose was essential in the secretion of enzymes in the 0–10 g/L range, requiring at least 10 g/L to obtain a better performance.



Notably, glucose removal significantly affected the enzyme activity of P. chrysosporium, resulting in 0 U/L LiP and 11 U/L MnP, which could be ascribed to the unavailability of simple C sources to support microbial activity [27,28]. From Figure 2a, P. chrysosporium could likely require a glucose concentration higher than 5 g/L to attain an optimal fungal metabolism. A supply of 5 g/L glucose in the CM could have also experienced an earlier development of enzymes due to the faster glucose consumption. Thus, the onset of enzymes could have occurred before 7 d, showing a lower concentration on day 7. In the same way, concentrations higher than 10 g/L glucose could have undergone a later development of enzyme activity having an onset after day 7 and, therefore leading to a lower concentration of enzymes at day 7 of incubation. Concentrations exceeding 15 g/L displayed detrimental influence as white-rot fungi such as P. chrysosporium might require a C-limited environment to favor the secretion of extracellular enzymes, which turned out in 30 U/L LiP and 76 U/L MnP.



Based on Figure 2b, the optimal concentration of malt extract was in the range of 1.75 to 3.5 g/L, reaching a maximum of 52 U/L LiP and 131 U/L MnP at a concentration of 1.75 g/L malt extract. Apparently, any increase or decrease outside this range of concentration had a negative impact on the secretion of LiP and MnP. Malt extract, a compound derived from malted barley, is mainly a source of carbohydrates encompassing reduced sugars (>90%) such as maltose, fructose, and sucrose and also has a smaller proportion of N constituents such as amino acids, peptides, and minerals [29,30]. A higher concentration of over 3.5 g/L of this component could have created nutrient-rich conditions, affecting the secondary metabolism of the microorganism. Further, the ideal behavior of the fungi was also affected by the removal of malt extract (0 g/L) but was probably supported by other nourishing medium components such as yeast extract and glucose, resulting in a concentration of 28 U/L LiP and 87 U/L MnP.



Comparably to malt extract, a concentration of yeast extract in the range of 1.25–2.5 g/L was more favorable for enzyme secretion, attaining a maximum of 54 U/L LiP and 135 U/L MnP, as shown in Figure 2c. A concentration over this range was ineffective in improving the microbial activity of P. chrysosporium, probably due to excess nutrients in the CM. In addition, the elimination of yeast extract (0 g/L) caused a sharp decrease in enzyme concentration (13 U/L LiP and 38 U/L MnP), highlighting the importance of this medium component in the CM. Yeast extract is a nourishing compound and is one of the primary sources of N, vitamins (biotin and vitamin B), and TE, e.g., manganese (Mn), magnesium (Mg), calcium (Ca), phosphorus (P), Zinc (Zn), iron (Fe), Cobalt (Co), as well as proteins (mainly nucleic acid and glutathione) and amino acids required for the metabolism, growth, and better function of this microorganism [31]. Therefore, its composition makes yeast extract a highly indispensable ingredient in the CM. Contrary to the rest of the medium ingredients, there was an insignificant influence of the concentration of MgSO4·7H2O in the range of 0–1 g/L, resulting in similar concentrations of enzymes at different concentrations, which could be due to the supplementation of rich ingredients in the standard CM that have TE of a wide variety of minerals and nutrients, e.g., Mg, Mn.




3.2. Effect of CM on Sulfide Bio-Oxidation


Figure 3 displays the changes observed in sulfide oxidation and pH solution after 14 d of contact time between P. chrysosporium and the sulfidic ore. From Figure 3, it was deduced that sulfide oxidation varied from nearly 1.2% to 25.2%, considering individual changes in the concentration of medium components, which generally coincided with the trends in enzyme activity. The mechanism of the white-rot fungi to alter reduced sulfur species depends on the secretion of extracellular enzymes, including LiP and MnP. The catalytic cycle of oxidative enzymes has been explained in previous publications [4,6] and essentially consists of a chain of oxidation-reduction reactions favoring the oxidation of reduced sulfur species and the reduction of enzymatic compounds secreted by P. chrysosporium. However, the mechanism still needs further research to fully understand this type of system.



Concerning the experiments with variations in glucose concentration (Figure 3a), a concentration between 10 to 15 g/L resulted in ca. 23% oxidation, whilst 0 and 20 g/L reduced the capacity to oxidize the sulfidic ore, generating 1.2% and 12.9%, correspondently.



Furthermore, 1.75–3.5 g/L malt extract and 1.25–2.5 g/L yeast extract led to better sulfide oxidation compared to other concentrations of these reagents, displaying a maximum of 23.9% and 25.2%, correspondingly (Figure 3b,c). A concentration out of these two ranges of concentration led to a decrease in sulfide oxidation, reaching 13.8% and 5.1% at 20 g/L malt extract and yeast extract, respectively. The addition of different concentrations of MgSO4·7H2O in the interval of 0–1 g/L had an insignificant influence compared to other parameters, such as yeast extract and glucose, resulting in similar oxidation (ca. 23%) for all the evaluated conditions.



Sulfide oxidation increased proportionally to glucose concentration in the CM up to the range of 10 to 15 g/L, and subsequently, sulfide oxidation decreased at higher concentrations. This trend is an outcome of two coexisting factors: (1) glucose, a simple source of C, serves as the primary source of C supporting the microbial activity during the initial growth, and (2) the availability of higher concentration of glucose could prevent the secretion of ligninolytic enzymes under nutrient-rich cultures [27,28]. The higher sulfide oxidation observed in the concentration range of 1.75–3.5 g/L malt extract and 1.25–2.5 g/L yeast extract could be associated with the fact that a nutrient deficiency, but sufficiently enough nutrients to support the fungal activity benefits the microbial activity secreting a higher concentration of enzymes and therefore better sulfide oxidation [20,21]. The effect of MgSO4·7H2O on sulfide oxidation could be interpreted differently compared to other reagents in the CM because it had a negligible impact on ligninolytic enzyme secretion (Figure 2d) and sulfide oxidation (Figure 3d) in the evaluated interval. Even though the concentration of Mg has been reported to favor fungal growth [32], it seems that the concentration of yeast extract and malt extract in the evaluated CM could have been sufficient to provide the Mg content and other TE required for fungal growth [30,31].



