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Editorial on the Research Topic
 Bioleaching and Biocorrosion: Advances in Interfacial Processes



The adherence of microbes to surfaces is essential for optimal living conditions including protection against external influences such as temperature, pH, or even biocidal agents. The resultant surface growth of microorganisms and their metabolic products, extracellular polymeric substances (EPS) – “the dark matter” termed by Thomas Neu – form biofilms, which tend to coat virtually every material surface in contact with water (Flemming et al., 2016). The interaction of microorganisms in the form of biofilms with mineral/metallic surfaces emerges two dissolving processes of materials: microbiologically influenced corrosion (MIC) and bioleaching. The attachment of microorganisms to surfaces and the involved EPS play a pivotal role in the biocorrosion/biodeterioration of materials (Ma et al., 2020) and bioleaching of various minerals (chiefly metal sulfide ores) (Sand and Gehrke, 2006; Zhang et al., 2016). Both MIC and bioleaching, are processes characterized by the dissolution of substrata (controlled and uncontrolled).

The two well-established bioleaching modes are “non-contact” and “contact” leaching (Vera et al., 2013). The latter takes into account that cells attach and form biofilms on the surface of minerals. During bioleaching of ores, the formation of various redox reaction products and mineral phase transformations and changes in the microbial community structure takes place. These changes modify the interfacial interactions defining the bioleaching behavior and metal extraction efficiency.

MIC, the deterioration of materials such as steel and concrete, is the result of electro/chemical reactions influenced or driven by microorganisms, which are often present as biofilms. In recent years it has become clear that microbes/biofilms not only cause material corrosion, they can also inhibit or protect it against corrosion through microbiologically influenced corrosion inhibition (MICI) (Nagiub and Mansfeld, 2001). The MIC efficiency is the result of the activity of diverse microbial species in biofilms and by different environmental conditions, along with multiple types of interfacial media, and by the materials composition and surface characteristics. Furthermore, MIC by electro-active microbes occurs as part of an extracellular electron transfer (EET) – MIC (Dinh et al., 2004; Kato, 2016; Li et al., 2018). To date, there are still research gaps in the field of MIC, as pointed out in the recent review by Little et al. (2020).

This Research Topic comprises 17 original research articles and presents recent progress in bioleaching and MIC, especially the interactions between minerals/materials with dissolving/corroding-microorganisms. Included are nine papers on MIC and eight papers on bioleaching. The focus on the corrosive behavior of the halophilic archaeon Natronorubrum (N.) tibetense was investigated by Qian et al. The results indicate that increased dissolved oxygen concentration (DOC) in the range of <3 ppm promoted cell growth and cathodic corrosion, causing increased MIC. While after reaching 5 ppm, the increased proportion of biofilm on the surface of carbon steel enhanced the inhibition effect of the oxygen diffusion. Consequently, the MIC of carbon steel is weaker than that in 3 ppm DOC inoculated medium. The biofilms of N. tibetense showed a significant influence on MIC behavior via influencing the oxygen concentration.

A corrosion model of Q235 carbon steel in mixed cultures of Mariprofundus ferrooxydans and Thalassospira sp. is proposed by Chen et al. This study reveals that biofilms cause varied surface characteristics such as electrochemical heterogeneity and induce or accelerate localized corrosion. Liu et al. show that Desulfotomaculum nigrificans increase under deposit corrosion (UDC) by increasing anodic and cathodic reactions, heterogenous biofilms were shown to promote localized corrosion as reported for other sulfate-reducing microbial strains. The studies by Hu et al. on corrosion of printed circuit boards with an immersion silver layer (PCB-ImAg) observed the acceleration of microporous corrosion caused by Bacillus cereus metabolites. Electrochemical impedance spectroscopy (EIS) tests confirmed that the MIC of PCB-ImAg is related to biofilm formation and microbial metabolism. The work by Wu et al. also indicates that biofilm development and acid production can spontaneously influence steel corrosion, highlighting the concept of multi MIC mechanisms.

The strategy of using biofilm-induced biomineralization to protect corrosion seems to be effective and shields light on green technology for corrosion protection (Liu et al., 2018). Studies by Guo et al. demonstrate that the biomineralized films induced by biofilms of certain microorganisms are a promising approach for mitigation of the corrosion of steel in a complex microbial environment. Liu et al. propose a strategy by using mixtures of amino acids to alleviate microbial corrosion by Vibrio harveyi biofilm in aircraft fuel tanks. An et al. developed a versatile multiport flow test column for accurate MIC monitoring which contributes to the standardization of MIC tests in the laboratory. This column system demonstrates that higher corrosion is caused by methanogenic archaea than sulfate-reducing bacteria under certain conditions. Zhang et al. used metagenomic sequencing and analyzed microbial communities in copper-associated biofilms in coastal seawater. The authors observed abundant copper-resistance genes plus genes related to EPS production, indicating the presence of diverse copper-resistance patterns.

In another contribution to this Research Topic, Blazevic et al. studied the interactions of the thermoacidophilic archaeon Metallosphaera sedula with the tungsten mineral scheelite. They suggest a biooxidation pretreatment for processing tungsten ores, which contributes to the understanding of the biogeochemistry of tungsten in natural environments. By using X-ray photoelectron spectroscopy (XPS) and microscopic techniques Yin et al. investigated the microbial-arsenopyrite interactions and propose dissolution pathways for a mixed culture of acidophiles. Huynh et al. studied the attachment, biofilm formation of Sulfobacillus (Sb.) thermosulfidooxidans on pyrite in the presence of chloride, which has implications for bioleaching using seawater. Chaerun et al. describe the extraction of Pb from Indonesian galena concentrate by using an iron- and sulfur-oxidizing mixotrophic bacterium Citrobacter sp.

The study by Li et al. provides insight into the interaction patterns of Leptospirillum (L.) ferriphilum with Sb. thermosulfidooxidans. The authors point out the importance of the introduction time of Sb. thermosulfidooxidans in a short-term leaching system. Liu et al. investigated the introduction of Acidithiobacillus (At.) ferrooxidans on the bioleaching efficiency of low-grade copper sulfide by the acidophilic consortia. The data indicate sophisticated microbial interactions during the bioleaching process and provide a basis for a strategy to improve bioleaching in practice. Saavedra et al. show that a suitable amount of galactose can promote EPS production by At. ferrooxidans and, thus, increase the microbial tolerance to ferric ions. This finding offers a base for strategic design, such as the pretreatment of cells in biohydrometallurgical processes.

The article by Vardanyan et al. describes the molecular details of extracellular carbohydrates of a newly isolated strain of At. ferrooxidans Ksh. Exosaccharide produced by isolate Ksh is present mainly as polysaccharide in contrast to L. ferriphilum CC, which is oligosaccharide. The degree of hydration of the saccharide molecules causes the structural difference of colloidal particles of these polysaccharides.

For improved control of both, bioleaching and MIC processes, an understanding of the interactions of biofilms with minerals/materials is of crucial importance. The articles in this Research Topic share important information on how material-dissolving microorganisms interact with minerals/metals, providing insights into the underlying mechanisms of microbial interactions with substratum/substrate surfaces. These studies indicate strategies to control bioleaching (promote) and MIC (mitigate) processes by interfering or controlling biofilm microenvironments between these specific groups of microorganisms and material surfaces. The subject of interfacial sciences in the field of bioleaching and biocorrosion, examining areas such as the mechanisms of interfacial interactions between leaching microorganisms and minerals or biocorrosion microorganisms and metals/construction materials, microbial interactions (quorum-sensing mechanisms), and electron transfer pathways within the biofilm microenvironments, will doubtless continue to draw attention and fascinating outcomes are expected once advanced microscopy techniques such as cryogenic electron microscopy (Cryo-EM), omics techniques like metagenomic, proteomics, and gene manipulation are combined, advancing this multi-interdisciplinary topic.
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The influence of dissolved oxygen concentration (DOC) on the microbiologically influenced corrosion (MIC) of Q235 carbon steel in the culture medium of halophilic archaeon Natronorubrum tibetense was investigated. The increase of DOC from 0.0 to 3.0 ppm was found to strengthen the oxygen concentration cell by promoting cathodic reaction. Meanwhile, the increased DOC also promoted archaeal cell growth, which could consume more metallic iron as energy source and aggravated the localized corrosion. When the DOC further increased to 5.0 ppm, the uniform corrosion was dominant as the biofilms became uniformly presented on the steel surface. Combined with the stronger inhibition effect of oxygen diffusion by the increased biofilm coverage, the MIC of carbon steel in the 5.0 ppm medium was weaker than that in the 3.0 ppm medium. From weight loss and electrochemical tests, the results all demonstrated that the carbon steel in the 3.0 ppm medium had the largest corrosion rate.

Keywords: carbon steel, archaea, biofilm, microbiological influenced corrosion, oxygen concentration


INTRODUCTION

Microbiologically influenced corrosion (MIC) is mainly caused by the formation of biofilm on metal surface. Metabolic activity of microorganisms in biofilm and physical barrier of extracellular polymeric substance (EPS) will affect the electrochemical process of metals and then lead to their corrosion acceleration or inhibition (Videla and Herrera, 2005; Little et al., 2008; Stadler et al., 2008). MIC has become one of the main threats in the field of oil and gas industry, water treatment industry, and marine engineering, which brings huge economic losses and potential safety hazards (Li et al., 2017). For a long time, numerous research works have been focused on sulfate reducing bacteria (SRB), iron oxidizing bacteria (IOB), sulfur oxidizing bacteria (SOB), and other bacteria (Enning and Garrelfs, 2014; Huber et al., 2016; Liang et al., 2016; Liu et al., 2016; Xu et al., 2016, 2018; Jia et al., 2017; Karn et al., 2017; Dou et al., 2018; Liu and Cheng, 2018). For the ubiquitous microorganisms in the natural environment, such as SRB, their MIC mechanisms have been studied in-depth, and comprehensive corrosion mechanisms have been well established (Venzlaff et al., 2013; Rajala et al., 2015; Li et al., 2018; Jia et al., 2019). Besides, some researches on MIC have investigated eukaryotic microorganisms in humid atmospheric environment (Qu et al., 2015; Pramila and Ramesh, 2017).

At present, the microbial community is mainly divided into three categories (Woese et al., 1990). In addition to bacteria and eukaryote, archaeon is another important microbial community. Because of its special cell structure and metabolic mode, most archaeal microorganisms must inhabit extreme natural environment, such as methanogenic archaea in strictly anaerobic oil extraction fluid (Duncan et al., 2009), thermoacidophilic archaea in hot spring, and halophilic archaea in saline soil (Liu et al., 2015a; Song et al., 2015). Some archaeal microorganisms have been utilized in industrial production and energy exploitation (Litchfield, 2011; Zhu et al., 2013). Hence, the MIC of metals caused by archaeal microorganisms has begun to attract attention. In the 1990s, the hyperthermophilic archaeon Archaeoglobus fulgidus was isolated from oil fields in the North Sea and was shown to be able to cause corrosion of metal equipment for oil and gas exploration (Stetter et al., 1993). In the following decades, some other methanogenic and thermophilic archaea were separated from the oil field system (Davidova et al., 2012; Mand et al., 2016). For example, the thermophilic archaeon, Thermococcales sp., which was isolated from Alaskan North Slope (ANS) oil reservoirs, was found to be able to promote corrosion of carbon steel by reducing Fe3+ to Fe2+ and producing corrosive organic fatty acids (Davidova et al., 2012). In addition, marine rust also contained rich methanogenic archaea. Usher et al. reported that methanogenic archaeon Methanococcus maripaludis could promote the corrosion of carbon steel by uptaking electrons directly from carbon steel (Usher et al., 2014). Nevertheless, except for methanogenic and thermophilic archaea, the MIC of other types of archaea has not been noticed so far.

Halophilic archaeon is another kind of important archaeal microorganism. The living environment with high salt concentration is required by halophilic archaea to maintain cell integrity. Halophilic archaeon is widely distributed on the earth. For example, there are vast saline soils in western China, and dozens of halophilic archaea have been found to inhabit these soils (Xu et al., 1999; Liu et al., 2013). Because of the extreme high salinity, halophilic archaea become the main microorganism in these alkali soils. Furthermore, thousands of kilometers of steel pipelines or railways have traversed such soil environments. Whether this type of archaea can affect the corrosion of metal materials and how it functions need to be studied. In our previous research, the effect of halophilic archaea on the corrosion behavior of carbon steel was studied for the first time (Qian et al., 2018). The halophilic archaeon Natronorubrum tibetense can promote the corrosion of carbon steel by using carbon steel as energy source. According to the experimental results, the dissolved oxygen in the culture medium had a significant influence on the MIC of carbon steel. Dissolved oxygen not only supplied cell respiration and proliferation but also acted as cathode depolarizer of the corrosion electrochemical process on the steel surface. Therefore, the change of dissolved oxygen concentration (DOC) may affect the MIC behavior of carbon steel.

The purpose of this article is to investigate the effect of DOC on MIC of carbon steel caused by halophilic archaeon N. tibetense. The effect of DOC on the corrosion morphology of carbon steel was observed by scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM). The effect of DOC on the corrosion electrochemical process of carbon steel was characterized by electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization measurements. The influence of DOC on the composition of corrosion products was analyzed by X-ray photoelectron spectroscopy (XPS). Finally, we discussed the mechanism for the effect of DOC on the MIC of carbon steel by archaeon N. tibetense.



MATERIALS AND METHODS


Material, Microorganism, and Culture Medium

The Q235 carbon steel samples (10 mm × 10 mm × 2 mm) were used to conduct the immersion tests. Before immersion tests, the samples were sealed with epoxy resin, leaving only one exposed surface (10 mm × 10 mm). The exposed surfaces were polished by abrasive papers until 1,000 grit, followed by cleaning with deionized water and ethanol. Then, the samples were exposed to UV light for 20 min for sterilization.

The pure archaeon N. tibetense strain and its culture medium were provided by China General Microbiological Culture Collection Center (CGMCC). The culture medium contains the following components in 100 ml deionized water: 0.25 g glutamic acid, 0.3 g sodium citrate, 1.5 g casamino acid, 0.2 g KCl, 0.25 g MgSO4·7H2O, and 25.0 g NaCl. After adjusting the pH value to 8.5 by sterile Na2CO3 solution, the culture medium undergoes autoclaved treatment for 30 min at 115°C. Then, the N. tibetense strain was inoculated into the culture medium and cultivated at 37°C in a shaker. The optical density at 600 nm (OD600) values of the culture media were measured by ultraviolet spectrophotometer (Thermo Fisher, Bio Mate3S). The pH values of the media were recorded by pH meter (METTLER TOLEDO, S220-B).

In the immersion tests, the sterilized carbon steel samples were immersed into the sterile and N. tibetense-inoculated culture media for 3, 7, and 14 days. In normal culture medium, the DOC was 1.5 ppm, which was measured by a dissolved oxygen meter (Hengxin Instrumentation Co., Ltd., AZ8403). The DOC was adjusted to 0.0, 0.5, 3.0, and 5.0 ppm by injecting pure nitrogen or pure oxygen into the culture media, and the experimental solutions were denoted as 0.0 ppm inoculated medium, 0.5 ppm inoculated medium, 3.0 ppm inoculated medium, and 5.0 ppm inoculated medium, respectively.



