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Mining generates tailings and wastewaters containing extractable gold alongside toxic contaminants such as cyanide (CN⁻), thiocyanates (SCN⁻), and other heavy metals. Conventional cyanidation struggles to process low-grade ores and high-sulphide refractory gold tailings due to cyanide's reactivity with non-gold minerals. This study evaluated the potential of Bacillus cereus to utilize CN⁻ as a growth substrate compared to a conventional carbon source like glucose. Aerobic batch experiments were conducted under varying conditions of pH, temperature, and initial CN⁻ concentrations (1, 3, and 5 mmol/L). Results showed that CN⁻ supported B. cereus growth, with optimal conditions at pH 7.5–8.5 and 35°C, achieving 95 % cyanide removal within 72 h. While glucose enhanced early metabolic activity, it was depleted within 8 h, emphasizing cyanide's role as a potential substrate. These findings will contribute to optimizing bioleaching processes for sustainable gold extraction and bioremediation of cyanide-contaminated environments thus enhancing the environmental feasibility of mining waste management.
Introduction
Mining activities have resulted in the accumulation of large deposits of mine tailings that contain extractable gold of significant market value (Pineda et al., 2023). However, much of this gold exists in matrices with other minerals, such as sulphides, sulphates, carbonates, and silicates, where it is strongly adsorbed. This leads to gold encapsulation or passivation, increasing reagent consumption and reducing gold recovery (Bazhko and Yahorava, 2017). Conventional cyanidation methods are inefficient for low-grade ores and high-sulphide refractory gold tailings because cyanide preferentially reacts with other minerals, such as copper and sulphides, instead of gold, further limiting its availability for gold extraction (Soto-Uribe et al., 2023).
In recent years, bioleaching has emerged as a promising eco-friendly alternative for extracting valuable metals from such challenging ores and tailings. Bioleaching, also known as bio- mining, is a biotechnological process that uses microorganisms to recover metals from ores and mineral concentrates. This method is particularly effective for low-grade ores and tailings that are uneconomical to process with conventional techniques (Saldaña et al., 2023). Its advantages include reduced environmental impact and enhanced recovery efficiency, particularly for gold encapsulated in high-sulphide matrices (Mutimutema et al., 2022). However, bioleaching efficiency depends on several factors, including temperature, pH, oxidizing conditions, nutrient availability, surface area, and the presence of toxic ions such as heavy metals (Ubaldini et al., 1997).
The role of environmental conditions and nutrient sources in bioleaching has been extensively studied, particularly for acidophilic and sulphide-oxidizing bacteria. For example, mixed microbial cultures have shown superior performance compared to pure cultures due to their adaptability and synergistic interactions (Chen et al., 2021). This study demonstrate the importance of optimizing parameters such as pH, temperature, and lixivium return. Understanding how these environmental factors coupled with the nutrient sources impact the bacteria in the context of bioleaching is essential for optimizing the process and improving its efficiency and yield (Sadeghi, et al., 2021). Despite this progress, limited research has focused on the bioleaching of high-sulphide refractory gold ores or tailings, particularly under extreme conditions such as high cyanide concentrations.
Cyanide, a common contaminant in mine tailings, is highly toxic to living organisms as it forms stable complexes with transition metals essential for protein function. However, certain bacteria have developed mechanisms to tolerate and even metabolize cyanide. These mechanisms include a cyanide-insensitive respiratory chain, siderophore-mediated iron acquisition, and cyanide assimilation pathways (Huertas et al., 2006). By utilizing cyanide as a nutrient or electron source, these bacteria can potentially degrade cyanide while sustaining growth, making them ideal for applications in both bioleaching and bioremediation of cyanide-contaminated environments. Local mixed culture consortia, consisting of diverse microbial species native to the mining environment, have shown promise in enhancing the bioleaching process due to their adaptability and potential synergistic interactions (Brune et al., 2012). However, their performance and stability of the process under varying environmental conditions have not been thoroughly investigated. 
This study aimed to investigate the ability of Bacillus cereus to utilize cyanide as a growth substrate while degrading cyanide and facilitating gold bioleaching from high-sulphide refractory tailings. Key objectives included evaluating the influence of environmental conditions such as pH, temperature, and cyanide concentration on bacterial growth and cyanide degradation. By leveraging cyanide as a nutrient source, this research seeks to optimize bioleaching processes, reduce reliance on conventional carbon sources like glucose, and contribute to sustainable mining waste management and environmental remediation.
Materials and Methods
Bacteria isolated from gold mine tailings was characterized, operating conditions optimized and was utilized in the degradation of various concentrations of cyanide and glucose as described below.