The initial pH for all the tested conditions was previously adjusted to pH 5.8 before starting the tests. However, major pH changes were measured after 14 d of bio-oxidation, as displayed in Figure 3. Results showed that the final pH fluctuated from 2.7 to 8.1, depending on the concentrations of each reagent in the CM. A more notable decrease in pH was recorded when yeast extract was removed entirely from the CM (0 g/L), resulting in pH 2.7. By adding yeast extract to the CM, the pH changes could be attributed to the buffering properties of this compound and microbial activity in the CM [33,34]. The pH trends were similar for glucose and malt extract; a rise in their concentration produced a pH drop more remarkably. Glucose and malt extract are metabolized by white-rot fungi, releasing organic acids and protons into the solution and modifying pH [34,35]. Therefore, an increase in glucose and malt extract concentration seems to have caused a higher organic acid concentration and a more significant drop in the pH solution, recording 5.4 and 6.0 at 20 g/L and 7 g/L, respectively. Regarding the effect of different concentrations of MgSO4·7H2O on pH changes, the final pH remained at ca. 7.6 for all the evaluated concentrations, which seems to be reasonable based on the similarity in sulfide oxidation found in Figure 3d.




3.3. Effect of Interaction of Medium Components on Sulfide Oxidation


After analyzing the role of each component in the standard CM, a set of tests was suggested to optimize the bio-oxidation of the sulfidic ore. The experiments were proposed based on D-optimal RSM design, including 25 experiments displayed in Table S1 (supplementary material) to obtain modified combinations of ingredients at different concentrations for more efficient bio-oxidation. The design contemplated the influential concentration of glucose (10–20 g/L), malt extract (0–3.5 g/L), yeast extract (0–2.5 g/L), and MgSO4·7H2O (0–0.5 g/L) found in the preliminary study. The design provides an overview of the relevance of individual parameters and their interactions, resulting in a model to predict bio-oxidation. The software outcomes are presented in diagrams of sulfide oxidation versus medium ingredients and ANOVA chart.



Table 3 shows a summary of the statistical data obtained from the multiple linear regression model. In order to guarantee a model reliability within 95% of the confidence, a p-value (probability value) of the model is required to be less than 0.05 (F-value higher than 4) with a lack of fit p-value greater than 0.05 [36]. The model p-value of <0.0001 indicates that it is significant enough and that there is a chance of only 0.01% that the model could take place because of noise. It is also desirable for a model to have a non-significant lack of fit. The lack of fit p-value of the model resulted in 0.77, implying that it is not significant to pure error. Table 3 also displays that most of the individual component concentrations were effective terms, as well as some interactions, such as glucose–malt extract. According to the simulated and experimental data analyzed using the software design expert, a quadratic model was proposed with an R2 of 0.92 (Table S2 in supplementary material). The modeled trends provided using the software concur with the experimental data and the prediction of the role of each evaluated ingredient concerning sulfide oxidation. The interactions of different parameters over bio-oxidation experiments are shown in Figure 4.



Using a concentration of yeast extract <1 g/L, the concentration of malt extract had a negligible effect on enhancing the sulfide oxidation rate (Figure 4a). Additionally, as both variables approached close to 0 g/L, a considerable reduction in sulfide oxidation was observed, demonstrating the importance of these components in the CM to sustain the microbial activity of the fungus. Variations in the concentration of malt extract became a more influential factor at a yeast extract concentration >1 g/L. If a concentration of 1.70 g/L yeast extract was provided, a change in malt extract concentration in the range of 0.80 to 3.5 was more significant in sulfide oxidation, reaching a maximum of 27.8% sulfide oxidation at 2.35 g/L of malt extract followed by a slight drop at a concentration higher than 3.5 g/L malt extract (25.6% sulfide oxidation). Yeast extract above >2.1 g/L produces a drop in sulfide oxidation, probably due to the nutrient-limited condition required by the fungus to produce more extracellular enzymes.



Regarding the interaction between glucose and malt extract shown in Figure 4b, a concentration of malt extract in the range of 1.0–2.9 g/L resulted in >24% sulfide oxidation using a glucose concentration between 12 to 15 g/L. By keeping a concentration of malt extract at 3.0 g/L, a higher concentration of glucose (>15 g/L) seems detrimental, which could be explained by the excess of nutrients in the system. Malt extract is also an N source in a smaller proportion than yeast extract. Figure 4b also highlights the importance of having a lower concentration of N sources to support the microbial activity of this microorganism via an N-deficient environment [27].



Concerning glucose and MgSO4·7H2O interaction in Figure 4c, MgSO4·7H2O in the range 0–0.5 g/L was determined to have a negligible effect using 10–15 g/L glucose, as mentioned in the previous section. From Figure 4d, a good correlation was found between the predicted and actual data, which is indicated by the clustering of points around the diagonal, satisfactorily verifying the model’s robustness. Based on the analysis performed with D-optimal RSM, Equation (3) was suggested to best fit the sulfide oxidation prediction as a function of the medium ingredients with an R2 of 0.92.


Sulfide oxidation (%) = −29.44 + 4.25Cglucose + 10.65Cmalt extract + 20.63Cyeast extract − 2.89CMgSO4·7H2O − 0.30Cglucose × Cmalt extract + 0.73Cglucose × CMgSO4·7H2O − 0.12Cmalt extract × Cyeast extract − 0.14C2glucose − 0.145C2malt extract − 5.96C2yeast extract (R2 = 0.92)



(3)




where C represents the concentration of each medium ingredient in g/L.



The value of R2 = 0.92 suggests that the sulfide oxidation equation effectively characterizes the system using the tested experimental conditions. Results reveal that maximum sulfide oxidation could be attained using a CM composed of 12.86 g/L glucose, 2.20 g/L malt extract, 1.67 g/L yeast extract, and 0.49 g/L MgSO4·7H2O. The enzyme activity for LiP and MnP in the modified CM resulted in 58 ± 3 and 143 ± 5 U/L, respectively, after 7 d of incubation. Three confirmation experiments were conducted, and a sulfide oxidation of 28.7 ± 1.6% was reached after 14-d bio-oxidation with a final pH of 6.1 ± 0.2. In our previous research work employing the standard CM (10 g/L glucose, 3.5 g/L malt extract, 2.5 g/L, and 0.5 g/L MgSO4·7H2O) with the same ore [6], sulfide bio-oxidation resulted in 23.1 ± 2.1% with final pH 7.6 ± 0.1 after 14 d. The maximum enzyme activity recorded using the standard CM was 51 ± 3 U/L LiP and 128 ± 4 U/L. Hence, the higher oxidation of the sulfidic ores could be explained by the increase in metabolites likely triggered by a nutrient-deficient CM.