Surface Analysis

The corrosion morphologies before and after removing the corrosion products were characterized by scanning electron microscopy (SEM, FEI Quanta 250). Before SEM observation, the carbon steel samples were immersed into 2.5% (v/v) glutaraldehyde solution for 8 h to immobilize the biofilms. Subsequently, the samples were dehydrated by 50, 60, 70, 80, 90, and 100% ethanol solutions (Qian et al., 2017a, 2019). The sample surfaces were sputter coated with Au to ensure good surface conductivity. The contour and size of the corrosion pits were observed and measured by confocal laser scanning microscopy (CLSM, KEYENCE VK-X). The chemical composition of the corrosion products was analyzed by X-ray photoelectron spectroscopy (XPS, Thermo escalab 250Xi).



Weight Loss Analysis

After cleaning, drying, and sterilizing, the original weights of the samples were weighed using the electronic analytical balance (METTLER TOLEDO, ME204T/02) with the precision of ±0.1 mg. After 3, 7, and 14 days of immersion tests, the carbon steel samples were taken out from the culture media and rinsed by deionized water. Then, the corrosion products and biofilms were removed from the carbon steel surfaces after 3 min of ultrasonic cleaning in the de-rusting solution (ISO 8407: 2009, IDT). After that, the samples were cleaned with deionized water and ethanol. Subsequently, the weights of the dried samples were weighed again by electronic analytical balance. Triplicate samples were adopted for each test.



Electrochemical Tests

The electrochemical station (Gamry, Reference 600 Plus) was used to conduct all electrochemical tests. In the electrochemical measurement system, a typical three electrode system was adopted: the sealed carbon steel sample was used as working electrode; the platinum electrode and the saturated calomel electrode (SCE) were used as counter electrode and reference electrode, respectively. The electrochemical impedance spectroscopy (EIS) was measured from 100 kHz to 10 mHz with a sinusoidal perturbation of 10 mV. The potentiodynamic polarization measurement was carried out with the scanning rate of 0.166 mV/s, and the scanning potential ranging was set from −200 to 200 mV vs. open circuit potential (OCP). By extrapolating the linear anode and cathodic Tafel regions, the corrosion current density (Icorr) can be obtained. All electrochemical measurements were performed in triplicate.




RESULTS


Growth Process Under Different DOCs

Figure 1A shows the growth curves of archaeon N. tibetense in inoculated media with different DOC. From 0 to 6 days, archaeon N. tibetense grew and proliferated rapidly, exhibiting exponential growth stage. After 6 days, the growth process of archaeon N. tibetense reached a plateau. For aerobic microorganisms, organic substances in the culture medium are consumed by microbial cells as electron donors, and dissolved oxygen is used as electron acceptor to sustain cell respiration. The cell concentration of the stationary phase is determined by the supply amounts of organic substances and DOC. Hence, with the increase of DOC, the concentrations of N. tibetense cells during the stationary phase increased gradually. In anaerobic media, archaeon N. tibetense was inactive (Qian et al., 2018). The evolution of pH values of different inoculated media during 14 days was illustrated in Figure 1B. During the whole immersion process, the pH values of different media were almost constant and maintained at around 8.5, which were similar to the initial pH value of the N. tibetense culture medium. Despite the gradual increase of DOC, no acid metabolite was produced in the culture medium.
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FIGURE 1. (A) Growth curves of archaeon N. tibetense in inoculated media with different DOCs and (B) the evolution of pH values of different inoculated media with time.
 



Corrosion Morphologies

The corrosion morphologies before and after removing corrosion products after 14-day immersion in sterile media with different DOCs are shown in Figure 2. In our previous study, we have studied the corrosion behavior of carbon steel in the culture medium under anaerobic condition, and found that almost no corrosion occurred after 14 days (Qian et al., 2018). While in sterile media with dissolved oxygen, obvious corrosion appeared on the carbon steel surfaces due to the introduction of oxygen (Figure 2). After 14 days of immersion, the sample surfaces in different media were uniformly covered by corrosion product layers. After removing the corrosion products, all sample surfaces exhibited typical uniform corrosion characteristics.
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FIGURE 2. SEM images of sample surfaces (A1–C1) before and (A2–C2) after removing the corrosion products after 14 days of immersion in sterile media with different DOCs.
 

Figure 3 shows the SEM morphologies of corrosion products on sample surfaces after 3, 7, and 14 days of immersion in inoculated media with different DOCs. For the inoculated medium without DOC, aerobic N. tibetense could not grow, so the sample surface was free from obvious corrosion (Qian et al., 2018). When the DOC was 0.5 ppm, a small amount of corrosion product clusters appeared on the sample surface after 3-day immersion (Figure 3A1). With the increase of immersion time, the scale of corrosion product clusters expanded gradually (Figure 3A3). When the DOC increased to 3.0 ppm, dense corrosion product clusters have formed on the sample surface after only 3 days (Figure 3B1). After 7-day immersion, the sample surface was completely covered by corrosion products. For the 5.0 ppm inoculated medium, in the initial stage of immersion, the flat corrosion products have covered the whole sample surface (Figure 3C1), and they became thicker along with the immersion time. In addition, some N. tibetense cells can be observed in the corrosion products of different media after 3 days, which suggest that the biofilms had begun to affect the corrosion of carbon steels on the third day.
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FIGURE 3. SEM images of the corrosion products on sample surfaces after 3 (A1–C1), 7 (A2–C2), and 14 days (A3–C3) of immersion in (A) 0.5 ppm, (B) 3.0 ppm, and (C) 5.0 ppm inoculated media. The insets are the morphologies of N. tibetense cells in corrosion products after 3 days.
 

The corrosion morphologies of the samples after removing the corrosion products are shown in Figure 4. For the samples in 0.5 ppm inoculated media, the sample surfaces exhibited obvious localized corrosion behavior. With the increase of time, the localized corrosion was gradually aggravated, and the pit depths were gradually increased. After 14 days of immersion, the average pit depth increased to ~35 μm (Figure 5), and the maximum pit depth reached 38.6 μm (Figure 6). In 3.0 ppm inoculated media, the localized corrosion was more serious. After 14 days, the average depth of localized corrosion pits reached ~70 μm, and the maximum depth was 75.7 μm (Figure 6), which was almost twice that of the maximum depth in 0.5 ppm inoculated media. Compared with the samples in 0.5 ppm inoculated media, the number of corrosion pits decreased in 3.0 ppm inoculated media, which was mainly caused by the combination of adjacent corrosion pits during their expansion process. When the DOC was further elevated to 5.0 ppm, it is worth noting that the sample surfaces showed apparent uniform corrosion characteristics, and no localized corrosion pit could be observed. It suggests that with the increase of DOC from 0.5 to 3.0 ppm, the localized corrosion of carbon steel was promoted. Subsequently, it was replaced by uniform corrosion when the DOC was as high as 5.0 ppm. Compared with the samples in sterile media, the samples in inoculated media exhibited totally different corrosion morphologies.
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FIGURE 4. SEM images of sample surfaces after removing the corrosion products after 3 (A1–C1), 7 (A2–C2), and 14 days (A3–C3) of immersion in (A) 0.5 ppm, (B) 3.0 ppm, and (C) 5.0 ppm inoculated media.
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FIGURE 5. Average pit depths of the samples after 3, 7, and 14 days of immersion in 0.5 ppm and 3.0 ppm inoculated media.
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FIGURE 6. CLSM images and maximum pit depths of the samples after 14 days of immersion in (A) 0.5 ppm and (B) 3.0 ppm inoculated media.
 



Weight Loss Analysis

The weight loss measurements of carbon steel samples were also carried out to quantitatively analyze the influence of DOC on the MIC of carbon steel. Figure 7A shows the weight loss results of the samples in different sterile media after 3, 7, and 14 days of immersion. With the increase of DOC, the corrosion weight loss of carbon steel samples increased gradually, and the weight loss of carbon steels in anaerobic media remained at zero during 14 days. Under sterile condition, the increase of DOC promoted the uniform corrosion of carbon steel samples.
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FIGURE 7. Weight loss of the samples after 3, 7, and 14 days of immersion in (A) sterile media and (B) inoculated media with different DOCs.
 

The weight loss results of the samples in different inoculated media after 3, 7, and 14 days of immersion are shown in Figure 7B. During 14 days, the corrosion weight loss of all samples increased gradually with time. With the increase of DOC, the weight loss of carbon steels increased first and decreased thereafter, reaching the maximum value in 3.0 ppm inoculated medium. After 14 days, the corrosion weight loss of carbon steel in 3.0 ppm inoculated medium was approximately 0.07 g, which was about 1.5 times as much as the maximum weight loss in sterile media (Figure 7A). These results indicates that with the increase of DOC, the MIC of carbon steels was first aggravated and then relieved, and the MIC was the most serious in 3.0 ppm inoculated medium.



Electrochemical Analysis

The effect of archaeon N. tibetense on the corrosion electrochemical process of carbon steel was examined by EIS and potentiodynamic polarization measurements. The evolution of EIS results of the samples exposed in different inoculated media with time was compared and presented in Figure 8. For different inoculated media, the radii of capacitive arc in low frequency region decreased gradually with time. In corresponding Bode plots, the impedance modulus in low frequency region also decreased gradually. With the increase of DOC, the decline rate of impedance increased first and then decreased, which reached the fastest in 3.0 ppm inoculated medium.
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FIGURE 8. (A1–D1) Nyquist plots and (A2–D2) Bode plots of the samples after different days of immersion in inoculated media with the DOC of (A) 0.0 ppm, (B) 0.5 ppm, (C) 3.0 ppm, and (D) 5.0 ppm.
 

The EIS plots were further fitted by the electrical equivalent circuits in Figure 9. The electrical equivalent circuit with one time constant (Figure 9A) was used to fit the EIS results in Figure 8A. The other EIS results were fitted using the electrical equivalent circuit in Figure 9B. Qf and Qdl represented the constant phase element (CPE) of the mixed film of corrosion products and biofilms and the electric double layer, respectively. Rf and Rct were the resistance of the mixed film and the charge transfer resistance, respectively. The CPE was used to replace the ideal electrical capacitance for more precise fitting (Zhang et al., 2016; Qian et al., 2017b). The Rct values after 3, 7, and 14 days of immersion in different inoculated media were listed in Table 1, which were used to represent the variation of corrosion resistance during the immersion. The variation of the Rct values exhibited a similar trend to the impedance modulus in low frequency region. After 14 days, the samples in 3.0 ppm inoculated medium had the minimum Rct values. It also indicates that the samples in 3.0 ppm inoculated medium had the fastest electron transfer rate at the metal/medium interface and the maximum corrosion rate.
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FIGURE 9. Electrical equivalent circuit used for fitting EIS results.
 



TABLE 1. The Rct values of the samples in inoculated media with different DOCs (kΩ cm2).

[image: image]

 

Figure 10A shows the potentiodynamic polarization curves of the samples after 14 days of immersion in inoculated media with different DOCs, and corresponding Icorr values were plotted in Figure 10B. Icorr values first increased and then decreased with the increase of DOC, which showed the same variation trend with the results of weight loss tests. The electrochemical results further verify that the effect of DOC on the MIC of carbon steel can be divided into two stages. Before 3.0 ppm, the increase of DOC decreased the Rct and increased the Icorr, which promoted the MIC of carbon steel. On the contrary, from 3.0 to 5.0 ppm, the increase of DOC increased the Rct and reduced the Icorr, thus relieving the MIC to a certain extent.
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FIGURE 10. (A) Potentiodynamic polarization curves and (B) Icorr values of the samples after 14 days of immersion in inoculated media with different DOCs.
 



Corrosion Product Analysis

XPS was used to further analyze the compositions of corrosion products on sample surfaces after 14 days of immersion in different inoculated media. High-resolution XPS spectra for Fe and O elements of different corrosion products are shown in Figure 11. The Fe 2p spectra for different corrosion products were composed of two peaks at 710.0 and 712.0 eV, which were assigned to the Fe2O3 and FeOOH, respectively (Tourabi et al., 2013; Zarrouk et al., 2015). Fe2O3 and FeOOH were generated by the chemical reactions below (Morcillo et al., 2014):
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FIGURE 11. XPS spectra of Fe 2p (A1–C1) and O 1s (A2–C2) of the corrosion products after 14 days of immersion in (A) 0.5 ppm, (B) 3.0 ppm, and (C) 5.0 ppm inoculated media.
 

It indicates that the change of DOC in inoculated media did not affect the compositions of corrosion products. With the increase of DOC, the relative amount of loose Fe2O3 increased gradually, while the relative amount of FeOOH decreased. All O 1s spectra were fitted with three peaks at 529.9, 531.2, and 531.8 eV, respectively. The fitted peaks at 529.9 eV were attributed to the O in oxides, which enhanced with the increase of DOC. This result implied that the proportion of Fe2O3 in the mixed films on sample surfaces increased. The peaks located at 531.8 eV were related to the organic O in biofilms (Liu et al., 2017). The relative amount of organic O also increased with the DOC, suggesting that the proportion of biofilm in the mixed films on sample surfaces also increased.




DISCUSSION

According to previous research (Qian et al., 2018), it is clear that the dissolved oxygen plays two roles in the MIC of carbon steel by halophilic archaeon N. tibetense. First, dissolved oxygen acts as the electron acceptor for cell respiration and growth, which determines the maximum number of N. tibetense cells in the culture medium (Figure 1). The archaeon N. tibetense has been shown to be able to consume metallic iron as an energy source (Qian et al., 2018), so the number of N. tibetense cells in the culture medium will directly affect the dissolution rate of metallic iron. At the same time, dissolved oxygen also functions as the cathode depolarizer that affects the electrochemical corrosion process on metal/medium interface, and its uneven distribution easily leads to the generation of oxygen concentration cell, which is considered to be the main reason for the formation of localized corrosion (Little and Lee, 2014). The coupling of these two roles controls and accelerates the corrosion of carbon steel in N. tibetense-inoculated culture medium. The change of DOC will inevitably affect these two aspects and accordingly affect the MIC behavior of carbon steel.

Carbon steels in the sterile media with different DOCs mainly suffered from uniform corrosion (Figures 2A2–C2). By contrast, the typical localized corrosion behaviors appeared in the inoculated culture media (Figure 4), which were undoubtedly caused by the introduction of archaeon N. tibetense. Microbial cells are prone to inhomogeneous attachment on metal surface, which is more conducive to energy sharing and resistance to harsh living environment (Zhang et al., 2015), and this behavior is also related to the type and microstructure of metal materials (Javed et al., 2013, 2015). This inhomogeneous attachment can easily lead to the formation of discontinuous biofilms on metal surface. As an important component of biofilm, extracellular polymeric substance (EPS) is mainly composed of macromolecules such as polysaccharides, lipids, and proteins (Beech and Sunner, 2004), which is harmful to the diffusion of dissolved oxygen to metal surface (Moradi et al., 2015; Liu et al., 2015a). Hence, oxygen-poor areas will be formed below the biofilms, while oxygen supply is relatively sufficient in areas without biofilm, thus forming oxygen concentration cell. As shown in Figures 3, 4, the carbon steel surfaces under the biofilms became anode areas and occurred in the dissolution of metallic iron, which lead to the localized corrosion and generated corrosion pits. Besides, the direct consumption of carbon steel by archaeon N. tibetense can also strengthen the concentration cell to a certain extent.