1.1 Sampling and source of microorganism
Samples of the local, adapted cultures were taken as grab samples from the soil at the site of contamination. These were collected from Golden Kopje Mine in Chinhoyi, Zimbabwe and stored in a cooler box at 4 ⁰C.

1.2 Growth media
Tryptone Soy Agar (TSA) and Tryptone Soy Broth (TSB) (Oxoid Ltd., Basingstoke, Hants, UK) were used as the primary growth media. TSA was prepared by dissolving 40 g of TSA powder in 1 L of distilled water, while TSB was prepared by dissolving 30 g of TSB powder in 1 L of distilled water. Both media were sterilized by autoclaving at 121 °C and 4 MPa for 15 minutes (Mangwandi et al., 2022). The mineral salt medium (MSM) used in this study was made up of the following constituent as described by Tendenedzai et al., (2021).

1.3 Bacterial isolation, cultivation and culture storage
For bacterial isolation, 0.2 g of soil samples stored at 4 °C was inoculated into 100 mL of sterile TSB amended with 1000 ppm NaCN and stabilized with 1 M NaOH to prevent HCN volatilization. The cultures were incubated for 24 h at 35 ± 0.2 °C on a rotary shaker at 120 rpm (Tendenedzai et al., 2021). Following incubation, the cultures were streaked onto agar plates containing 1000 ppm NaCN and incubated at 35 °C for 24 h. Colonies from the agar plates were gently scraped and transferred to fresh TSB amended with NaCN for another 24 h under the same conditions. For long-term storage, 20 mL of sterile glycerol (20%, v/v) was added to 80 mL of bacterial culture. The mixture was homogenized, transferred into 2 mL screw-cap tubes, and stored at -70 °C as pure stock solutions. For experimental runs, frozen cultures were thawed for 10–20 minutes, streaked onto sterile nutrient agar plates, and incubated at 30 ± 0.2 °C for 24 h.

1.4 Experimental setup
Growth experiments
[bookmark: _Hlk185128410]All chemicals used in this study were sourced from Merck (Sigma-Aldrich) unless otherwise stated. A cyanide stock solution of 1000 ppm (20 mmol/L) NaCN was prepared and diluted to varying concentrations (1, 3, and 5 mmol/L) for experimental use. These cyanide solutions were utilized across all experiments conducted. Growth optimization experiments were performed to assess bacterial survival and performance under different conditions. The bacteria were exposed to varying cyanide concentrations (1, 3, and 5 mmol/L), pH levels (7.5, 8.5, and 9.5 ± 0.2), and temperatures (25 °C, 35 °C, and 45 °C) in an incubator equipped with a rotary shaker. Phosphorus and carbonate buffers were used to adjust and maintain the desired pH levels

Batch cyanide utilization experiments
One of the primary objectives of this study was to assess whether cyanide could serve as a carbon/nitrogen source for Bacillus cereus. Batch experiments were conducted to evaluate the potential of cyanide as a nutrient source in comparison to conventional nutrients. The starting pH was set to 9.5 (to minimise volatilisation of NaCN), and the temperature was maintained at 35 °C as initial conditions. Reactor setups were prepared in triplicate, with the experimental conditions detailed in the table 1 below. 