A control test, utilizing the modified CM at identical experimental conditions except for the microbial inoculation, was also carried out to evaluate the impact of the CM on sulfide oxidation. The control tests using the modified CM resulted in 0.6 ± 0.2% sulfide oxidation, which could be associated with the chemical oxidation of sulfide, being negligible compared to the fungi-assisted experiments.



The same fungus has been used to oxidize sulfidic ores in an acidic pH environment. Ofori-Sarpong et al. [7] tested P. chrysosporium to oxidize 30% w/v sulfidic concentrate at an initial pH of 4.0, attaining 57% sulfide oxidation. In addition, Yang et al. [8] also employed the microorganism to oxidize 5% w/v of almost pure pyrite at an initial pH of 5.0, reporting a maximum of 95 U/L LiP and 316 MnP with a 33% sulfide oxidation and a final pH of 2.1. Compared to previous studies, the performance of P. chrysosporium appears to be depleted at an initial circumneutral pH using the standard CM and the proposed modified CM. Based on Table 1, there was generally a decrease in microbial activity when comparing different CM at initial acidic and circumneutral pH. In our previous study [6], a pH of 4.0 led to a higher concentration of metabolites than a pH of 7.0, which helped obtain a higher sulfide oxidation under similar conditions. An initial pH of 4.0 seems optimal to favor robust microbial growth; nonetheless, this experimental condition did not lead to a final neutral pH after bio-oxidation.




3.4. Effect of pH-Controlled Batch Cultures


After determining the modified CM to maximize sulfide oxidation, experiments were carried out using pH-controlled batch culture to maintain a circumneutral pH throughout bio-oxidation. In our previous study, the cultures with no pH control experienced a decrease in pH to near pH 4.0 once the fungus reached a robust growth after 7 d of incubation, which coincided with the onset of the maximal secretion of ligninolytic enzymes [6]. Subsequently, pH showed an increasing trend as the bio-oxidation progressed over time, resulting in a final pH > 7.0, which could be mainly attributed to the consumption of organic acid buffer capacity of medium components as a result of fungal activity [6,35].



In this section, P. chrysosporium was tested at pH 5.8, 6.0, 6.5, and 7.0, maintaining the pH solution with phosphate buffer to avoid a significant change in pH throughout the experiments. Figure 5 compares the data for enzyme activity and sulfide oxidation using the standard and modified CM under pH-controlled and no pH-control conditions. From Figure 5a, trends observed in the modified and standard CM were mainly similar for microbial activity. However, as previously reported, the modified CM seems to favor a higher release of enzymes, likely due to a nutrient-deficient condition [27]. The effect of pH-controlled batch cultures is also evidenced in Figure 5a, showing that the higher the pH of the CM adjusted in the range of 5.8 to 7.0, the lower the microbial activity of P. chrysosporium. A pH range of 4.0–4.5 has been reported to be more favorable for P. chrysosporium to secrete ligninolytic enzymes [13,37]. Therefore, it is reasonable that higher pH values beyond pH 4.0 slowed down the enzyme activity, as indicated in Figure 5a.



In the modified CM, a higher enzyme concentration was attained using a CM with no pH control, which led to 58 U/L LiP and 143 U/L MnP, followed by the controlled-pH culture adjusted to pH 5.8 with 34 U/L LiP and 78 U/L MnP. A pH-controlled culture conditioned at pH 7.0 likely resulted in the lowest enzyme activity, as enzymes were not detected on day 7 of incubation. In the standard CM, a similar trend was found with the highest enzyme activity of 51 U/L LiP and 128 U/L MnP using no pH control. The lower concentration of enzymes with increasing pH is presumably attributed to the fact that a pH environment outside of the range of 4.0–4.5 might have affected enzyme stability, remarkably leading to a decreased concentration of enzymes [38]. pH is crucial for the stability and activity of heme-containing enzymes such as LiP and MnP, affecting their ionic form of the active sites and, consequently, the binding with the heme group [39]. Another factor to consider is the higher concentration of phosphate salts over 4 g/L used to maintain a pH > 6.0, as an excessive concentration of phosphate salts could have limited the optimal growth and metabolism [40].



Considering Figure 5b, the comparison of sulfide oxidation at different pH-controlled environments reveals that pH-controlled cultures at pH > 5.8 induced a lower sulfide oxidation compared with no control experiments, which principally seems to be interconnected with the reduced activity of enzymes at elevated pHs. Using the modified CM conditions, 28.7% sulfide oxidation could be achieved by utilizing no pH control. The second-best sulfide oxidation was 14.3%, attained in a pH-controlled culture at pH 5.8, followed by 13.2% adjusted the culture to pH 6.0. Successively, the higher pH adjustment of the CM led to lower fungal activity and, consequently, lower sulfide oxidation, reaching only 5.1% and 1.6% while using the modified CM at pH 6.5 and pH 7.0, respectively. Sulfide oxidation in standard CM followed a comparable tendency at increasing pH values, as shown in Figure 5b.




3.5. Evaluation of Corn Steep as a CM Component


Taking into consideration that the proposed investigated CM resulted in partial sulfide oxidation after 14 d, corn steep, a waste medium ingredient, was used as an alternative to increasing the viability of the process from an economic perspective. Thus, the addition of corn steep in the standard CM was investigated as a possible replacement for other nourishing components, including yeast extract and malt extract. Adding corn steep changed the initial pH solution of the CM to moderately acidic pH (pH 4). Therefore, the pH of all solutions was adjusted to pH 5.8 before inoculation for better comparison with the previous results, as P. chrysosporium responds differently to different pH environments [13,28].