According to the growth curves and SEM observations, it can be determined that the change of DOC in the culture media had a significant effect on the concentrations of N. tibetense cells in the culture media, which further affected the morphologies and distributions of biofilms on carbon steel surfaces at the initial stage of immersion. In case of insufficient oxygen supply (0.5 ppm), the number of suspended cells in 0.5 ppm medium was very small, which resulted in a small amount of cells, and small scale of biofilms adhered on the metal surface at the initial immersion stage (Figure 3A1). Although the oxygen concentration cell could promote the localized corrosion, the insufficient oxygen supply in the cathode areas became the limiting factor of corrosion. In addition, the limited number of N. tibetense cells in the culture medium could not cause rapid dissolution of metallic iron. Hence, the localized corrosion of carbon steel in 0.5 ppm medium was relatively weak, and the scale of corrosion product clusters and the size of corrosion pits were small.

Once the DOC increased to 3.0 ppm, the cathodic oxygen reduction of concentration cell was accelerated, which promoted the effect of oxygen concentration cell. At the same time, the significantly increased number of N. tibetense cells required more energy supply, which also accelerated the consumption and dissolution of metallic irons in the anode areas of oxygen concentration cells. Therefore, compared with the samples in 0.5 ppm medium, the localized corrosion of the samples in 3.0 ppm medium was evidently aggravated, and the size of corrosion product clusters and corrosion pits increased rapidly during 14 days of immersion. In the 0.5 and 3.0 ppm media, the corrosion of carbon steels mainly depended on the coupling effect of oxygen concentration cell and direct consumption of metallic iron by N. tibetense cells.

However, if the DOC was as high as 5.0 ppm, the corrosion behavior of carbon steel was significantly different (Figure 3C). The limited organic matters in the culture medium could not meet the needs of the rapid proliferation of N. tibetense cells, which forced a large number of cells to adhere to the surface of carbon steel to obtain energy for survival. Abundant N. tibetense cells made most of the metal surface covered by biofilms, which weakened the inhomogeneous distribution of dissolved oxygen on the metal surface. Hence, it was hard to form the oxygen concentration cell, and the sample surface mainly suffered from uniform corrosion, as shown in Figure 4C. The increased proportion of biofilm in the mixed film on the carbon steel surface enhanced the inhibition effect of oxygen diffusion to the carbon steel surface. Therefore, compared with the samples in 3.0 ppm medium, the corrosion of carbon steel in 5.0 ppm medium was relatively weak. In 5.0 ppm medium, the corrosion of carbon steel mainly depended on the consumption of metallic iron by archaeon N. tibetense.



CONCLUSION

In this work, we studied the effect of DOC on MIC behavior of Q235 carbon steel caused by halophilic archaeon N. tibetense. The carbon steel samples were immersed into the culture media with different DOCs for immersion tests. Through corrosion morphology observation, weight loss tests, electrochemical tests, and corrosion product analysis, the following conclusions were obtained in this study:

1. As the DOC increased from 0.0 to 5.0 ppm, the weight loss of carbon steel first increased and then decreased, and localized corrosion behavior was gradually aggravated and then replaced by uniform corrosion behavior. The samples in 3.0 ppm inoculated medium exhibited the most serious MIC.

2. When the DOC increased from 0.0 ppm to 3.0 ppm, the increase of DOC strengthened the oxygen concentration cell by promoting cathodic reaction, and the increase of cell number in the culture media consumed more metallic iron as energy source. The coupling of these two aspects promoted the localized corrosion with the increase of DOC.

3. When the DOC reached 5.0 ppm, the uniformly distributed biofilms on the metal surface led to uniform corrosion. Moreover, the increased proportion of biofilm on carbon steel surface enhanced the inhibition effect of oxygen diffusion. Therefore, the MIC of carbon steel is weaker than that in 3.0 ppm inoculated medium.
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Iron-oxidizing bacteria (IOB) and iron-reducing bacteria (IRB) can easily adhere onto carbon steel surface to form biofilm and affect corrosion processes. However, the mechanism of mixed consortium induced carbon steel corrosion is relatively underexplored. In this paper, the adsorptions of IOB (Mariprofundus ferrooxydans, M. f.), IRB (Thalassospira sp., T. sp.) and mixed consortium (M. f. and T. sp.) on surface of Q235 carbon steel and their effects on corrosion in seawater were investigated through surface analysis techniques and electrochemical methods. Results showed that local adhesion is a typical characteristic for biofilm on surface of Q235 carbon steel in M. f. and mixed consortium media, which induces localized corrosion of Q235 carbon steel. Corrosion rates of Q235 carbon steel in different culture media decrease in the order: rM.f. > rmixed consortium > rT. sp. > rsterile. The evolution of corrosion rate along with time decreases in M. f. medium, and increases then keeps table in both T. sp. and mixed consortium media. Corrosion mechanism of Q235 carbon steel in mixed consortium medium is discussed through analysis of surface morphology and composition, environmental parameter, and electrochemical behavior.
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INTRODUCTION

Carbon steel, as a common material in marine engineering, is vulnerable to corrosion. Microorganisms is one of the significant factors affected the metal corrosion process in marine environment, i.e., more than 20% of corrosion related failures are attributed directly or indirectly to microbiologically influenced corrosion (MIC) (Bhandari et al., 2015). Among the corrosive microbes, iron reducing bacteria (IRB) and oxidizing bacteria (IOB) are two kinds of special microorganisms using iron as an electron acceptor and donor, respectively, (Byrne et al., 2015). IRB combine reduction of Fe(III) with oxidation of organic matter or H2 for energy conservation, i.e., IRB readily use dissolved Fe(III) complexes or short-range-ordered minerals (e.g., ferrihydrite) and even magnetite as terminal electron acceptors (Pan et al., 2017; Fortney et al., 2018). IOB grow with Fe(II) or H2 as the electron donor coupled to the reduction of oxygen in environments at acidic and circumneutral pH values (Weber et al., 2006; McBeth and Emerson, 2016). In marine environment, Fe2+ and Fe3+ compounds, i.e., Fe3O4, FeOOH, Fe2O3, FeS, etc., are widely distributed, especially for around the marine engineering material based on steel (Qian et al., 2018; Chen and Zhang, 2019), which provides favorable conditions for the survival of these two bacteria. Meanwhile, they can easily adhere onto steel surface to form biofilm and affect corrosion processes (Wang et al., 2012; Li et al., 2016).

Mechanisms of IOB or IRB induced corrosion have been extensively studied. IOB could produce dense deposits made up of intact and/or the partly degraded remains of bacterial cells mixed with amorphous hydrous ferric oxides/hydroxides, which resulted in a crevice effect and induced pitting corrosion of stainless steel (Xu et al., 2007; Starosvetsky et al., 2008; Lee et al., 2013). Additionally, corrosion of carbon steel was promoted due to that Fe3+ produced from IOB metabolism can rapidly oxidize Fe0 to Fe2+ (Wang et al., 2014; Liu et al., 2016; Liu H. et al., 2018). The relationship of IRB to corrosion was not straightforward, i.e., IRB may enhance corrosion under some circumstances, or have a passivating effect on corrosion in others (Duan et al., 2008; Mehanna et al., 2008; Esnault et al., 2011; Schutz et al., 2014, 2015; Cote et al., 2015; Starosvetsky et al., 2016). Corrosion acceleration induced by IRB was mainly related to that the reduction of insoluble ferric compounds to soluble ferrous ion facilitated the removal of protective corrosion products on steel surface (Esnault et al., 2011; Starosvetsky et al., 2016), and bio-oxidation of H2 resulted in high anodic dissolution rate of steel (Schutz et al., 2014, 2015). IRB induced corrosion-inhibition was always linked to a modification of the environmental conditions at the metal/solution interface by biological activity, i.e., formation of green rust or an iron (II) phosphate layer in biofilm contained IRB could prevent the corrosive agents from reaching steel surface (Duan et al., 2008; Cote et al., 2015). Based on above results, the mechanisms of IOB or IRB have been studied in-depth, but the joint effects of IOB and IRB on metal corrosion are poorly known. It has been widely accepted that the redox-induced cycling of iron is primarily controlled by combined effects of IOB and IRB in environment (Weber et al., 2006; Lee et al., 2013; Byrne et al., 2015). Investigators have found that the presence of mixed consortium (IOB and IRB) caused a measurable loss from the surface of carbon steel (Lee et al., 2013). However, the mechanism of mixed consortium induced carbon steel corrosion, i.e., surface morphology, corrosion products composition, environmental parameters and electrochemical behaviors, is relatively underexplored.

In this paper, the adsorptions of IOB (M. f.), IRB (T. sp.) and mixed consortium (M. f. and T. sp.) on surface of Q235 carbon steel in seawater were investigated by scanning electron microscope (SEM) and energy dispersive spectrum (EDS). Environmental parameters and weight loss in different culture media were measured. Open circuit penitential (OCP) and electrochemical impedance spectroscopy (EIS) were applied to investigate electrochemical information. X-ray photoelectron spectroscopy (XPS) were used to study surface composition of Q235 carbon steel. Finally, the corrosion mechanism of mixed consortium induced corrosion of Q235 carbon steel in seawater was discussed.



MATERIALS AND METHODS

Materials

In this paper, Q235 carbon steel coupons with the shape of disk (10 mm diameter) were used for electrochemical measurements and surface analysis, and cut from Q235 carbon steel plate (wt. %, 0.1 C, 0.4 Mn, 0.12 Si, 0.02 S, 0.05 P, and Fe balance). The Q235 carbon steel electrode were manufactured through embedding in a mold of non-conducting epoxy resin with 0.785 cm2 left exposed. Prior to each experiment, the exposed surfaces of all coupons were sequentially polished with a series of mesh silicon carbide emery papers (400, 800, 1200, and 2000) to smoothen. They were then rinsed with deionized water, degreased with absolute ethyl alcohol, and dried with pure nitrogen (>99.99%). Finally, all the coupons were sterilized by exposing to ultraviolet radiation for 30 min.

Bacterial Culture

Iron-oxidizing bacteria, i.e., M. f. (ATCC BAA-1020), were purchased from American Type Culture Collection (ATCC). IRB, i.e., T. sp., were isolated from marine sludge collected from South China Sea through a selective culture medium, which is contained (g/L, natural seawater): 0.5 g KH2PO4, 0.5 g Na3NO3, 0.2 g CaCl2, 0.5 g MgSO4, 0.5 g (NH4)2SO4, 24.0 g ammonium ferric citrate. In order to create a same system for further tests, M. f., T. sp., and mixed consortium were cultivated using a same medium. This was prepared by the following procedures: a medium contained (per 1 L seawater) 1 g NH4Cl, 0.5 g K2HPO4, 3 g Na3C6H6O7 ⋅ 2H2O, and 0.84 g NaHCO3 was autoclaved at 121°C for 20 min. After cooling down in air to ambient temperature, the pH value of culture medium was adjusted to 7.0 ± 0.1 using 1 M NaOH or HCl solution. 1 mL Wolf vitamin and trace elements was added in culture medium through 0.2 μm millipore filter, and then the sterilized Q235 carbon steel coupons were added to culture medium under aseptic condition. In this work, because M. f. and T. sp. were microaerophilic and facultative anaerobic microbes, respectively, the DO concentration was adjusted to 2.4 ± 0.1 mg/L through pumping into pure nitrogen (>99.99%) to ensure the survival of these two bacteria. Finally, the culture medium inoculated with M. f., T. sp., or mixed consortium was cultivated in an electric thermostat box (MJX-280, Ningbo Jiangnan Instrument Factory) at 30°C. In culture medium, Na3C6H6O7 ⋅ 2H2O and corrosion products of Q235 carbon steel served as carbon and iron sources, respectively, for the bacterial growth.

Environmental Parameter and Weight Loss Measurement

The environment parameter, weight loss and electrochemical tests were performed in a 500 ml wild-mouth bottle with 400 ml media. Concentration of dissolved oxygen (DO) and pH in M. f., T. sp. or mixed consortium media for different times were detected everyday by a dissolved oxygen meter (Thermo Orion 5-Star; Thermo Fisher Scientific Inc., Massachusetts, United States) and a pH meter (PHS-3C; INESA Scientific Instruments Co., Ltd., Shanghai, China), respectively. The weight loss of each coupon was obtained by a XSE analytical balance (METTLER TOLEDO, 0.01 mg/0.1 mg). At different duration time, three coupons were taken out and cleaned according to the standard of ASTM G1-2003.

Electrochemical Experiments

Open circuit penitential and EIS were measured by using CHI 604D (CH Instruments, Inc.) electrochemical workstation in a three-electrode system. Q235 carbon steel, graphite sheet (surface area is about 4.91 cm2), and Ag/AgCl electrode are working, counter and reference electrodes, respectively. Each impedance spectrum was measured at OCP under excitation of a sinusoidal wave with an amplitude of 5 mV, and within a frequency range of 1 × 105 to 1 × 10-2 Hz. The results of EIS were analyzed by Zsimpwin software. All electrochemical experiments were conducted at 25 ± 2°C.

Surface and Component Analysis

The micromorphology of Q235 carbon steel surface was obtained by using a SEM (Hitachi S-3400N), and the elemental distribution of carbon was obtained through the coupled EDS. Before observation, coupons were first fixed with 2.5% glutaraldehyde in a phosphate buffer solution (pH 7.3–7.4) for 2 h, washed with phosphate buffer solution for three times, rinsed with deionized water for another three times, and then dehydrated with using an ethanol gradient (30, 50, 70, 90, and 100 vol. % for 15 min each). Finally, they were supercritically dried, and coated with gold.

Chemical composition information of Q235 carbon steel in M. f., T. sp., and mixed consortium media for 11 days was obtained by XPS (Thermo Fisher Scientific ESCALAB 250, Al Kα radiation). The high-resolution spectra were analyzed through a deconvolution fitting procedure using the XPS Peak-Fit 4.1 software.



RESULTS AND DISCUSSION

Effects of Bacteria on Environmental Parameters

Figure 1 shows the evolution of pH and DO concentration in sterile, M. f., T. sp., and mixed consortium media along with time. As shown in Figure 1A, pH in sterile medium keeps stable at seven for different times. The evolution of pH in M. f., T. sp., and mixed consortium media shows different trends along with time. In M. f. medium, pH decreases and then keeps stable at 6.4 along with time, which may be due to that Fe3+ produced from the metabolism of M. f. reacts with H2O to form insoluble Fe(OH)3 and H+ (Weber et al., 2006). However, in T. sp. medium, pH increases and then keeps stable at 7.4 along with time, which may be due to that Fe3+ oxides are reduced by T. sp., and OH- as by-products is formed. In mixed consortium medium, pH decreases slightly, and then keeps stable at 6.8, indicating that pH is mainly affected by the presence of M. f.
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FIGURE 1. The evolution of (A) pH and (B) concentration of dissolve oxygen in sterile, M. f., T. sp., and mixed consortium media along with time.