Table 1: Reagents employed for batch growth experiments in broth and cyanide utilisation in MSM
	Reagent 
	R control
	R1
	R2
	R3
	R4

	Broth (for growth)/MSM (for utilisation experiments)
	150 mL
	150 mL
	150 mL
	150 mL
	150 mL

	NaCN
	-
	5 mmol/L
	3 mmol/L
	3 mmol/L
	1 mmol/L

	Glucose
	-
	-
	-
	5mmol/L
	-

	Bacteria
	1 mL
	1 mL
	1 mL
	1 mL
	1 mL



1.5 Analytical methods
The cyanide concentration in the samples was measured using an Ion Chromatography (IC) 940 Professional IC Vario ion chromatograph (Metrohm, Herisau, Switzerland) equipped with a Metrosep C 10-250/4.0 separation column (Metrohm, Switzerland). Bacterial growth was monitored spectrophotometrically by measuring optical density at 600 nm (OD600) using a UV-Vis spectrophotometer. The pH and oxidation-reduction potential (ORP) of the samples were measured using a calibrated pH and conductivity meter. The identification of bacterial species was performed via 16S rRNA sequencing, outsourced to Inqaba Biotechnical Industries (Pty) Ltd (Pretoria, South Africa). 

2. Results
2.1 Results on optimum pH and growth
Reactors were set up at 35oC with 150mls of growth medium and 1ml of bacteria aliquot in an incubator.
 
Figure 1: OD600 of reactors at various pH values

At pH 8.5, the growth rate was the highest, with OD600 reaching approximately 3.5 at around 40 h, which was significantly higher than in the other pH conditions. However, after peaking, there was a sharp decline in OD600 after 40 h, indicating that the cells likely entered a stationary or death phase. These results suggest that while pH 8.5 supports the most rapid and highest growth initially, it may not sustain bacterial viability over a prolonged period. At pH 9.5, Bacillus cereus showed slower as reaction proceeds compared to pH 7.5 and 8.5. The peak OD600 at pH 9.5 was lower (~2.3) and occurred around 40 h. At 7.5 there was more stable growth over a longer duration, indicating its suitability for sustained bacterial activity, it was also found to be the optimum pH by Rodrigo et al., 2021.
Conversely, pH 9.5 is less ideal for Bacillus cereus growth, as it limits the efficiency and biomass yield, likely due to stress factors associated with higher alkalinity (Clavel et al. 2004). In applications such as bioleaching or industrial processes, pH 8.5 may be optimal for short-term bacterial activity, while pH 7.5 would be more suitable for longer-term operations requiring sustained bacterial growth. pH 9.5 should generally be avoided, as it inhibits bacterial growth and reduces biomass yield. The ability for B. Cereus to grow at alkaline pH is significant for this study as the alkaline conditions do not support the generation of HCN, toxic gas (Ruiz-Bermejo et al., 2021). . Overall, pH 8.5 facilitated the fastest and highest bacterial growth, suggesting that Bacillus cereus can tolerate slightly alkaline conditions and thrive more efficiently at this pH in the short term.
2.2 Results on optimum temperature 
Three sets of reactors were subjected to different temperatures, 25 ⁰C, 35 ⁰C and 45 ⁰C. 
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Figure 2: OD600 at different temperatures

At 25 °C growth is slower compared to the other temperatures and achieves the highest at the end of the experiment of 48 hours. At the temperature of 35 °C the fastest growth rate and highest final OD600 was reached, suggesting it is the optimal temperature for this bacterial strain. While growth is observed at 45 °C, it is slower compared to 35 °C, and the final OD600 is slightly lower. This indicates that 45°C may be near the upper limit of the bacteria's tolerance as supported by Dubey (2011) whose study found the range between 20-40 °C and optimum growth at temperature of 30 °C. 