Figure 6 shows the effect of corn steep in the standard CM in terms of enzyme activity and sulfide oxidation by replacing the corresponding concentration of malt extract (0–7 g/L) and yeast extract (0–5 g/L). As shown in Figure 6a, the substitution of malt extract for corn steep impacted microbial activity and sulfide oxidation, showing a decreasing trend for higher concentrations of corn steep in the CM in the range of 0–7 g /L. By replacing yeast extract for corn steep (Figure 6b), the addition of corn steep displayed a good contribution to substituting yeast extract at increasing concentrations up to 2.5 g/L, attaining a maximum of 18.2% sulfide oxidation and 33 U/L LiP and 98 U/L MnP. Concentrations above 2.5 g/L seem to affect enzyme secretion and sulfide oxidation, leading to 9 U/L LiP and 29 U/L MnP with 4.1% sulfide oxidation with 5 g/L corn steep in the CM. The final pH in all culture media having corn steep was close to pH 4, which seems to be attributed to the composition of corn steep based on lactic acid [41].



In the cells of P. chrysosporium and other white-rot fungi, a wide variety of metabolic pathways take place simultaneously, e.g., glycolysis, pentose-phosphate pathway, tricarboxylic acid (TCA) cycle, which are all essential for the growth and functionality of fungal cells. Glycolytic pathways, together with the TCA cycle, produce the oxidation of carbohydrates, fatty acids, and amino acids, forming high-energy molecules, e.g., adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide (NADPH), which support the formation of proteins and act as energy storage for the fungal cells [42]. Figure 7 shows the role of the principal metabolic pathways in P. chrysosporium cells. The gene expression for different types of enzymes, including LiP and MnP, as well as the intracellular and extracellular interactions, are highly influenced by the type of growth substrates and environmental conditions to which the microorganism is exposed in the CM [43].



Enzyme activity for both LiP and MnP was detected in all the samples. Nonetheless, the enzyme concentration was lower when malt extract was replaced by corn steep at concentrations ≥1.75 g/L (2 U/L LiP and 11 U/L MnP), and yeast extract was substituted for corn steep at concentration ≥3.75 g/L (9 U/L LiP and 29 U/L). The maximum enzyme concentration (33 U/L LiP and 98 U/L MnP) was produced when yeast extract was substituted by corn steep in the CM in the range of 1.25 to 2.5 g/L, reaching a sulfide oxidation of 18.2% after 14 d bio-oxidation. The general trends can be interpreted by analyzing the general composition of each particular component in the CM. About 90% of malt extract is composed of reduced sugars, including but not limited to maltose, fructose, and sucrose, with a lower proportion of nitrogenous substrate, e.g., amino acids and peptides. On the other hand, yeast extract is a good source of N and other essential micronutrients for the better functioning of fungal cells comprising vitamins (biotin and vitamin B), TE, as well as proteins, free amino acids, and peptides. The nourishing composition of yeast extract makes it a valuable medium ingredient.



Based on the composition of corn steep, this substrate is also considered a source of N with nearly 7.7–8.2% of total N [44,45]. Similarly to yeast extract, corn steep is also a source of TE and vitamins. Additionally, it has a significant content of lactic acid, representing 10–30% of the dry mass and sugars, including glucose and fructose (below 5%) [41]. Hence, corn steep is a substrate with a composition similar to yeast extract, providing N sources, vitamins, and TE required to sustain the fungal growth and metabolism, resulting in comparable outcomes when not supplying yeast extract in the CM. Consequently, corn steep could be considered to replace yeast extract; however, it resulted in an unsatisfactory response as a replacement of malt extract.




3.6. CM Comparison


The modified concentrations of reagents to attain maximal sulfide oxidation found in prior sections (12.86 g/L glucose, 2.20 g/L malt extract, 1.67 g/L yeast extract, and 0.49 g/L MgSO4·7H2O) were utilized as a reference for the substitution of yeast extract for corn steep in subsequent bio-oxidation experiments. In the modified CM containing yeast extract, enzyme activity was 58 U/L LiP and 143 U/L MnP after 7 d of growth, and sulfide oxidation after 14 d bio-oxidation was 28.7%. When replacing yeast extract for corn steep in the modified CM, enzyme activity resulted in 39 U/L LiP and 116 U/L MnP, and sulfide oxidation was 21.6% following 14 d of bio-oxidation, as shown in Figure 8.



Since sulfide oxidation stalled after 14 d of bio-oxidation with no considerable increase after extended reaction time, a replenishing strategy was used to further compare both CM in terms of sulfide oxidation as well as Au recovery [6]. A comparison between the modified CM having equal concentration of yeast extract and corn steep is displayed in Figure 8., showing sulfide oxidation after three cycles of 14-d bio-oxidation. Results revealed that sulfide oxidation gradually increased with the number of replenishing cycles up to 51.1% and 40.6% in the modified CM containing yeast extract and corn steep, respectively. Table 4 shows the Au recovery obtained from the oxidized ore after three cycles of bio-oxidation for a total of 42 d, resulting in 52.1% and 43.8% using the modified CM having yeast extract and corn steep, correspondingly.



Comparing the results using yeast extract and corn steep in the modified CM, the former led to a slightly higher Au recovery of ca. 52.1%, whilst the latter could represent a more economical alternative. Corn steep is a waste product originating from corn industry plants and thus could be considered as a low-cost replacement ingredient for the CM of P. chrysosporium. When comparing the cost of reagent in bulk, yeast extract turns out to be 16 times more expensive on average, considering the same mass of corn steep, as shown in Table 4.



Due to the similar results in sulfide oxidation and Au recovery obtained in both CMs, it might be worth exchanging a slightly higher Au recovery for a more economical operational cost, considering low-budget reagents in replenishing bio-oxidation. Still, it is worth noting that sulfide oxidation <30% after one cycle of bio-oxidation is not significantly comparable to the conventional bio-oxidation process with acidophilic bacteria. Nevertheless, it should be noted that this research, for the first time, investigates the use of corn steep in bio-oxidation of low-grade refractory Au ores, and therefore, the process needs further research. There could still be other additional factors for further development to improve the process, such as replacing other components for waste products, e.g., glucose for molasses, and utilizing chemostat-like reactors with multiple sensors to keep an optimum level for nutrients, pH as well as metabolites, which could maximize sulfide oxidation and Au recovery in future research.