The evolution of DO concentration in different culture media also shows different trends along with time. In sterile and M. f. media, concentration of DO slightly decreases and then keeps stable at 2.37 and 2.25 mg/L, respectively (Figure 1B). This is due to that corrosion of carbon steel consumes little oxygen in sterile medium, and the metabolism of microaerophilic M. f. results in lower concentration of DO than that in sterile medium. However, in T. sp. and mixed consortium media, DO concentration remarkably decreases and then keeps stable at 0.4 mg/L along with time, which may be due to that the facultative T. sp. consume the oxygen in culture medium. These behaviors indicate that DO concentration in mixed consortium medium is mainly affected by the presence of T. sp.

Analysis of OCP and Weight Loss of Q235 Carbon Steel

Figure 2 shows the evolution of OCP and weight loss of Q235 carbon steel in different media along with time. As shown in Figure 2A, there are different evolution trends for the OCP in sterile, M. f., T. sp., and mixed consortium media. In sterile and M. f. media, OCP increases to -0.49 and -0.42 V, respectively, after 11 days of exposure. However, in T. sp. and mixed consortium media, OCP decreases with time, and to -0.57 and -0.54 V, respectively, after 11 days of exposure. These behaviors indicate that the evolution of OCP of Q235 carbon steel in mixed consortium medium is closely related with the presence of T. sp. In M. f., T. sp., and mixed consortium media, the average weight loss is larger than that in sterile medium after 1 day of exposure, indicating that the presence of bacteria promotes the corrosion of Q235 carbon steel (Figure 2B). Additionally, the average weight loss (WL) in different culture media increases in the order: WLsterile < WLT. sp. < WLmixedconsortium < WLM.f. after 2 days of exposure, especially on the 11th day of exposure, the average weight loss in sterile, T. sp., mixed consortium, and M. f. media is 2.78, 8.26, 10.81, and 13.69 mg cm-2, respectively (Figure 2B). This indicates that corrosion rates of Q235 carbon steel in different culture media decrease in the order: rM.f. > rmixedconsortium > rT. sp. > rsterile.
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FIGURE 2. The evolution of (A) OCP and (B) weight loss of Q235 carbon steel in sterile, M. f., T. sp., and mixed consortium media along with time.



Analysis of EIS

Figure 3 shows the EIS spectra of Q235 carbon steel in sterile, M. f., T. sp., and mixed consortium media along with time. As shown in Figure 3, a big capacitance arc and two wave peaks are observed in Nyquist and Bode plots, repectively, for Q235 carbon steel in different culture media for different time (Figure 3). These behaviors indicate the presence of two processes, i.e., electron transfer process and film adsorption, which control corrosion process. The diameters of capacitive arcs in bacterial medium are smaller than that in sterile medium. These behaviors indicate that corrosion of Q235 carbon steel is promoted due to the presence of bacteria.
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FIGURE 3. EIS, (A,C,E,G) Nyquist and (B,D,F,H) Bode plots, of Q235 carbon steel in sterile, M. f., T. sp., and mixed consortium media for (A,B) 1, (C,D) 4, (E,F) 7, and (G,H) 11 days.



Based on above analysis, the EIS in different media is fitted by using an equivalent circuit contained two time-constants, as shown in Figure 4. In the equivalent circuit, Q is constant phase element (CPE) and given by:
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where Y0 is a parameter related to capacitance, ω is angular frequency, j is imaginary number, and n is exponential term related to roughness of electrode surface. Rs, Rf, and Rct indicate resistances of electrolyte, surface film and charge transfer, respectively. Qf and Qdl are CPEs of surface film and electrical double layer, respectively. The fitting results in different media are listed in Table 1. As shown in Table 1, except for the 1st day of exposure, the value of Rct in different culture media increases in the order: Rct(M. f.) < Rct(mixed consortium) < Rct(T. sp.) < Rct(sterile). These behaviors mean that corrosion of carbon steel in bacterial media, i.e., M. f., T. sp. and mixed consortium media, is promoted, and corrosion rate is biggest in M. f. medium after 1 day of exposure. Along with immersion time, the value of Rct in sterile, T. sp., and mixed consortium media increases with time, while in M. f. medium decreases with time. These behaviors indicate that corrosion is inhibited in sterile medium along with the immersion time, which may be due to the accumulation of corrosion products on carbon steel surface. This agrees with the results of weight loss (Figure 2B). The corrosion rate decreases along with time (Table 1), and the OCP shifts to negative direction with time in both T. sp. and mixed consortium media (Figure 2A). This indicates that cathodic reaction process is inhibited, which may be due to the decrease of DO concentration in T. sp. and mixed consortium media (Figure 1B). Corrosion is promoted along with immersion time, and the OCP shifts to positive direction with time in M. f. medium (Figure 2). This means that cathodic reaction process is promoted, which may be due to the decrease of pH, and the high concentration of DO in M. f. medium (Figure 1). From the above results, the evolution of corrosion rate of Q235 carbon steel in mixed consortium medium is mainly influenced by the presence of T. sp.
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FIGURE 4. The equivalent circuit model used to fit the EIS data in Figure 3.



TABLE 1. The fitting parameter of EIS data of Q235 carbon steel in sterile, M. f., T. sp., and mixed consortium media for different times.
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Analysis of Micromorphology

Figures 5–8 show the surface micromorphology of Q235 carbon steel in different media for 11 days. As shown in Figure 5, a compact film adheres on surface of Q235 carbon steel after 11 days of exposure, and after removing corrosion products, uniform corrosion is the main corrosion form. Based on the results in Figure 3, this compact film protects the Q235 carbon steel in sterile medium. In M. f. medium, the morphology of Q235 carbon steel is obviously different with that in sterile medium, i.e., a huge local cluster coupled with some smaller ones is observed (Figure 6A), some bacterial cells adhere around the cluster (Figure 6B), and EDS distribution map shows the presence of plenty of elemental carbon in the cluster (Figure 6D). These behaviors indicate that biofilm is the main component of these cluster, and heterogeneous distribution is the typical form for M. f. biofilm on Q235 carbon steel surface (Figures 6A,C,D). After removing the corrosion products and biofilm, several pits are observed (Figure 6E), indicating pitting corrosion is the main form for Q235 carbon steel in M. f. medium. In T. sp. medium, surface morphology is uniform, and lot of granular corrosion products adhere onto the surface of Q235 carbon steel (Figure 7A). After removing the corrosion products, there are many very small pits on surface of Q235 carbon steel (Figure 7B), indicating that uniform corrosion is the main form for Q235 carbon steel in T. sp. medium. In mixed consortium medium, the surface morphology is similar with that in M. f. medium, i.e., there are some local clusters on surface of Q235 carbon steel (Figure 8A), bacterial cells are observed in cluster (Figure 8C), and EDS distribution presents plenty of elemental carbon in these cluster (Figure 8D). These behaviors indicate that the main component of cluster is biofilm, and heterogeneous distribution is the typical form for the biofilm on Q235 carbon steel in mixed consortium medium (Figures 8A,B,D). After removing the corrosion products and biofilm, there are a lot of pits on surface of Q235 carbon steel (Figures 8E,F), meaning that localized corrosion is the main form for Q235 carbon steel in mixed consortium medium. These characteristics, i.e., morphology of biofilm and corrosion form, are similar with that in M. f. medium, but the degree of localized corrosion in mixed consortium medium is slighter than that in M. f. medium, i.e., the diameters of typical pits are 240 and 9.38 μm in M. f. and mixed consortium media, respectively, and based on the statistic, the average diameters of pits are 105 and 8.79 μm in M. f. and mixed consortium media, respectively (Figures 6E, 8F). These behaviors indicate that biofilm morphology and corrosion form in mixed consortium medium are mainly affected by the presence of M. f., and the introduction of T. sp. inhibits the corrosion rate of localized corrosion of Q235 carbon steel.
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FIGURE 5. SEM images of Q235 carbon steel (A) before and (B) after removing corrosion products film in sterile medium for 11 days.
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FIGURE 6. SEM images of Q235 carbon steel (A–C) before and (E) after removing corrosion products film in M. f. medium for 11 days, and (D) elemental carbon distribution map.
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FIGURE 7. SEM images of Q235 carbon steel (A) before and (B) after removing corrosion products film in T. sp. medium for 11 days.
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FIGURE 8. SEM images of Q235 carbon steel (A–C) before and (E,F) after removing corrosion products film in mixed consortium medium for 11 days, and (D) elemental carbon distribution map.



Analysis of XPS

Figure 9 shows the survey spectra of Q235 carbon steel in sterile, M. f., T. sp., and mixed consortium media for 11 days. As shown in Figure 9, in all media, the following elements dominate on surface of Q235 carbon steel: Fe, C, O, N, Si, Ca, and Mn. In sterile medium, elemental C and N are mainly derived from the adsorption of organic substances from culture medium, and in bacterial media, i.e., M. f., T. sp., and mixed consortium media, mainly belonged to the biofilm. Elemental Si and Ca are from the culture medium, and elemental Mn is from the alloying element of Q235 carbon steel.
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FIGURE 9. The XPS spectra of Q235 carbon steel in sterile, M. f., T. sp., and mixed consortium media for 11 days.



Figure 10 presents the fitting results of Fe 2p3/2 of Q235 carbon steel in sterile, M. f., T. sp., and mixed consortium media for 11 days. The deconvolutions of all Fe 2p3/2 spectra of Q235 carbon steel in sterile, M. f., T. sp., and mixed consortium media are fitted into three peaks (Figures 10A–D), i.e., the positions of the peaks are at 710.15 eV, 711.5 eV, and 712.8 eV, which are attributed to Fe3O4, FeOOH, and Fe2O3, respectively (Qi et al., 2016; Refait et al., 2016; Blackwood et al., 2017). Obviously, Fe oxides are the main components of corrosion products for Q235 carbon steel, which are same with each other in different media. Thus, it can be inferred that a series of subsequent reactions can occur in mixed consortium medium and generate FeOOH, Fe2O3, and Fe2O3:
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FIGURE 10. The Fe 2p3/2 high resolution spectra of Q235 carbon steel in (A) sterile, (B) M. f., (C) T. sp., and (D) mixed consortium media for 11 days.



The relative content (RC) of corrosion products components in different media is further analyzed, and the results are listed in Table 2. As shown in Table 2, the RCs of FeOOH and Fe2O3 in different media decreases in the order: RCM.f. (73%) > RCmixedconsortium (62%) > RCsterile (58%) > RCT. sp. (34%), and the order of RC of Fe3O4 is reversed with that of FeOOH and Fe2O3, i.e., RCT. sp. (66%) > RCsterile (42%) > RCmixedconsortium (38%) > RCM.f. (27%). This indicates that the RCs of Fe3+ and Fe2+ in corrosion products are the biggest in M. f. and T. sp. media, respectively. This is derived from the metabolism of bacteria, i.e., M. f. and T. sp. conduct iron oxidization and reduction, respectively. In consortium medium, the RCs of Fe3+ and Fe2+ are between that in M. f. and T. sp. media, which indicates that RCs of components of corrosion products of Q235 carbon steel in mixed consortium are influenced by the presence of these two bacteria.

TABLE 2. The RC of components of corrosion products on surface of Q235 carbon steel in sterile, M. f., T. sp., and mixed consortium media for 11 days.
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Corrosion Mechanism Model

Based on above analysis, a corrosion mechanism model of Q235 carbon steel in mixed consortium medium is proposed, as shown in Figure 11. It has been widely accepted that the heterogeneous adsorption of biofilm plays a significant role in localized corrosion process of metal (Zhong et al., 2016; Jia et al., 2017; Gu et al., 2019). Generally speaking, biofilms can be considered as living cells trapped in a heterogeneous matrix containing extracellular polymeric substances (EPS), adsorbed organic and inorganic substances, interspersed with interstitial voids (Dou et al., 2018). Biofilms with stratified structure are never uniform and have different thickness and coverage at different positions of the metal surface, as shown in Figures 6A, 8A. There are different trends for bacterial density, bacterial activity and dissolved oxygen concentration with different biofilm thicknesses (Guo et al., 2017; Liu T. et al., 2018; Liu et al., 2019). Additionally, metabolic activity of bacteria in biofilm makes chemical environment near metal surface much different from that in bulk solution, such as ion species, concentration, pH, and oxygen level (Yuan and Pehkonen, 2007; Xu et al., 2013, 2016; Jia et al., 2018). These behaviors lead to electrochemical heterogeneity and induce or accelerate localized corrosion, as shown in Figures 6E, 8E,F. In M. f. medium, the metabolism of M. f. results in the decrease of pH and local acidification under biofilm, and there is a higher concentration of DO out of biofilm (Figure 1). This provides an advantage for initiation and progress of pitting corrosion, i.e., electrochemical active sites under biofilm and support of enough cathodic reaction out of biofilm. In mixed consortium medium (Figure 11), the metabolism of M. f. also results in local acidification in the inside of biofilm, which creates electrochemical active sites on surface of Q235 carbon steel. However, on the outside of biofilm, the metabolism of T. sp. leads to the decrease of DO concentration, which inhibits cathodic reaction, and results in a slower localized corrosion rate than that in M. f. medium (Figures 6E, 8F). The corrosion products, i.e., Fe2+ ions, are oxidized to Fe3+ ions during the metabolism of M. f., which react with H2O to form ferric oxides and H+ ions. Then, ferric oxides are used by T. sp. to form the Fe2+ ions, which react with FeOOH to produce magnetite (Fe3O4) (Ishikawa et al., 2002). Meanwhile, magnetite can be oxidized and reduced by M. f. and T. sp. (Weber et al., 2006). Therefore, the both RCs of Fe3+ and Fe2+ in corrosion products of Q235 carbon steel are between that in M. f. and T. sp. media (Figure 10 and Table 2).
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FIGURE 11. The corrosion mechanism model of Q235 carbon steel in mixed consortium medium.