2.3 pH and ORP Changes
The pH and ORP changes were measured for the different setups.
[image: ]

Figure 3: pH versus ORP in 72 hours
The pH values across the different reactors started out at basic then shifted to neutral (ranging from 9.5 to 7). The main pathways of cyanide detoxification are conversion to thiocyanate (Lachowicz et al., 2024). Additionally, hydrolysis of cyanide produces HCN a weak acid, organic acids or other acidic intermediates or release of CO2 forming carbonic acid (Lachowicz et al., 2024). This was followed by a modest increase or stabilization, which can typically be attributed to microbial or chemical processes occurring in the reactors. In microbial systems, pH changes are often linked to the metabolism of the microorganisms, such as the conversion of cyanide and intermediate products to less toxic products like ammonia, which can increase the pH in the system (Akcil & Mudder, 2003, Quirozz et al., 2023). 
The ORP values in the reactors were generally negative, fluctuating between -20 mV and -120 mV. Initially, there was some increase in the ORP values among the reactors, but over time, they stabilized at less negative values. Negative ORP values are indicative of reducing conditions, which typically suggest that oxygen or other strong electron acceptors are limited or absent. This is common in microbial processes that involve the reduction of compounds, such as cyanide degradation, where bacteria utilize alternative electron acceptors (Dash et al., 2009). This is likely associated with the consumption of cyanide and the release of by-products like ammonia, which also contribute to the lowering of the ORP (Akcil & Mudder, 2003). In such systems, the degradation of toxic compounds like cyanide often creates anaerobic or facultative anaerobic conditions, which are characterized by negative ORP values (Wang et al., 2022). The bacteria, likely facultative anaerobes, would be able to thrive under these conditions and continue degrading cyanide even in the absence of oxygen (Bottone, 2010). The shift towards these reducing conditions, marked by the negative ORP and stable pH, suggests that the system achieved a steady state, likely after the majority of cyanide had been converted to less toxic compounds, supporting the hypothesis that the bacteria were effectively metabolizing cyanide under these conditions. This aligns with previous studies on cyanide degradation, where anaerobic or facultative anaerobic conditions support the microbial breakdown of cyanide and other toxic compounds (Akcil & Mudder, 2003; Dash et al., 2009; Bottone, 2010).

2.4 Substrate Degradation:
Cyanide and glucose were used as potential substrates and the degradation was noted as shown in Fig 4.
 
Figure 4: a) Cyanide degradation in 72 hours b) Cyanide vs glucose depletion

Cyanide concentrations decrease with a rate of between 91-98% over time in all experimental setups. The depletion of cyanide appears consistent across 24 h to 72h period, regardless of the initial concentration. The degradation of cyanide results in intermediate products such as thiocyanates and other nitrogen compounds (Ebbs, 2004; Lachowicz, 2024). In the condition with glucose shows a faster rate of glucose depletion as a substrate compared to cyanide as it was all consumed in the first 20 hours. This suggests that glucose enhances bacterial activity, potentially providing an additional energy source that accelerates cyanide degradation (Dash et al., 2009; Akcil & Mudder, 2003). The rapid decline in cyanide concentration suggests effective bacterial degradation across all conditions. The bacteria can metabolize cyanide, likely using it as a nitrogen source. The near-complete depletion of cyanide after 24h indicates efficient cyanide-utilizing bacterial activity. This highlights that cyanide degradation might be enhanced by supplementing with a readily metabolised substrate (Warda et al., 2016). The bacteria Bacillus cereus can tolerate cyanide concentrations used in these experiments, as evidenced by successful degradation as confirmed by Alvarado-López et al., 2023. This is relevant for bioleaching applications where free cyanide can be found within the gold sulphide tailings. 

3. Conclusion
The finding of this study is that Bacillus cereus can thrive in cyanide conditions of 5mmol/L and the fluctuations in ORP show a strong likelihood of successful degradation of cyanide by B. Cereus within the first 24 hours. It is important to analyse the residual metabolic by-products after cyanide depletion (e.g., ammonia, thiocyanate) to fully ascertain the level of degradation. Anaerobic conditions can also be explored to assess the performance of B.Cereus under such conditions. 
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