3.7. Implications and Limitations


This study shows a dependency of the fungus P. chrysosporium on CM conditions, including mainly the nutrient availability and pH solution >5.8, leading to particular microbial activities and, subsequently, different trends in sulfide oxidation. Consequently, this research highlights that both a limitation and an excess of nutrients can restrict the performance of this microorganism and, therefore, sulfide oxidation. An adequate concentration of reagents is essential in bio-oxidation experiences, especially glucose, malt extract, and yeast extract, which were more relevant for the fungal activity. Another important implication of this investigation was the potential of corn steep waste to support microbial growth by serving as a source of micro- and macro-nutrients. This implication allows evaluating other waste or less refined products, e.g., molasses, to find a more cost-effective option to oxidize sulfidic ores. From an economic perspective, a full operation using waste products as a source of nutrients to grow the microorganism could considerably decrease the cost associated with the CM, increasing the viability of the process compared to the standard CM option. The use of waste containing CM would further strengthen the circularity of waste management, contributing to a decrease in the accumulation of municipal solid waste and global greenhouse emissions worldwide [23].



The current investigation had certain limitations. Although corn steep waste supported the microbial activity of the fungus P. chrysosporium to oxidize a sulfidic Au ore, the pH of the solution remained acidic throughout the tests. Likely, the composition of corn steep based on 10 to 30% w/w lactic acid could be the principal responsible for that pH trend compared to the yeast extract-bearing CM. In addition, the performance of the fungi still needs to be further strengthened to improve the bio-oxidation of sulfide ores compared with the conventional option assisted by acidophilic bacteria. The concentration of metabolites is a limitation that might also have restricted further oxidation. Therefore, more research should be done in that direction by considering bioengineered microorganisms that would improve the fungal activity under the studied experimental conditions [4]. The increase in the concentration of metabolites at different pH ranges using current and new reagents, especially waste products, considering chemostat-like reactors, should also be evaluated to overcome these limitations.





4. Conclusions and Future Perspectives


Bio-oxidation of a sulfidic Au ore assisted by P. chrysosporium was conducted to elucidate the effect of each CM component and subsequently maximize sulfide oxidation using D-optimal RSM. The concentration of glucose, yeast extract, and malt extract were more relevant in the range 10–15 g/L, 1.25–2.5 g/L, and 1.75–3.5 g/L correspondingly and favored microbial activity with ≥51 U/L LiP and ≥128 U/L MnP and sulfide oxidation ≥23%. There was a negligible influence of the MgSO4·7H2O concentration in the range of 0.0–1.0 g/L. On the basis of the model suggested by D-optimal RSM, 12.86 g/L glucose, 2.20 g/L malt extract, 1.67 g/L yeast extract, and 0.49 g/L MgSO4·7H2O was proposed as modified CM to produce almost 29% sulfide oxidation after 14 d of bio-oxidation. Corn steep waste supported microbial activity when replacing yeast extract in the CM. The modified CM at which yeast extract was replaced with 1.67 g/L corn steep led to 40.6% sulfide oxidation after the three-cycle bio-oxidation for 42 d with a 43.8% Au recovery, comparable with the CM containing yeast extract. Despite this study showing that corn steep waste has the potential to sustain the microbial activity of P. chrysosporium to oxidize sulfidic ores, it is still necessary to further investigate the use of other waste products following more development to increase enzyme concentration in desired pH environments. It is also recommended assessing this bio-based system with tools related to life cycle assessment, energy, and economics, which can further help to strengthen the process considering the life cycle of products and residues.
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	ANOVA
	Analysis of variance



	ATCC
	American-type culture collection



	ATP
	Adenosine triphosphate



	Au
	Gold



	Bio-oxidation
	Biological oxidation



	C
	Carbon source



	CM
	Culture medium



	DOE
	Design of experiments



	Sf
	Final sulfur content



	Si
	Initial sulfur content



	LiP
	Lignin peroxidase



	MnP
	Manganese peroxidase



	NADPH
	Nicotinamide adenine dinucleonide



	N
	Nitrogen source



	ND
	not detected



	NR
	not reported



	OD
	Optical density



	ORP
	Oxidation-reduction potential



	P. chrysosporium
	Phanerochaete chrysosporium



	p-value
	probability value



	PD
	pulp density



	RSM
	Response surface methodology



	TE
	Trace elements



	TCA
	Tricarboxylic acid







References


	



Adams, M.D. Gold Ore Processing Project Development and Operations, 2nd ed.; Elsevier: Singapore, 2016. [Google Scholar]

	



Lee, J.; Mahandra, H.; Hein, G.A.; Ramsay, J.; Ghahreman, A. Toward Sustainable Solution for Biooxidation of Waste and Refractory Materials Using Neutrophilic and Alkaliphilic Microorganisms—A Review. ACS Appl. Bio Mater. 2021, 4, 2274–2292. [Google Scholar] [CrossRef]

	



Van Aswegen, P.; Van Niekerk, J.; Waldemar, O. The BIOX TM Process for the Treatment of Refractory. In Biomining, 1st ed.; Springer: Berlin, Germany, 2007. [Google Scholar]

	



Hein, G.; Mahandra, H.; Ghahreman, A. Potential Utilization of Fungi in Biomining as Biological Engines for the Alteration of Sulfide and Carbon Matrices. Rev. Environ. Sci. Biotechnol. 2023, 22, 591–623. [Google Scholar] [CrossRef]

	



Hein, G.; Mahandra, H.; Ghahreman, A. A Developing Novel Alternative Bio-Oxidation Approach to Treat Low-Grade Refractory Sulfide Ores at Circumneutral pH. Front. Sustain. Resour. Manag. 2023, 2, 1102488. [Google Scholar] [CrossRef]

	



Hein, G.; Mahandra, H.; Ghahreman, A. Application of Phanerochaete chrysosporium for Enhancing Gold Recovery via Bio-Oxidation of Refractory Sulfidic Ores in a Circumneutral Environment. Process Saf. Environ. Prot. 2023, 178, 135–146. [Google Scholar] [CrossRef]

	



Ofori-Sarpong, G.; Osseo-Asare, K.; Tien, M. Mycohydrometallurgy: Biotransformation of Double Refractory Gold Ores by the Fungus, Phanerochaete chrysosporium. Hydrometallurgy 2013, 137, 38–44. [Google Scholar] [CrossRef]

	



Yang, H.; Liu, Q.; Chen, G.; Tong, L.; Ali, A. Bio-Dissolution of Pyrite by Phanerochaete chrysosporium. Trans. Nonferrous Met. Soc. China 2018, 28, 766–774. [Google Scholar] [CrossRef]

	