CONCLUSION

Corrosion of Q235 carbon steel is promoted in bacterial media due to the iron metabolism induced by M. f., T. sp., or mixed consortium. Corrosion rates of Q235 carbon steel in different culture media decrease in the order: rM.f. > rmixedconsortium > rT. sp. > rsterile. The DO concentration decreases in both T. sp. and mixed consortium media, which results in the similar evolution of corrosion rate of Q235 carbon steel in these two media. Biofilm is locally adhered on Q235 carbon steel surface in both M. f. and mixed consortium media, which induces localized corrosion of Q235 carbon steel. Corrosion products components of Q235 carbon steel in mixed consortium medium are Fe3O4, FeOOH and Fe2O3, and their RCs are influenced by the presence of M. f. and T. sp.
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The marine bacterium, Vibrio natriegens, grows quickly in a marine environment and can significantly accelerate the corrosion of steel materials. Here, we present an approach to inhibit V. natriegens-induced corrosion by biomineralization. The corrosion of steel is mitigated in seawater via the formation of a biomineralized film induced by Bacillus subtilis. The film is composed of extracellular polymeric substances (EPS) and calcite, exhibiting stable anti-corrosion activity. The microbial diversity and medium chemistry tests demonstrated that the inhibition of V. natriegens growth by B. subtilis was essential for the formation of the biomineralized film.
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INTRODUCTION

When steel materials are exposed to a marine environment, galvanic corrosion coupled with microbiologically influenced corrosion (MIC) will inevitably occur, resulting in tremendous economic loss and security risk (Li et al., 2015). Approaches to retard steel corrosion include cathodic protection (Bagherzadeh and Mousavinejad, 2012), coatings (Shchukin et al., 2006; Andreeva et al., 2008), and corrosion inhibitors. While these approaches are effective, they are limited by high cost, maintenance difficulties, environmental pollution, and short service time (Banerjee et al., 2012; Nkuzinna et al., 2014). In our previous study, we demonstrated that some biofilms are able to provide an environmentally friendly, stable, and lasting biomineralized film to inhibit corrosion in a marine environment (Liu et al., 2019). The film is composed of extracellular polymeric substances (EPS) and calcium carbonate with a calcite structure, exhibiting a stable and self-healing anti-corrosion activity. Bacterial metabolism produces large amounts of CO2. The precipitation of CaCO3 is mainly related to the release of CO2 from bacteria, resulting in supersaturating with respect to calcium carbonate. In this process, abundant EPS around bacteria provides nucleation site for precipitation of CaCO3.

However, the natural environment includes diverse microorganisms, may hinder this application. Specifically, bacteria that compete for growth in a natural marine environment might affect the biomineralization (Tan et al., 2018). Therefore, further investigation into biofilm-induced mineralization within a competitive bacterial medium is critical for its practical application.

The marine bacterium Vibrio natriegens is widely distributed in the ocean, which was first reported by Payne in 1958. V. natriegens grows faster than other organisms in the marine environment (Aiyar et al., 2002; Cheng et al., 2009; Mullenger and Gill, 2010; Weinstock et al., 2016; Hoffart et al., 2017). As a result, V. natriegens is typically one of the early colonizers in biofilm communities (Nadia et al., 1991). Moreover, V. natriegens is able to acquire electrons during the process of N2-fixation, which further accelerates corrosion of substrate materials under certain conditions (Angell et al., 1995; Coyer et al., 1996; Little et al., 2008; Cheng et al., 2009; Yin et al., 2009).

Herein, we find that the MIC by V. natriegens can be inhibited by the addition of Bacillus subtilis in the marine broth. Interestingly, co-culture of V. natriegens and B. subtilis resulted in a distinguishing effect on the corrosion of steel. Morphological and electrochemical analyses showed that B. subtilis provided anti-corrosion protection for steel in the presence of V. natriegens. The biomineralized film was not influenced by the competitive growth of V. natriegens. The chemical composition of the solution showed that a decrease in magnesium (Mg2+) and an increase in pH occurred during the biomineralization process induced by B. subtilis, which contributed to the inhibition of V. natriegens growth and metabolism. Therefore, this study indicated that the biomineralized film induced by B. subtilis biofilm formation is a promising approach for reducing the corrosion of steel in a complex bacterial environment.



MATERIALS AND METHODS

Materials and Specimens

The low-alloyed steel plates were supplied by Baosteel Inc., (China). The chemical composition of steel is: 1.52 wt% Mn, 0.70 wt% Ni, 0.04 wt% Al, 0.15 wt% Cr, 0.05 wt% C, 0.40 wt% Mo, 97.14 wt% Fe. The coupons were covered by the epoxy resin, leaving a 10 mm × 10 mm working area, and then polished from 200 to 800 grit, washed with absolute ethyl alcohol, deionized water sequentially. Lastly, they were N2-dried and sterilized by ultraviolet (UV) light.

Bacterium Culture

The bacterial strains, B. subtilis and V. natriegens, were isolated from the East China Sea. The two bacterial strains were cultivated in a 2216E medium on a shaker at 120 rpm at 37°C. 2216E medium: 5 g peptone, 1 g yeast extract, and 0.01 g ferric phosphate (Sinopharm Chemical Reagent Co., Ltd., China) was added into 1 L seawater, then sterilized at 121°C for 15 min. The coupons were immersed in 1-L containers with 500 mL of 2216E medium. Two hundred microliters of an overnight culture of V. natriegens strain was used to inoculate the first container. To investigate the effect of B. subtilis on corrosion by V. natriegens, one hundred microliters of each strain was then used to inoculate the second container. The two containers were then cultured at 120 rpm for 13 days at 37°C. The relative abundance was measured using bacterial diversity analysis at Majorbio (Shanghai, China). The primers sequence was: 338F: 5′-ACTCCTACGGGAGGCAGCAG-3′, 806R: 5′- GGACTACHVGGGTWTCTAAT-3′. The V3+V4 region of the bacterial 16S rRNA gene was amplified by the above primers. PCR reaction conditions was: 95°C 3 min; 95°C 30 s, 55°C 30 s, 72°C 45 s, 30 cycles; 72°C 10 min; 10°C 10 min. PCR reaction system was: 5 × PCR buffer (with Mg2+) 4 μL; 2.5 mmol/L dNTP 2 μL; 5 μmol/L P1 (338F) 0.8 μL; 5 μmol/L P2 (806R) 0.8 μL; 5 U/μL Taq enzyme 0.4 μL; DNA template 2 μL; ddH2O 10 μL. It was then sequenced on an Illumina MiSeq PE250/PE300. The sequencing work was completed by Majorbio (Shanghai, China). Relative abundance was obtained from rank-abundance function on www.i-sanger.com.

Morphological and Composition Characterization

After 2 weeks of growth, the coupons were washed gently with a phosphate buffer solution (PBS, pH = 7.4) and then immersed in 2.5% glutaraldehyde solution (Sinopharm Chemical Reagent Co., Ltd., China) for 15 min. Subsequently, the coupons with biofilms were dehydrated by gradient ethanol solution (30, 50, 60, 70, 80, 90, and 100%) sequentially for 10 min and dried with nitrogen gas. The morphology of the covered surface was characterized by a scanning electron microscope (SEM) with an energy dispersive spectrometer (JEOL JSM-7500F, Japan). The biofilm and corrosion products were removed using the NACE Recommended Method 0775-1999 protocol (NACE, 1999). The coupons were immersed sequentially in a solution of dibutyl thiourea hydrochloride, sodium bicarbonate (NaHCO3) solution (Sinopharm Chemical Reagent Co., Ltd., China), and water for 2 min each. The morphology of the coupons was observed by a 3-D optical profilometer (Bruker Contour GT, Germany).

X-ray diffraction (XRD; X’Pert PRO XRD, PANalytical, Almelo, Netherlands) was applied to investigate the phase identification of the film on the coupons (40 kV, 10 mA, Cu-Kα radiation source, 0.26°/s scanning rate, 2𝜃 degree of 20–90°). Furthermore, the steel coupons covered with biofilms were analyzed by X-ray photoelectron spectroscopy (XPS; Kratos, AXIS Ultra DLD, England; 200 μm spot size, 0–1200 eV, 45° emission angle). High-resolution spectra of C 1s and O 1s scans were obtained. Experiments were performed with three random tests on the different scanning areas, and only representative images were shown.

Corrosion Measurements

The electrochemical methods, such as open-circuit potential (OCP), linear polarization (LPR), and electrochemical impedance spectroscopy (EIS), were carried out using an electrochemical workstation (Ivium, Eindhoven, Netherlands). The steel coupons were working electrodes. A saturated calomel electrode (SCE) and a platinum (Pt) sheet were the reference electrode and the counter electrode, respectively. Prior to the measurements, the OCP of the steel coupons was monitored for at least 60 min in order to reach a steady state. The LPR measurement was obtained at a scan rate of 0.125 mV s-1 in the range from -5 to 5 mV versus the OCP, with a sampling frequency of 1 Hz (Xu et al., 2018). The EIS measurement was measured with a frequency range between 1 × 10-2 and 1 × 105 Hz and ± 10 mV amplitude. The impedance data were analyzed by ZSimpWin. The corrosion rate was obtained from weight loss tests using the following equation:
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In addition, we used a local electrochemical impedance spectroscopy (LEIS) workstation (Bio-logic M470, Seyssins, France) to study the local impedance map on the coupon surface. A carbon rod was used as the counter electrode with a SCE as the reference electrode. The surface of coupon was the working electrode. There was a 100-μm distance between the working electrode and the Pt probe tip. The LEIS maps were measured with 10 μA current amplitude and 10 Hz frequency. We chose the 10 Hz single frequency because the curve of impedance vs. frequency was at the logarithm frequency interval of 10 Hz frequency, which is beneficial to the stable testing and resistance to the disturbance (Liu J. et al., 2018; Ma et al., 2018).

Chemical Analysis of Two Containers

The content of Ca2+, Mg2+, and NH4+ was measured to investigate N2-fixation of V. natriegens in two containers. pH was also obtained in this process. The Ca and Mg concentration in the seawater was investigated by ICP in first 5 days. NH4+ in medium was determined by ion chromatography (Thomas et al., 2002). Three replicates were measured in all cases, and the background correction was obtained using blank samples.



RESULTS

Scanning electron microscope was used to investigate the surface morphology of the coupons from co-cultures of B. subtilis and V. natriegens in marine broth after 13 days. The control culture contained only the V. natriegens strain. Figures 1a,b illustrate the rough, cracked, and heterogeneous corrosion products that formed on the steel surface in the control medium. The iron oxide (Fe3O4) formed in a petal-like manner on the surface of the steel coupons. In contrast, only triangular-shaped minerals mineral precipitation was present on the steel in the medium containing B. subtilis and V. natriegens at day 13 (Figures 1c,d). The biomineralized film was homogeneous and compact, demonstrating a potential to protect steel coupons. Obviously, the biomineralized film that formed on the coupons was not influenced by the competitive growth of V. natriegens. The energy dispersive spectrometer measured the film composition on day 13. As shown in Supplementary Figure S1a, the amount of C, O, Mg, and Ca on the steel coupons in the control medium was 3.4, 24.1, 0.3, and 5.3 wt%, respectively. In contrast, the amount of C, O, Mg, and Ca on the steel coupons in the presence of both B. subtilis and V. natriegens was 13.3, 36.5, 4.0, and 44.5 wt%, respectively. These results indicate that the biomineralized film formed on the steel in the competitive bacterial environment.
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FIGURE 1. Scanning electron microscope views of the morphology of the biofilm of (a,b) only V. natriegens after 13 days and (c,d) co-cultures of B. subtilis and V. natriegens. Image of two different magnitudes are shown in the (a,c) left and (b,d) right panel.



Cross-sectional SEM images were analyzed in order to investigate the thickness of the biomineralized film and the film-substrate interface. The average thickness of the corrosion product film on the steel coupon in the control culture was approximately 29 μm, as shown in Figure 2a. Figure 2b shows that the thickness of the biomineralization film, which formed on the steel in the co-culture, was approximately 44 μm. The biomineralization film and steel interface was compact in the presence of B. subtilis and V. natriegens. In contrast, in the presence of only V. natriegens, the corrosion product film was relatively loose with obvious cracks, which are unable to resist the penetration of chloride ions to the steel.
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FIGURE 2. Cross-section views of the biofilm of (a) only V. natriegens and (b) co-cultures of B. subtilis and V. natriegens after 13 days.



Figure 3 shows the XRD patterns of the steel surfaces after 13 days. In the medium containing B. subtilis and V. natriegens, calcium and magnesium carbonate were the main components of the biomineralization film, which was consistent with our previous study (Liu T. et al., 2018). Fe3O4 was the main component of the corrosion products film in the medium with V. natriegens. High-resolution XPS of C 1s and O 1s from the coupons is shown in Figure 4. In the C 1s spectrum, the peaks at 284.6, 285.4, and 288.4 eV are attributed to the binding energies of C-C, C-O-C, and CO32- bonds, respectively (Figures 4A,B). According to the XRD analysis, the carbonate was calcium magnesium carbonate, while the C-C and C-O-C signals were attributable to the biofilm on the coupon (Liu et al., 2016). Table 1 shows that the film had a higher carbonate content (41%) in the presence of B. subtilis and V. natriegens, whereas the amount of carbonate was only 10% in the medium with V. natriegens, which was consistent with the XRD results. In the O 1s spectrum (Figures 4C,D), the peaks of 529.8, 531.6, and 533.6 eV were caused by the combined energy of the metal oxide (Fe3O4), C-O, and C=O bonds, respectively (Gauzzi et al., 1990). The data in Table 1 indicate that the amount of metal oxide (529.8 eV) was 52 and 16% in the control medium and the co-cultures medium, respectively, suggesting that the corrosion products (Fe3O4) decreased due to the formation of a biomineralized film.
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FIGURE 3. X-ray diffraction spectrum measured on the coupon immersed in medium with only V. natriegens (black line), and in the co-cultures of B. subtilis and V. natriegens (red line), respectively.
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FIGURE 4. X-ray photoelectron spectroscopy spectra of C 1s for biofilm of (A) only V. natriegens and (B) co-cultures of B. subtilis and V. natriegens; O 1s for biofilm of (C) only V. natriegens and (D) co-cultures of V. natriegens and B. subtilis.



TABLE 1. Characterization of XPS spectra of C 1s and O 1s on the different surfaces.
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In our previous study, we found that the biomineralized film induced by B. subtilis exhibited excellent corrosion resistance. However, the experimental medium only contained the B. subtilis strain, and the protection of the biomineralized film in a competitive bacterial environment was not explored. Figure 5 shows the corrosion rates of the steel coupons in the co-cultures medium and control medium. The corrosion rate in the presence of V. natriegens was 0.32 mm/a corrosion, which was 32-fold higher than the corrosion rate in the presence of B. subtilis and V. natriegens (0.01 mm/a). These results indicate that B. subtilis effectively inhibited the uniform V. natriegens-induced corrosion of steel via biomineralization.
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FIGURE 5. Corrosion rate of coupons after 30 days of exposure in different media. The errors shown for each data is the standard deviation obtained from five sets of measurements.



Figure 6a shows the time dependence of the OCP of the steel coupons for 13 days. In the medium with only V. natriegens, the OCP of the steel coupon fluctuated at approximately -0.69 V (SCE) during the entire immersion period. However, in the presence of V. natriegens and B. subtilis, the OCP moved positively to -0.39 V (SCE) on day 13, indicating the inhibition of an anodic reaction by the biomineralized film. LPR was utilized to evaluate the Rp value corresponding to the corrosion rate based on a small overpotential. Figure 6b shows that the Rp value of the steel coupon in the co-cultures medium was relatively higher than the value in the control medium, consistent with the results of the weight loss test.
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FIGURE 6. Time dependence for (A) OCP and (B) Rp for the coupons immersed in different media.