Datta, R.; Kelkar, A.; Baraniya, D.; Molaei, A.; Moulick, A.; Meena, R.S.; Formanek, P. Enzymatic Degradation of Lignin in Soil: A Review. Sustainability 2017, 9, 1163. [Google Scholar] [CrossRef]

	



Percak-Dennett, E.; He, S.; Converse, B.; Konishi, H.; Xu, H.; Corcoran, A.; Noguera, D.; Chan, C.; Bhattacharyya, A.; Borch, T.; et al. Microbial Acceleration of Aerobic Pyrite Oxidation at Circumneutral pH. Geobiology 2017, 15, 690–703. [Google Scholar] [CrossRef]

	



Radha, K.V.; Regupathi, I.; Arunagiri, A.; Murugesan, T. Decolorization Studies of Synthetic Dyes Using Phanerochaete Chrysosporium and Their Kinetics. Process Biochem. 2005, 40, 3337–3345. [Google Scholar] [CrossRef]

	



Wang, P.; Hu, X.; Cook, S.; Begonia, M.; Lee, K.S.; Hwang, H.M. Effect of Culture Conditions on the Production of Ligninolytic Enzymes by White Rot Fungi Phanerochaete chrysosporium (ATCC 20696) and Separation of Its Lignin Peroxidase. World J. Microbiol. Biotechnol. 2008, 24, 2205–2212. [Google Scholar] [CrossRef]

	



Urek, R.O.; Pazarlioglu, N.K. Enhanced Production of Manganese Peroxidase by Phanerochaete chrysosporium. Braz. Arch. Biol. Technol. 2007, 50, 913–920. [Google Scholar] [CrossRef]

	



Hou, L.; Ji, D.; Dong, W.; Yuan, L.; Zhang, F.; Li, Y.; Zang, L. The Synergistic Action of Electro-Fenton and White-Rot Fungi in the Degradation of Lignin. Front. Bioeng. Biotechnol. 2020, 8, 99. [Google Scholar] [CrossRef] [PubMed]

	



Díaz, A.I.; Laca, A.; Sánchez, M.; Díaz, M. Evaluation of Phanerochaete chrysosporium for Swine Wastewater Treatment. Biochem. Eng. J. 2022, 187, 108599. [Google Scholar] [CrossRef]

	



Fujian, X.; Hongzhang, C.; Zuohu, L. Solid-State Production of Lignin Peroxidase (Lip) and Manganese Peroxidase (Mnp) by Phanerochaete chrysosporium Using Steam-Exploded Straw as Substrate. Bioresour. Technol. 2001, 80, 149–151. [Google Scholar] [CrossRef] [PubMed]

	



Kapich, A.N.; Prior, B.A.; Botha, A.; Galkin, S.; Lundell, T.; Hatakka, A. Effect of Lignocellulose-Containing Substrates on Production of Ligninolytic Peroxidases in Submerged Cultures of Phanerochaete chrysosporium ME-446. Enzyme Microb. Technol. 2004, 34, 187–195. [Google Scholar] [CrossRef]

	



Ofori-Sarpong, G.; Osseo-Asare, K.; Tien, M. Fungal Pretreatment of Sulfides in Refractory Gold Ores. Miner. Eng. 2011, 24, 499–504. [Google Scholar] [CrossRef]

	



Zhang, T.; Cai, L.; Xu, B.; Li, X.; Qiu, W.; Fu, C.; Zheng, C. Sulfadiazine Biodegradation by Phanerochaete chrysosporium: Mechanism and Degradation Product Identification. Chemosphere 2019, 237, 124418. [Google Scholar] [CrossRef]

	



Dyal, S.D.; Bouzidi, L.; Narine, S.S. Maximizing the Production of γ-Linolenic Acid in Mortierella ramanniana Var. Ramanniana as a Function of pH, Temperature and Carbon Source, Nitrogen Source, Metal Ions and Oil Supplementation. Food Res. Int. 2005, 38, 815–829. [Google Scholar] [CrossRef]

	



Vahidi, H.; Kobarfard, F.; Namjoyan, F. Effect of Cultivation Conditions on Growth and Antifungal Activity of Mycena leptocephala. Afr. J. Biotechnol. 2004, 3, 606–609. [Google Scholar]

	



Costa, A.F.S.; Almeida, F.C.G.; Vinhas, G.M.; Sarubbo, L.A. Production of Bacterial Cellulose by Gluconacetobacter Hansenii Using Corn Steep Liquor as Nutrient Sources. Front. Microbiol. 2017, 8, 2027. [Google Scholar] [CrossRef]

	



Fazzino, F.; Pedullà, A.; Calabrò, P.S. Boosting the Circularity of Waste Management: Pretreated Mature Landfill Leachate Enhances the Anaerobic Digestion of Market Waste. Biofuel Res. J. 2023, 10, 1764–1773. [Google Scholar] [CrossRef]

	



European Pharmacopoeia Buffer Solutions. Available online: https://www.drugfuture.com/Pharmacopoeia/EP7/DATA/40103E.PDF (accessed on 1 May 2023).

	



Li, N.J.; Zeng, G.M.; Huang, D.L.; Hu, S.; Feng, C.L.; Zhao, M.H.; Lai, C.; Huang, C.; Wei, Z.; Xie, G.X. Oxalate Production at Different Initial Pb2+ Concentrations and the Influence of Oxalate during Solid-State Fermentation of Straw with Phanerochaete chrysosporium. Bioresour. Technol. 2011, 102, 8137–8142. [Google Scholar] [CrossRef] [PubMed]

	



Kaksonen, A.H.; Perrot, F.; Morris, C.; Rea, S.; Benvie, B.; Austin, P.; Hackl, R. Evaluation of Submerged Bio-Oxidation Concept for Refractory Gold Ores. Hydrometallurgy 2014, 141, 117–125. [Google Scholar] [CrossRef]

	



Pakshirajan, K.; Kheria, S. Continuous Treatment of Coloured Industry Wastewater Using Immobilized Phanerochaete Chrysosporium in a Rotating Biological Contactor Reactor. J. Environ. Manag. 2012, 101, 118–123. [Google Scholar] [CrossRef]

	



Assadi, M.M.; Rostami, K.; Shahvali, M.; Azin, M. Decolorization of Textile Wastewater by Phanerochaete chrysosporium. Desalination 2001, 141, 331–336. [Google Scholar] [CrossRef]

	



Sigma-Aldrich Product Information of Malt Extract Suitable for Microbiology. 2023. Available online: https://www.sigmaaldrich.com/CA/en/product/mm/105391 (accessed on 1 May 2023).

	



Chaves, D.; Hatano, D.; Milan, D. Malt Extract as a Healthy Substitute for Refined Sugar. Am. J. Biomed. Sci. Res. 2019, 4, 52–53. [Google Scholar] [CrossRef]

	



ChemicalBook Data Base List for Yeast Extract. Available online: https://www.chemicalbook.com/ChemicalProductProperty_EN_CB9440339.htm (accessed on 1 May 2023).

	



Huang, C.; Ren, D.; Kang, C.; Deng, Z.; Guo, H.; Zhang, S.; Zhang, X. Treatment of Nitrogen Heterocyclic Compounds (NHCs) in Coking Wastewater by White-Rot Fungi. Tecnol. Cienc. Agua 2019, 10, 195–218. [Google Scholar] [CrossRef]

	



Losen, M.; Frölich, B.; Pohl, M.; Büchs, J. Effect of Oxygen Limitation and Medium Composition on Escherichia Coli Fermentation in Shake-Flask Cultures. Biotechnol. Prog. 2004, 20, 1062–1068. [Google Scholar] [CrossRef]

	



Faraji, F.; Golmohammadzadeh, R.; Rashchi, F.; Alimardani, N. Fungal Bioleaching of WPCBs Using Aspergillus Niger: Observation, Optimization and Kinetics. J. Environ. Manag. 2018, 217, 775–787. [Google Scholar] [CrossRef]

	



Horeh, N.B.; Mousavi, S.M.; Shojaosadati, S.A. Bioleaching of Valuable Metals from Spent Lithium-Ion Mobile Phone Batteries Using Aspergillus Niger. J. Power Sources 2016, 320, 257–266. [Google Scholar] [CrossRef]

	



Anderson, M.J.; Whitcomb, P.J. DOE Simplified: Practical Tools for Effective Experimentation, 3rd ed.; CRC Press: New York, NY, USA, 2015. [Google Scholar]

	



Singh, D.; Chen, S. The White-Rot Fungus Phanerochaete chrysosporium: Conditions for the Production of Lignin-Degrading Enzymes. Appl. Microbiol. Biotechnol. 2008, 81, 399–417. [Google Scholar] [CrossRef]

	



Tuisel, H.; Sinclair, R.; Bumpus, J.A.; Ashbaugh, W.; Brock, B.J.; Aust, S.D. Lignin Peroxidase H2 from Phanerochaete chrysosporium: Purification, Characterization and Stability to Temperature and pH. Arch. Biochem. Biophys. 1990, 279, 158–166. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, G.M.; Zhao, M.H.; Huang, D.L.; Lai, C.; Huang, C.; Wei, Z.; Xu, P.; Li, N.J.; Zhang, C.; Li, F.L.; et al. Purification and Biochemical Characterization of Two Extracellular Peroxidases from Phanerochaete chrysosporium Responsible for Lignin Biodegradation. Int. Biodeterior. Biodegrad. 2013, 85, 166–172. [Google Scholar] [CrossRef]

	



Liang, H.; Gao, D.W.; Zeng, Y.G. Effects of Phosphorus Concentration on the Growth and Enzyme Production of Phanerochaete chrysosporium. Bioresour. Technol. 2012, 107, 535–538. [Google Scholar] [CrossRef] [PubMed]

	



Loy, D.D.; Lundy, E.L. Nutritional Properties and Feeding Value of Corn and Its Coproducts: Corn, 3rd ed.; International Press: Oxford, UK, 2019. [Google Scholar]

	



González, C.; Wu, Y.; Zuleta-Correa, A.; Jaramillo, G.; Vasco-Correa, J. Biomass to Value-Added Products Using Microbial Consortia with White-Rot Fungi. Bioresour. Technol. Rep. 2021, 16, 100831. [Google Scholar] [CrossRef]

	



Kameshwar, A.K.S.; Qin, W. Gene Expression Metadata Analysis Reveals Molecular Mechanisms Employed by Phanerochaete chrysosporium during Lignin Degradation and Detoxification of Plant Extractives. Curr. Genet. 2017, 63, 877–894. [Google Scholar] [CrossRef]

	



Tan, J.P.; Jahim, J.M.; Wu, T.Y.; Harun, S.; Mumtaz, T. Use of Corn Steep Liquor as an Economical Nitrogen Source for Biosuccinic Acid Production by Actinobacillus succinogenes. IOP Conf. Ser. Earth Environ. Sci. 2016, 36, 012058. [Google Scholar] [CrossRef]

	



Sigma-Aldrich Product Specification of Corn Steep C8160. Available online: https://www.sigmaaldrich.com/CA/en/product/sigma/c8160 (accessed on 1 May 2023).








[image: Sustainability 15 15559 g001] 





Figure 1. Schematic diagram for sulfide bio-oxidation assisted by P. chrysosporium. 
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Figure 2. Effect of (a) glucose, (b) malt extract, (c) yeast extract, and (d) MgSO4·7H2O on enzyme activity (U/L) secreted by P. chrysosporium after 7 d of incubation at 0 rpm and 37 °C. Not detected (ND). 
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Figure 3. Effect of (a) glucose, (b) malt extract, (c) yeast extract, and (d) MgSO4·7H2O on sulfide oxidation and final pH in 14-d bio-oxidation experiments using P. chrysosporium at 5% w/v PD and 37 °C. 
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Figure 4. Sulfide oxidation as a function of variation in concentration of (a) malt extract—yeast extract, (b) glucose—malt extract, and (c) glucose—MgSO4·7H2O during 14-d bio-oxidation assisted by P. chrysosporium and (d) predicted vs. actual value of bio-oxidation using 5% w/v PD and 37 °C. 






Figure 4. Sulfide oxidation as a function of variation in concentration of (a) malt extract—yeast extract, (b) glucose—malt extract, and (c) glucose—MgSO4·7H2O during 14-d bio-oxidation assisted by P. chrysosporium and (d) predicted vs. actual value of bio-oxidation using 5% w/v PD and 37 °C.