Additionally, EIS was applied to evaluate the electrochemical process of the interface of the medium, film, and steel. Figure 7A shows that two time constants appeared on the Nyquist diagram in the marine broth with V. natriegens at day 1. This could be attributed to the rapid formation of the corrosion product film when the steel coupons were immersed in the medium. The equivalent circuit, i.e., Rs(Qf(Rf(RctQdl))), is shown in Supplementary Figure S2a. The fitted data (Table 2) indicated that the charge transfer resistance (Rct) increased from 262.4 to 758.3 Ω cm2 and then decreased to 318.3 Ω cm2 on day 7. On day 13, the Rct value increased to 1149.0 Ω cm2. The irregular changes of the Rct value with the immersion time resulted from the shedding and deposition of corrosion products. However, in the presence of both V. natriegens and B. subtilis, Nyquist diagrams exhibited rather different shapes during the immersion time. During the early stage (before day 7), one loop, which corresponded to one time constant in the Nyquist diagram, indicated that the mineral deposits were not well-formed (Supplementary Figure S2b). At day 9, two time constants were observed, indicating the formation of a compact biomineralized film on the steel coupons. The equivalent circuit, i.e., Rs(Qf(Rf(RctQdl))), is shown in Supplementary Figure S2c. The Rf value that was attributed to the barrier effect of the biomineralized film increased from 1031 to 2.37 × 105 Ω cm2. These results demonstrate that B. subtilis effectively protected the steel coupons from V. natriegens-induced corrosion.
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FIGURE 7. Nyquist and Bode diagrams measured on the coupons immersed in medium (A,B) with only V. natriegens, and (C,D) the co-cultures of B. subtilis and V. natriegens, respectively.



TABLE 2. Electrochemical impedance parameters fitted from the measured impedance plots in Figure 7.
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Local electrochemical impedance spectroscopy measurements were carried out at a single frequency, which has been widely used for monitoring pitting corrosion or evaluating the homogeneity of coating/film due to its localized sensitivity. Figure 8 shows that the highest impedance value of the biomineralized film was approximately 1.1 × 105 Ω cm2, whereas the value in the medium with only V. natriegens was approximately 1.4 × 104 Ω cm2. The impedance value gradient on the biomineralized film was much smaller than the corrosion products film, suggesting that the biomineralized film with calcite structure formed uniformly on the steel coupons.
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FIGURE 8. Local electrochemical impedance spectroscopy maps measured on the coupons immersed in medium with (A) only V. natriegens, and (B) co-cultures of B. subtilis and V. natriegens after 13 days.



Figure 9 shows the pit morphology of the steel coupons after removing the films. In the presence of V. natriegens and B. subtilis, the pits on the coupon were smaller and fewer than that in the medium with only V. natriegens. After analysis, the average depth of the pits was 36 μm, and the average diameter of the pits was 91 μm in the presence of V. natriegens. Both the number and the size of the pits decreased in the medium with the biomineralized film, with the pits measuring at 19 and 49 μm in depth and diameter.
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FIGURE 9. Scanning electron microscope and the optical profilometry images of the pit morphology on the coupon immersed in medium with (a,c) only V. natriegens, and (b,d) co-cultures of B. subtilis and V. natriegens, (e) and the derived topography.



A microbial diversity test was utilized to investigate the relative content of the two bacteria as a function of time. Figure 10 shows that approximately 70% relative abundance was occupied by B. subtilis on day 2. However, at day 13, B. subtilis occupied the main content (96% relative abundance) of the medium, with only 4% relative abundance being identified as V. natriegens. This indicated that the growth of V. natriegens was inhibited by B. subtilis.
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FIGURE 10. Relative content of V. natriegens and B. subtilis in co-cultures medium.



In Figure 11, in the medium with single V. natriegens, only 10.1 and 14.2% of the initial soluble Ca and Mg was removed after 5 days. The concentrations of NH4+ increased from 0.11to 23.2 mmol/L. The value of pH increased from 7.37 to 7.90. While, in co-cultures of B. subtilis and V. natriegens, 30.4 and 61.4% of the initial soluble Ca and Mg was removed after first day, respectively (Figure 11b). After 5 days, 91.8 and 68.5% of the initial soluble Ca and Mg was removed. The concentrations of NH4+ increased from 0.12 to 43.4 mmol/L. The value of pH increased from 7.25 to 8.52.
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FIGURE 11. Time curses of pH (gray), soluble Ca (black), soluble Mg (green) and NH4+ (light magenta) in medium with (A) only V. natriegens, and (B) co-cultures of B. subtilis and V. natriegens.





DISCUSSION

Numerous studies have shown that corrosion of steel can be accelerated by the facultative anaerobic bacterium V. natriegens, which has the capability of N2-fixation. The process of biological N2-fixation is the reduction of N2 to ammonium:
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where the N2-fixation is a complex process that requires Mg2+, nitrogenases, and electron carriers. The hydrolysis of two Mg-ATP is accompanied by electron transfer. It has been shown that V. natriegens can accelerate the corrosion of steel by electron transfer and the nitrogenases associated with N2-fixation. Here, we present evidence that B. subtilis can inhibit V. natriegens-induced corrosion via biomineralization. Our previous work showed that B. subtilis could induce calcium carbonate precipitation on the surface of steel, decreasing the concentration of Ca2+ and Mg2+ in the medium. Furthermore, the pH in the medium inoculated with V. natriegens and B. subtilis was approximately 8.5, which is higher than the pH in the presence of only V. natriegens (approximately 7.9) (Figure 11). The increase in pH is attributed to the process by which microorganisms decompose nitrogenous organic compounds to produce ammonia via bacterial ammonification (Dannenmann et al., 2009). Microbial decomposition of organic nitrogen-containing compounds is the hydrolysis of macromolecules into small molecules by hydrolases secreted in vitro under aerobic or anaerobic conditions (Pan et al., 2018). As a microorganism with the capacity for ammonification, B. subtilis can decompose proteins and various nitrogen-containing organic substances to ammonium ions (NH4+) and bicarbonate (HCO3-), effectively, increasing the pH of the medium (Lipman, 1909; Hoffmann et al., 1998). Therefore, the N2-fixation process would be inhibited in the environment, which has a low concentration of Mg2+ and high pH value. In addition, the biodiversity experiment demonstrated that B. subtilis has a growth advantage in a competitive bacterial medium, even though V. natriegens was reported to have the shortest doubling time (9.8 min at 37°C). As a result, the initial biofilm structure is composed primarily of B. subtilis and not V. natriegens. Thus, calcium carbonate precipitation can be induced, thereby impeding the electron transfer between the anode and cathode on the steel surface. Consistent with these results, we found that the pitting corrosion was improved by the addition of B. subtilis via biomineralized film formation on the steel surface. The compact and hierarchical organic/inorganic film strongly contributed to the reduction of Cl- permeation and electron transfer.

For the real application in the field, this method may be used in two approaches. First, we can use this method in a closed environment, e.g., ballast tank and pipeline, where have the relatively simple species of bacteria. When the corrosion occurs, the B. subtilis provides the anticorrosion activity for the steel as a corrosion inhibitor. Second, biomineralization can be used as a pretreatment method, leading to a high corrosion-resistance for the steel. Therefore, the culturing conditions that can be extended to the large scale treatment should be investigated carefully in the future.



CONCLUSION

In this study, we evaluated the application of a biomineralized film in a competitive bacterial environment containing the corrosion-inducing bacterium. B. subtilis provided significant anti-corrosion protection for steel coupons in the presence of the corrosion-inducing bacteria, V. natriegens. Biomineralized film induced by B. subtilis was well formed on the steel surface in the co-cultures medium. The growth of V. natriegens was inhibited by B. subtilis due to the decrease in magnesium and the increase in pH within the medium as a result of biomineralization. Therefore, the results from this study show that B. subtilis-induced biomineralized film has the potential to be used in a real marine environment.
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The corrosion mechanism of carbon steel under deposit in the presence of sulfate reducing bacterium (SRB) Desulfotomaculum nigrificans was studied using surface analysis, weight loss and electrochemical measurements. Results showed that both the general corrosion and localized corrosion were considerably promoted by SRB under deposit. The corrosion rate of steel in the presence of SRB was approximately 6 times of that for the control according to the weight loss measurements. The maximum corrosion pit depth in the presence of SRB was approximately 7.7 times of that of the control. Both the anodic and cathodic reactions were significantly accelerated by SRB. A galvanic effect in the presence of SRB due to the heterogeneous biofilm led to serious localized corrosion.
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INTRODUCTION

In the oil and gas fields, pipeline steel corrosion not only resulted in large economic losses but caused safety related accidents (da Costa Mattos et al., 2016; Feng and Cheng, 2017). Large amounts of solid particles can accumulate in the interior of a pipeline, which can bring under deposit corrosion (UDC) (Alanazi et al., 2014; Zhu et al., 2015). UDC is a key reason for serious localized corrosion. Some researchers have investigated UDC under different testing conditions and with different deposits. Han et al. (2013) studied steel corrosion under sand deposit, and their results showed that corrosion pits were initiated by a galvanic effect. Standlee et al. (2011) found that FeS deposit could considerably accelerate steel corrosion compared with those in the sand deposit, and serious pitting corrosion with mill scale was also observed. Hoseinieh et al. (2016) investigated steel corrosion covered by calcareous deposit using electrochemical noise, and found that there were two different stages for localized corrosion processes. The UDC is chemically and physically different from the bare steel corrosion in the absence of deposit, and the concentration of aggressive species and pH also differ (Huang et al., 2010).

There are only a few reports that combined microbiologically influenced corrosion (MIC) and UDC. Rahmani et al. (Pandarinathan et al., 2013a) found that SRB promoted localized corrosion under calcium carbonate deposit. Sulfate reducing bacteria (SRB) are commonly found in the oil and gas fields, which are the main anaerobic corrosive microorganisms causing MIC (Guan et al., 2013; Li X.-X. et al., 2016; Voordouw et al., 2016). There are no reports about SRB corrosion under deposit in the sour oil and gas fields. SRB use sulfate as the terminal electron acceptor, and can considerably accelerate steel corrosion, especially for localized corrosion (Enning and Garrelfs, 2014). The formation of SRB biofilm on steel surface can affect the kinetics of anodic and cathodic reactions, leading to an acceleration of steel corrosion (Beech and Sunner, 2004; Zuo, 2007). Extracellular polymeric substances (EPS) secreted by microorganisms also play a role in steel corrosion (Dong et al., 2011a; Liu et al., 2017a). SRB can directly switch electrons from elemental iron via extracellular electron transfer, then cause pitting attacks (Li et al., 2018; Gu et al., 2019; Jia et al., 2019). SRB are anaerobic microbes. If there is oxygen in the environment, SRB can grow beneath another biofilm that consumes oxygen to provide a locally anaerobic environment. Thus, SRB can grow well beneath deposit. In sour oil and gas fields, CO2 corrosion is common. Under-deposit CO2 corrosion occurs, and it is different from the typical CO2 corrosion (Huang et al., 2010). Steel corrosion due to UDC is exacerbated by CO2 corrosion (Pandarinathan et al., 2013a). SRB MIC and CO2 corrosion can have a synergistic effect accelerating steel corrosion (Liu et al., 2017b). Study of SRB corrosion under deposit in the presence of CO2 corrosion is very meaningful.

Wire beam electrode (WBE), also known as array electrode, has been verified as a useful tool to study UDC (Tan et al., 2011; Hoseinieh et al., 2016) and MIC (Dong et al., 2011b). WBE is suitable for studying localized corrosion. The anodic and cathodic locations and their area ratio can be identified from the distributions of potential and current.

In sour oil and gas fields, there are solid particles in the interior of pipelines, which are derived from the sand and clay used in the exploration process (Hinds and Turnbull, 2010; Zhang et al., 2014). Thus, sand and clay were chosen as the materials for deposit in this paper.

In this paper, SRB corrosion of deposit-covered Q235 carbon steel in CO2-saturated formation water was studied using electrochemical measurements and surface characterization. WBE was used to investigate the initiation and propagation of localized corrosion. This paper aimed to get a better understanding of localized UDC of Q235 carbon steel in the presence of SRB and CO2.



EXPERIMENTAL

Specimen Preparation

The Q235 carbon steel used in this paper has a chemical composition (wt.%) of C 0.3, Si 0.01, Mn 0.42, S 0.029, P 0.01, and Fe balance. Specimens with an exposed surface area of 0.785 cm2 and specimens with dimensions of 50 × 13 × 1.5 mm were used for electrochemical and weight loss measurements, respectively. Specimens with a diameter of 15 mm and thickness of 3 mm were used for biofilm observation and EDS analysis. Prior to testing, all specimens were abraded through 600, 800, and 1200-grit silicon carbide papers, then degreased in acetone and washed with anhydrous ethanol. All specimens were sanitized under a UV lamp for 30 min before use.

Water Sample

A water sample was prepared according to the composition of the formation water produced from an oil field (Zhang et al., 2014). Table 1 shows the chemical composition of the artificial formation water used in this work.

TABLE 1. Chemical composition of artificial formation water (g L−1).
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Preparation of Deposit

The mixture of sand and clay with a dry mass ratio of 5:1 was used as deposit. The sand particle sizes were in the range of 0.2∼0.4 mm. The sand particles were immersed in boiling water for 1 h, then rinsed with sulfuric acid, acetone and deionized water sequentially. The clay was commercially purchased from chemical Ltd. The purity of clay is more than 99.5%. Prior to use, the dry deposit was sanitized under a UV lamp for 30 min. The thickness of the deposit covered on the steel surface was 3 mm during testing. A cylindrical ring of 3 mm was made to control the deposit thickness.

Microbe Inoculation and Cultivation

Desulfotomaculum nigrificans identified in a previous study was used in this work (Liu et al., 2015b). The culture medium for the SRB seed culture had a composition of (g L−1): MgSO4 ⋅ 7H2O 0.2, K2HPO4 0.01, NaCl 10, yeast extract 1.0, (NH)2Fe(SO4)2 0.2, vitamin C 0.1, in addition to 4.0 mL L−1 sodium lactate. The culture medium had an initial pH of 7.2. The simulated formation water was seeded with 10% (v/v) of the SRB seed culture and then incubated at 37°C. Before inoculation, the simulated formation water was autoclaved at 121°C for 20 min. After that, it was deaerated by sparging CO2 gas (purity 99.95% by volume) for 4 h. The pH value of the simulated formation water was 6.15. The planktonic and sessile SRB cell counts were measured using the most probable number (MPN) method with an MPN culture medium (Liu et al., 2015b). The simulated formation water seeded with 10% (v/v) of the sterilized SRB culture medium was used as the control testing solution.

Weight Loss Measurement

All specimens were taken out after 14 days of incubation. Deionized water and a pickling solution containing a corrosion inhibitor (imidazoline derivative) were used to remove deposits and corrosion products, respectively. Finally, all exposed specimen surfaces were rinsed with deionized water, cleaned with absolute ethanol, and dried under N2. Steel corrosion rates were assessed from the specific weight loss based on the exposed surface area.

Characterization of Biofilm, Corrosion Surface Morphology, and Corrosion Products

Before scanning electron microscopy (SEM) and energy dispersive x-ray spectrum (EDS) analyses, the specimens for biofilm analysis were taken out after 14 days of incubation, using deionized water to remove deposit. Then the specimens were immersed in PBS solution containing 2.5% (w/w) glutaraldehyde for 8 h to immobilize sessile SRB cells (Liu and Cheng, 2018). After that, the specimens were dehydrated using ethanol with different concentrations in series and finally dried using N2. A thin gold film was coated on to the biofilm surface to provide conductivity.

A three-dimensional stereoscopic microscope (Model VHX-10000, Keyence, Japan) was used to observe the pit morphology after removing corrosion products. The corrosion products were identified using X-ray diffraction (XRD). XRD patterns were recorded with a diffractometer with Cu Kα radiation (Model PANalytical X’pert PRODY2198, Holland).

Electrochemical Measurements

Open circuit potential (OCP), electrochemical impedance spectroscopy (EIS), and potentiodynamic polarization curves were conducted using an electrochemical workstation (Model CS350, Corrtest, China). The setup for the electrochemical measurements is illustrated in Figure 1A. The reference electrode and the counter electrode were saturated calomel electrode (SCE) and a platinum plate, respectively. EIS measurements begun after a steady-state OCP value was achieved by applying a sinusoidal voltage signal of 10 mV in a frequency range of 10−2 to 105 Hz.
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FIGURE 1. Schematic diagrams of the setup for electrochemical measurements (OCP, EIS, and potentiodynamic polarization curves) (A), the setup for potential and galvanic current measurements (B) using a WBE (C).



Potentiodynamic polarization curves were obtained at a sweep rate of 0.5 mV s−1 after EIS measurements with a scanning potential range of −250 to +350 mV versus OCP. EIS data and polarization curves were analyzed using Zview2 software (Scribner, Inc.) and Cview2 software (Scribner, Inc.).

Preparation of Wire Beam Electrode and Potential and Current Scans

The WBE was composed of 100 pieces of Q235 carbon steel disks with a diameter of 1.5 mm as shown in Figure 1C. The potential and current scans were conducted using an electrochemical instrument (Model CST520, Corrtest, China). A SCE was used as the reference electrode. A 10 × 10 autoswitch array was used to switch among the individual electrodes on the WBE shown in Figure 1B, so each tiny electrode was used as the working electrode one at a time. All 100 electrodes were connected to each other when no measurements were performed.



RESULTS

SRB Cell Counts

Table 2 shows SRB cell counts after 14 days of incubation. It is seen that both planktonic and sessile SRB could survive well, thus causing MIC. The sessile SRB cells under deposit, i.e., the sessile SRB in biofilm, increased one order of magnitude compared with the planktonic SRB. The sessile SRB are closely related to MIC. The higher sessile SRB cells mean the more serious steel corrosion.

TABLE 2. SRB cell counts after 14 days of incubation.
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SEM Analysis of SRB Biofilms

Scanning electron microscopy images of specimens in the absence and presence of SRB after 14 days of incubation are shown in Figure 2. In this paper, the specimen covered with deposit in the absence of SRB is the control. The corrosion product film in Figure 2a appeared thin and dense in the absence of SRB. A dense corrosion product film usually had a good inhibition effect against further corrosion. The SEM image in the presence of SRB, shown in Figure 2b, loose quite different. Numerous sessile SRB cells embedded in corrosion products. The corrosion product film appeared thicker but porous. This porous film allowed mass transfer of nutrients to SRB cells inside the film. It did not offer corrosion inhibition.


[image: image]

FIGURE 2. Scanning electron microscopy images of specimens with covered deposit after 14-days of incubation in the absence (a) and presence (b) of SRB in CO2-saturated simulated formation water.



The EDS analysis results are shown in the Figure 3 and Table 3. The Fe, P, Ca, Si, and O elements could be found for the control specimen. The higher content of S element (8.16 wt%) was found in the presence of SRB, which indirectly verified the presence of SRB corrosion. FeS is the typical corrosion products of SRB. The presence of S element further demonstrates that SRB can grow well under deposit. A little amount of Cl− in the presence of SRB is found but is absent for the control specimen, which can be due to the structure difference of corrosion product films.
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FIGURE 3. Energy dispersive x-ray spectrum analysis of corrosion product film and SRB biofilm on specimens after 14-days of incubation in the absence (A) and presence (B) of SRB, respectively.



TABLE 3. Energy dispersive x-ray spectrum analysis results of corrosion product film and SRB biofilm on specimens after 14-days of incubation in the absence and presence of SRB, respectively.
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Weight Loss

Figure 4 shows the weight loss measurement results of specimens under deposit in the absence and presence of SRB after 14 days of incubation. For the control specimen, it is seen that corrosion was very limited with a lower weight loss (1.3 ± 0.7 mg cm−2). The weight loss increased by approximately 6 times in the presence of SRB, with a higher weight loss (7.9 ± 0.9 mg cm−2). These results indicated that SRB considerably accelerated UDC corrosion.
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FIGURE 4. Weight loss results of specimens covered with deposit in the absence and presence of SRB after 14-days of incubation in CO2-saturated simulated formation water. (Error bars represent standard deviation).



XRD Analysis

The XRD analysis results of corrosion products in the absence and presence of SRB are shown in Figure 5. For the control specimen, the corrosion products were composed of CaCO3, FePO4, FeOOH, and little FeCO3 (Figure 5A). The formation of a CaCO3 scale apparently offered corrosion inhibition and led to a light corrosion. In the presence of SRB, the corrosion products included FeS (PDF Card 370477), and FeOOH (Figure 5B). FeS is the typical corrosion product of SRB MIC. At a pH above 6.5, some Fe2+ was precipitated as Fe(OH)2 (Liu et al., 2015b). A small amount of Fe(OH)2 was oxidized to FeOOH by O2 during the specimen preparation process for XRD analysis rather than a corrosion product during incubation (Liu et al., 2016a).
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FIGURE 5. X-ray diffraction analysis of corrosion products on specimens covered with deposit in the absence (A) and presence of SRB (B) after 14 days of incubation in CO2-saturated simulated formation water.



Surface Morphology After Removing Corrosion Products

Figure 6 shows the surface morphology of specimens after removing corrosion products after 14 days of incubation. Serious pitting corrosion could be observed on the surface of the specimen incubated in the presence of SRB with the maximum pit depth of 43.4 μm (Figure 6a), which was approximately 7.7 times of that on the control specimen (5.6 μm). This proved that SRB accelerated UDC with CO2.
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FIGURE 6. Surface morphology after removing corrosion products for specimens after 14 days of incubation in the presence (a,b) and in the absence (c) of SRB in CO2-saturated simulated formation water.



Electrochemical Measurements

OCP

Figure 7 shows the changes of OCP with time in the absence (control) and presence of SRB. For the control specimen, OCP declined during the initial 4 days, then became relatively stable. In the presence of SRB, OCP declined in the initial 3 days, then it increased for 2 days. After that, the OCP remained steady. The increase of OCP could be attributed to the formation of the SRB biofilm, which made its OCP consistently higher about that for the control after 3 days.
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FIGURE 7. Changes of OCP values with time in the absence and presence of SRB in CO2-saturated simulated formation water. (Error bars represent standard deviations).



EIS Analysis

The Nyquist and Bode plots of specimens in the absence and presence of SRB are shown in Figure 8. The diameter of the Nyquist plots for the control specimen at the 1 day was very smaller, indicating UDC (Figure 8A). Then, the diameters increased gradually with time (Figure 8A). A two-time constant behavior can be clearly observed in the bode plots in Figure 8B after 10 days of incubation, which corresponded to the formation of a dense corrosion product film. The dense film increased the impedance. In the presence of SRB, the diameters of Nyquist plots were obviously smaller than those for the control (Figure 8C), which further indicates that SRB accelerated UDC. The diameters of Nyquist plots decreased initially in the first 2 days, then increased until 7 days (Figure 8C). Finally, the diameters of the Nyquist plots changed much less with time. The presence of Warburg impedances could be attributed to the formation of a SRB corrosion product film, resulting in diffusion control. But the Warburg impedances disappeared due to the change of biofilm structure with incubation time. From the Bode plots in Figure 8D, a two-time constant behavior can be found after 7 days of incubation, which also pointed to the formation of SRB biofilm, which was responsible for MIC.
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FIGURE 8. Changes of Nyquist and Bode plots of specimens with time in the absence (A,B) and presence (C,D) of SRB in CO2-saturated formation water.



Figure 9 shows the equivalent circuits used to fit EIS data. All the EIS data were fitted well (Figure 8) with a smaller fitted error (<10%), especially with the use of the constant-phase element (Q) to replace capacitance due to the heterogeneity of specimens. The impedance of Q, i.e., ZQ, was calculated using the equation below,
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FIGURE 9. Electro chemical equivalent circuits used to fit the EIS data. (A) One-time constant; (B) one-time constant with Warburg impedance; (C) one-time constant.
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where ω is angular frequency (rad s−1), and Y0 and α are exponents indicating the deviation of the specimen from the ideal capacitive behavior (Chongdar et al., 2005). In the equivalent circuits in Figure 8, Rs is solution resistance, Rf and Qf the resistance and constant-phase element of corrosion product film, respectively. Rct and Qdl are charge-transfer resistance and constant-phase element of the double-charge layer, respectively, and W the Warburg impedance.

Figure 10 shows the changes of Rp values fitted EIS data, and Rp values are the summation of Rf and Rct values. Rp is inversely proportional to the corrosion rate, meaning a higher Rp value corresponds to a lower corrosion rate (Liu et al., 2016b). It is seen that Rp increased gradually with time for the control specimen, while in the presence of SRB, it dipped initially and after 2 days it until day 7 climbed. The Rp values in the presence of SRB were much smaller than that of the control, which meant higher corrosion with SRB. The EIS results corrugated to weight loss results (Figure 4).
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FIGURE 10. Changes of Rp values from EIS data in the Figure 8 in the absence and presence of SRB. (Error bars represent standard deviations).



Potentiodynamic Polarization Curve Analysis

Figure 11 shows the potentiodynamic polarization curves of the specimens incubated in the absence and presence of SRB for 14 days. The corresponding electrochemical parameters are shown in Table 4. It is seen that the corrosion current density (icorr) with a value of (1.71 ± 0.86) × 10−5 A cm−2 in the presence of SRB was considerably larger than the icorr value of (1.32 ± 0.46) × 10−6 A cm−2 for the control (Table 4). The value of icorr is directly proportional to the steel corrosion rate (Liu et al., 2015b). Thus, the analysis here suggests that SRB accelerated UDC. In Figure 11, it is seen that both the anodic and cathodic reactions were accelerated in the presence of SRB. This was especially true for the cathodic reaction. The difference of Ecorr with OCP can be due to the change of surface films in the absence and presence of SRB.
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FIGURE 11. Potentiodynamic polarization curves of specimens covered with deposit in the absence and presence of SRB after 14 days of incubation in CO2-saturated simulated formation water.



TABLE 4. Electrochemical parameters fitted from the potentiodynamic polarization data in the absence and presence of SRB after 14 days of incubation.
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Potential and Galvanic Current Distributions of WBE

The changes in the corrosion potential and galvanic current distribution maps of Q235 WBE in the absence of SRB are shown in Figure 12. It is seen that in the first day of incubation, the potentials were between −842 mV vs. SCE and −787 mV vs. SCE (Figure 12A). Electrode 32 (center of the diamond in Figure 12A) had the most negative potential. The potential differences among all the electrodes were the biggest in Figure 12A compared those for other days. In the galvanic current distribution maps (Figure 12B), it is seen that the total anodic area (with positive current reading) was bigger than the total cathodic area, with the biggest anodic current density of 3.82 × 10−6 mA cm−2. After 4 days of incubation, the range of potentials remained in a narrow range surrounding −800 mV (Figures 12C,E,G,I). Furthermore, it is hard to recognize the anodic area from the potential distribution maps after 4 days of inoculation. However, the galvanic current distribution maps indicate that the total anodic area was always bigger than the total cathodic area and most anodic areas shifted with time (Figures 12D,F,G,J). There were exceptions. For example, Electrode 5 corresponded to an obviously anodic dissolution site after 4 days of incubation, indicating localized corrosion. After 14 days of incubation, the anodic current density of electrode 5 is 1.49 × 10−6 mA cm−2. These results indicate that both general corrosion and localized corrosion occurred in UDC in the absence of SRB.
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FIGURE 12. Changes of corrosion potential (A,C,E,G,I) and galvanic current (B,D,F,H,J) distributions of Q235 WBE with incubation time in the absence of SRB in CO2-saturated simulated formation water: (A,B) 1 day; (C,D) 4 days; (E,F) 7 days; (G,H) 10 days, and (E,F) 14 days.



Figure 13 shows the changes of corrosion potential and galvanic current distribution of Q235 WBE with incubation time in the presence of SRB. It is seen that in the first day of incubation, the potentials were between the range of 883 mV vs. SCE and 790 mV vs. SCE (Figure 13A), which is bigger than those for other incubation days. In the galvanic current distribution maps, it is seen that the total anodic area was bigger than the total cathodic area (Figure 13B). The maximum anodic current density of 6.65 × 10−5 mA cm−2 (Figure 13B) in the first day in the presence of SRB was much bigger than that for the control (Figure 12B), which indicated that SRB have contributed considerably to corrosion in the initial 1 day. With the increase of incubation time, the potential range in the presence of SRB (Figures 13C,E,G,I) was the biggest on day 7. With the increase of incubation time, the total anodic area decreased quickly. The maximum anodic dissolution current density site occurred at electrode 39 with a maximum value of 1.0 × 10−6 mA cm−2 on day 7 (Figure 13F). It was four orders of magnitude higher than that of the control (Figure 12F). This indicates that SRB significantly promoted localized UDC. The maximum anodic current density decreased after 7 days of incubation (Figures 13H,J), and the anodic areas also changed with time.
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FIGURE 13. Changes of corrosion potential (A,C,E,G,I) and galvanic current (B,D,F,H,J) distributions of Q235 WBE with incubation time in the presence of SRB in CO2-saturated simulations formation water: (A,B) 1 day, (C,D) 4 days, (E,F) 7 days, (G,H) 10 days, and (E,F) 14 days.