[image: Sustainability 15 15559 g004]







[image: Sustainability 15 15559 g005] 





Figure 5. (a) Enzyme activity (U/L) and (b) sulfide oxidation (%) using modified and standard CM in pH-controlled batch cultures with a 5% w/v PD and 37 °C. 
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Figure 6. Replacement of (a) malt extract and (b) yeast extract for corn steep in CM and its effect in sulfide oxidation, final pH, and enzyme activity in 14-d bio-oxidation at 5% w/v PD. 
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Figure 7. Simplified representation of part of the metabolic pathways in cells of white-rot fungi. 
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Figure 8. Sulfide oxidation was obtained after (1) first cycle of bio-oxidation, (2) second cycle of bio-oxidation, and (3) third cycle of bio-oxidation with P. chrysosporium using modified CM with yeast extract and corn steep at 5% w/v PD and 37 °C. 






Figure 8. Sulfide oxidation was obtained after (1) first cycle of bio-oxidation, (2) second cycle of bio-oxidation, and (3) third cycle of bio-oxidation with P. chrysosporium using modified CM with yeast extract and corn steep at 5% w/v PD and 37 °C.
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Table 1. Variation in the concentration of extracellular enzyme secreted by P. chrysosporium caused by pH and CM a.
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	Initial pH
	Final pH
	Culture Medium
	Time Maximal Enzyme Secretion (d)
	Maximal LiP (U/L)
	Maximal MnP (U/L)
	Sulfide Oxidation (%)
	Reference





	4.0–5.5
	NR
	5 g/L steam-exploded straw, 1.25 g/L wheat bran, 0.01 g/L tween 80, 0.005 g/L MgSO4, 0.005 g/L sodium glutamate
	5
	1375
	2600
	-
	[16]



	4.8
	NR
	10 g/L glucose, 3 g/L peptone, 1 g/L corn steep, 1 g/L KH2PO4, 0.5 g/L MgSO4·7H2O
	3
	475
	610
	-
	[17]



	4.5
	4.5–5.0
	5 g/L glucose, 2 g/L KH2PO4, 0.05 NH4Cl, 0.5 g/L MgSO4·7H2O, 0.1 g/L

CaCl2·2H2O, 0.1 µg/L thiamine HCl, 10 mL/L TE
	5
	234
	172
	-
	[11]



	4.5
	NR
	10 g/L dextrose, 0.11 g/L ammonium tartrate, 7 mg/L MnSO4, 0.3 g/L veratryl alcohol, 0.5 g/L tween 80
	8
	541
	86
	-
	[12]



	4.0
	NR
	8 g millet/flask, 2 g wheat bran/flask
	NR
	NR
	NR
	57% at 30% w/v
	[18]



	5
	2.1
	10 g/L glucose, 0.2 g/L KH2PO4, 1 g/L MgSO4·7H2O, 0.37 g/L ammonium tartrate, 0.02 g/L CaCl2, 1 mg/L thiamin-HCl, and 70 mL/L TE
	8
	95
	316
	33% at 5% w/v
	[8]



	5.7
	NR
	10 g/L glucose, 2 g/L KH2PO4, 0.5 g/L MgSO4·7H2O, 0.1 g/L CaCl2, 0.2 g/L ammonium tartrate, 0.012 g/L yeast extract, 0.5 g/L tween 80, 0.07 g/L veratryl alcohol, 60 mL/L TE
	6
	1
	373
	-
	[19]



	6.0
	3.0
	0.5 g/L lignin, 2 g/L KH2PO4, 0.25 g/L MgSO4·7H2O, 0.1 /L CaCl2, 5 mg/L MnSO4, 10 mg/L VB1, 0.2 g/L ammonium tartrate, 150 mL/L TE
	4
	240
	300
	-
	[14]



	6.0
	6.6
	Swine wastewater containing 1160 mg/L total N; 213 mg/L total P
	4
	500
	650
	-
	[15]



	5.8
	7.6
	10 g/L glucose, 3.5 g/L malt extract, 2.5 g/L yeast extract, 0.5 g/L MgSO4·7H2O
	7
	51
	128
	23% at 5% w/v
	[6]







a Not reported (NR), trace elements (TE).













 





Table 2. Elemental composition of the low-grade sulfidic ore.
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	Analyte
	Ag
	Au
	Al
	Co
	Cu
	Fe
	Mg
	Ni
	S
	V





	Concentration (ppm)
	6.3
	1.69
	5.4 × 103
	76
	661
	5.0 × 103
	2820
	18
	5.7 × 103
	80










 





Table 3. ANOVA chart for the multiple linear regression model for sulfide bio-oxidation.
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	Source
	Sum of

Squares
	df a
	Mean

Square
	F-

Value
	p-Value

Prob > F
	





	Model
	1911.00
	10
	191.10
	15.71
	<0.0001
	significant



	A-Glucose
	85.27
	1
	85.27
	7.01
	0.0191
	



	B-Malt extract
	30.71
	1
	30.71
	2.52
	0.1345
	



	C-Yeast extract
	674.16
	1
	674.16
	55.41
	<0.0001
	



	D-MgSO4·7H2O
	68.39
	1
	68.39
	5.62
	0.0326
	



	AB
	84.78
	1
	84.78
	6.97
	0.0194
	



	AD
	9.73
	1
	9.73
	0.80
	0.3863
	



	BC
	0.87
	1
	0.87
	0.071
	0.7933
	



	A2
	48.85
	1
	48.85
	4.01
	0.0648
	



	B2
	67.41
	1
	67.41
	5.54
	0.0337
	



	C2
	324.80
	1
	324.80
	26.70
	<0.0001
	



	Residual
	170.34
	14
	12.17
	
	
	



	Lack of Fit
	87.16
	9
	9.68
	0.58
	0.7736
	not significant



	Pure Error
	83.18
	5
	16.64
	
	
	



	Cor Total
	2081.34
	24
	
	
	
	







a degree of freedom.













 





Table 4. Comparison between yeast extract and corn steep, including composition, cost, and Au recovery from the oxidized ore after replenishing bio-oxidation for three cycles [44,45].
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	Factor
	Yeast Extract
	Corn Steep





	Total nitrogen (%)
	10–11.8
	7.7–8.2



	Average cost of reagent (USD/ton)
	6000
	375



	Au recovery after 3 cycles of bio-oxidation (%)
	52.1 ± 2.7
	43.8 ± 2.4
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