DISCUSSION

Corrosion Behavior in the Absence of SRB

The weight loss result (Figure 4) indicated a light UDC of the control specimen. The SEM image (Figure 2a) of the corrosion product film and EIS analysis results (Figures 8A,B) indicated the formation of a protective film. Such a film can inhibit further corrosion (Liu et al., 2016a). XRD results (Figure 5A) indicated that the corrosion products were mainly composed of CaCO3, FePO4, FeOOH with a little FeCO3. FePO4 and FeOOH could be the result of oxidation of (Fe)3(PO4)2 and Fe(OH)2 during the specimen preparation process before the XRD analysis. In the anaerobic CO2-saturated simulated formation water, the anodic and cathodic reactions of carbon steel corrosion can be described below (Nešić, 2007; Tang et al., 2017):

Anodic reaction:
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Cathodic reactions:

[image: image]

[image: image]

[image: image]

CaCO3, (Fe)3(PO4)2 and Fe(OH)2 could be attributed to the following reactions:
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Once a dense CaCO3 film forms on a steel surface, the iron dissolution rate slows down. Galvanic current distribution maps of WBE (Figure 12) showed lower anodic current densities compared with those in the presence of SRB that resulted in the disappearance of the dense corrosion product film. Usually, FeCO3 film passivates a carbon steel surface in CO2 corrosion. But in this case, there was not much corrosion in the absence of SRB, so there was not much FeCO3 in the corrosion product film. The larger total anodic area compared to the total cathodic care shown in Figure 12 indicates general corrosion. Furthermore, some local areas (e.g., electrode 5) had a much higher anodic current density, suggesting to localized corrosion, which was observed from the corrosion morphology in Figure 6. Localized corrosion is often found in UDC (Vera et al., 2012; Pandarinathan et al., 2013b). Han et al. (2013) found that the pitting corrosion under sand coming from the galvanic effect. In this paper, the galvanic effect was detected by WBE. Clay also can influence the corrosion process because it is involved in the mass transfer of corrosion products (Jeannin et al., 2010).

Corrosion Behavior in the Presence of SRB

Many previous reports have verified that SRB can considerably accelerate steel corrosion, especially localized corrosion (Enning and Garrelfs, 2014; Li H. et al., 2016). In this work, both the general corrosion and localized corrosion were considerably enhanced by SRB based on weight loss (Figure 4) and corrosion morphology (Figures 6a,b). These indicated that SRB promoted UDC. SRB corrosion under deposit is different from that without deposit. Deposit on a steel surface is a mass transfer barrier for nutrients such as organic carbon (Usher et al., 2014), because of the tortuosity of the deposit layer (Batmanghelich et al., 2017). This means that the sessile SRB cells under deposit only can get limited nutrients. Some previous reports have demonstrated that SRB are more corrosive when they are starved of organic carbons because they switch to Fe0 as an energy source instead (Xu and Gu, 2014; Beese-Vasbender et al., 2015; Chen et al., 2015). This could be a key reason that the serious pitting corrosion was observed in the presence of SRB in this work (Figure 6a).

SRB corrosion is an electrochemical process (Liu et al., 2015a). Potentiodynamic polarization curves (Figure 11) indicated that SRB promoted both anodic and cathodic reactions, thus considerably accelerating corrosion. The anodic reaction is the dissolve of Fe0, and the cathodic reaction is reduction of sulfate as shown below (Zhang et al., 2015):

Cathodic reaction:
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This means that the reduction rate of sulfate catalyzed by SRB contributed to the overall cathodic reaction process. Potential and galvanic current distribution maps of WBE (Figure 13) indicated that galvanic corrosion under deposit in the presence of SRB promoted the localized corrosion. The maximum anodic current density appeared on day 7, and then decreased with time gradually (Figure 13). The growth curve of SRB in a previous report indicated (Liu et al., 2015b) that SRB cell mass reached a maximum value after 7 days of incubation, then it started to decline. This suggests that the galvanic corrosion under deposit was related to the SRB activity.

Extracellular electron transfer for SRB corrosion has been verified by some previous reports (Deng et al., 2015; Li et al., 2015). This means that SRB can also indirectly obtain electrons from Fe0, thus enhancing steel corrosion. FeS, the typical corrosion products of SRB, also can transfer electrons duo its higher electroconductibility. The distribution of sessile SRB cells is heterogeneous (Dong et al., 2011b), which means that some SRB cells can directly attach on steel surface while some in biofilm are away from steel surface. The results of potential and galvanic current distribution maps of WBE (Figures 12, 13) indicated that SRB considerably accelerated the galvanic corrosion. It is very difficult for sessile SRB cells attached on steel surface capture sulfate due to the hindering of biofilm and deposit. So, the electrons directly obtained from Fe0 by SRB can transfer to the other SRB which can capture sulfate more easily through extracellular electron transfer. These means that the sessile SRB cells with different locations in biofilm have a synergistic effect accelerating galvanic corrosion. And SRB activity will decrease with the increase of incubation time, thus causing the decrease of galvanic current density (Figure 13).



CONCLUSION

Both the general corrosion and localized corrosion of the control specimen under deposit were light in the absence of SRB. From the weight loss results, steel corrosion in the presence of SRB was approximately 6 times of that for the control. The maximum pit depth in the presence of SRB was approximately 7.7 times of that for the control. The formation of a dense corrosion product film on the control specimen surface was responsible for the light corrosion. In the presence of SRB, the corrosion products were mainly composed of FeS and Fe(OH)2. They did not form a dense protective film. Potentiodynamic polarization curves indicated that both the anodic and cathodic reactions were accelerated in the presence of SRB, thus accelerated corrosion. WBE measurements results indicated that the galvanic effect in the presence of SRB promoted the localized corrosion under deposit. After 7 days of incubation, the anodic current density decreased gradually, which coincided with the declined of sessile SRB activity.
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A Corrigendum on
 Microbiologically Influenced Corrosion of Carbon Steel Beneath a Deposit in CO2-saturated Formation Water Containing Desulfotomaculum nigrificans

by Liu, H., Meng, G., Li, W., Gu, T., and Liu, H. (2019). Front. Microbiol. 10:1298. doi: 10.3389/fmicb.2019.01298



In the original article, there was a mistake in Figure 12 as published. Figures 12A–H are the same as Figures 13A–H. The correct Figure 12 appears below.
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FIGURE 12. Changes of corrosion potential (A,C,E,G,I) and galvanic current (B,D,F,H,J) distributions of Q235 WBE with incubation time in the absence of SRB in CO2-saturated simulated formation water: (A,B) 1 day; (C,D) 4 days; (E,F) 7 days; (G,H) 10 days and (E,F) 14 days.



The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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In this research, the corrosion behavior of printed circuit boards with an immersion silver layer (PCB-ImAg) exposed to Bacillus cereus bacteria in Luria-Bertani broth was investigated. The growth test demonstrated that B. cereus had a high copper tolerance. Analysis of surface and cross-sectional view of the samples after immersion test indicated that metabolites produced by B. cereus accelerated the microporous corrosion of PCB-ImAg, and the biofilm that adhered to the surface led to oxygen concentration corrosion. Electrochemical impedance spectroscopy tests confirmed that the microbiologically influenced corrosion of PCB-ImAg was related to the biofilm formation and metabolism.
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INTRODUCTION

Microorganisms exist widely in the ocean, soil, and many other environmental systems and grow rapidly when conditions are appropriate (Gu et al., 2019). The surfaces of metallic materials exposed to these environments may rapidly become colonized with microorganisms, resulting in complicated corrosion problems known as microbiologically influenced corrosion (MIC) (Xu and Gu, 2014; Xu et al., 2016; Li et al., 2018). MIC is estimated to account for ∼20% of all corrosion losses, which amount to over 60 billion US dollars each year in China alone (Flemming, 1996; Hou et al., 2017; Huang et al., 2018).

Bacillus cereus is a species of bacillus that can enter dormancy by forming spores and withstand adverse conditions, such as high temperature, ultraviolet radiation, and lack of nutrients, and is therefore highly tenacious in poor environments (Nakamura and Silver, 1994; Nourbakhsh et al., 2002; Siddiqui et al., 2005; Shivaji et al., 2006). Novikova et al. (2006) surveyed environmental biocontamination on the International Space Station and isolated a large proportion of Bacillus sp. Recently, the impact of this species on materials in various environmental systems has attracted increasing attention. For example, Juzeliūnas et al. (2005) isolated Bacillus mycoides from Al, Cu, Zn, and steel samples and investigated accelerated MIC in Zn and inhibition in Al. Qu et al. (2015) reported on the corrosion behavior of cold-rolled steel in artificial seawater containing Bacillus subtilis. The strains formed complete biofilms on the surfaces of the samples, which caused the open circuit potential to continuously decrease, and the pH of the broth decreased significantly. MIC by Bacillus megaterium has also been found to accelerate the corrosion process of Al-Cu alloys and damage their mechanical properties (Yousaf et al., 2015). Xu et al. (2013) reported that Bacillus licheniformis grown as nitrate reducing bacteria, caused a 14.5 μm maximum pit depth on C1018 carbon steel because nitrate reduction coupled with iron oxidation is thermodynamically favorable. The bacteria formed a biofilm around the inclusions and caused damage through metabolic activity (Jia et al., 2019).

With the development of the economy, printed circuit boards (PCBs) are also becoming increasingly miniaturized and complicated, causing PCBs to become very sensitive to factors such as humidity and pollutants in the environment. Copper is widely used in electronic components and tends to corrode. PCB-Cu gradually forms soluble CuCl2− in a Cl–-enriched environment, which increases the area of electrolyte layer and accelerates corrosion (Huang et al., 2011). Yi et al. (2016) found that MIC occurred on PCB-Cu exposed in Xishuang Banna. Because there are few pollutants in the local air in Xishuang Banna, the corrosion caused by pollutants and dust is minimal. However, mold spores were found in discolored areas on the samples, and some spores were budding. Immersion silver surface finishing of PCB-Cu is a commonly used method to protect materials from corrosion. Yan et al. (2016, 2017) reported that silver-coated PCB-ImAg had strong resistance to Cl–. However, the silver layer is usually thin owing to high cost, which means that there are defects such as micropores on the surface of the layer (Xiao et al., 2017). The copper base and silver layer can form galvanic pairs when PCB-ImAg is exposed to the atmosphere, which causes the copper base to corrode at micropores (Russo et al., 2002). Moreover, silver is sensitive to pollutants containing S, such as H2S and SO2, and dozens of parts per million of these gasses can cause PCB failure; such concentrations are far below the pollution gas limits required for human health. In environments containing H2S, the growth rate of Ag2S is linear with respect to time (Zou et al., 2013). Gen et al. (2011) found that in a high-humidity environment, creep corrosion occurred on the surface of samples comprising a copper base with a silver layer, and a large amount of whisker-like copper corrosion products appeared on the surface of the samples due to the presence of the layer. In addition, they found a large amount of microorganisms and corrosion products on the surface of PCBs that had been exposed in a clean atmospheric environment.

The authors have also investigated the influence of microbial colonization on PCBs exposed to natural environments. For example, B. siamensis, B. cereus, and B. subtilis have been isolated on PCBs exposed to the tropical rainforest climate in Xishuang Banna; the annual average humidity is 81%, the daytime temperature is generally above 30°C, and the content of S- and N-containing pollutants is very low. These environmental characteristics provide ideal conditions for the growth of microorganisms. In the present study, the corrosion behavior of a silver-plated copper PCB (PCB-ImAg) was investigated in the presence of B. cereus, which was isolated from exposure tests in Xishuang Banna. The exposure tests indicated that silver and copper ions released during the corrosion process of PCB-ImAg did not completely inhibit microbial growth. The tolerance of B. cereus to copper ions and silver ions was confirmed by comparing the growth curves of B. cereus in Luria-Bertani (LB) broth with different CuSO4 concentrations. The corrosion behavior of PCB-ImAg immersed in LB broth with and without B. cereus was investigated using electrochemical impedance spectroscopy (EIS), and the surface morphology was analyzed using confocal laser scanning microscopy (CLSM), field-emission scanning electron microscopy (FESEM), X-ray photoelectron spectroscopy (XPS), and Raman micro-spectroscopy.



MATERIALS AND METHODS


Bacteria and Samples

The strain of B. cereus used for this study was isolated from PCB-ImAg after exposure at the Xishuang Banna test station for 3 months. The strain was cultured in LB agar (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, and 15 g/L agar) at 30°C.

The samples used in the experiment were purchased from Shenzhen Sprint Circuits Co., Ltd. The thickness of the copper base material was 25 μm, and that of the silver layer was 0.38 μm. Prior to testing, the samples were degreased with ethanol before soaking in a 5% (v/v) glutaraldehyde solution for 5 h. Subsequently, the samples were transferred to a sterilized 75% ethanol solution and placed in a sterile operator station. The samples were used within 1 h after sterilization.



Strain Culturing

The B. cereus strain was inoculated into a 150 mL Erlenmeyer flask containing 50 mL sterilized LB broth (10 g/L tryptone, 5 g/L yeast extract, and 10 g/L NaCl; the broth was autoclaved at 121°C for 25 min) at 30°C on a shaker (BSD-TX370, BOXUN, Shanghai) at a speed of 130 rpm for 24 h as a bacterial suspension. The cell concentration was determined using optical microscopy (Axio Lab.A1, Zeiss, Germany), and the concentration determined through hemocytometry was 12.9 × 1010/L.



Growth Curve Measurements


Copper Ion Tolerance of B. cereus

A filtered (0.22 μm) solution of copper sulfate (CuSO4) was added to the LB broth to concentrations of 0, 100, 200, 300, and 400 mg/L.



Silver Ion Tolerance of B. cereus

A filtered (0.22 μm) solution of silver nitrate (AgNO3) was added to the broth (10 g/L tryptone, 5 g/L yeast extract, and 10 g/L NaNO3; the broth was autoclaved at 121°C for 25 min) to concentrations of 0, 25, and 50 mg/L.

The broth was poured into a 100-well plate, with each well containing 200 μL of broth and 2 μL of bacteria suspension. Three parallel samples were employed for each concentration. The growth curve at OD600nm was monitored at 30°C for 15 days using an automatic growth curve analyzer (FP-1100-C, Bioscreen, Finland); measurements were collected every 2 h until the value was stable and then monitored every 12 h thereafter.




Immersion Tests

The samples were inoculated in 150 mL flasks containing 50 mL sterilized LB broth with and without bacteria and cultured in an electric incubator (DHP–9052, YIHENG, Shanghai) at 30°C for a series of immersion times: 3, 6, and 15 days.

On each sampling day, the samples were removed from the broth with and without bacteria, immersed in PBS buffer for 3 min, placed in 2.5% (v/v) glutaraldehyde solution, and stored in the dark at 4°C for 12 h. The samples were rinsed with deionized water three times to remove the majority of the glutaraldehyde solution, dehydrated sequentially with 50, 70, 85, and 90 alcohol solutions (14 min each) and then dehydrated three times in 100% ethanol (15 min each).



Surface Analyses

The surface morphology of the PCB-ImAg after immersion was determined by CLSM (VK-X250K, Keyence, Japan) and FESEM (QUANTA FEG 250, FEI, United States). The characteristics of the samples after immersion were measured using a focused ion beam (FIB, Zeiss, Germany). XPS (SigmaProbe, ThermoFisher, United States) and Raman micro-spectroscopy (CRS, inVia-Reflex, Renishaw, United Kingdom) were performed to determine the composition of the surface immersed in LB with and without B. cereus for 15 days. The XPS was equipped with an Al Kα monochromator and used a step size of 0.05 eV. The Raman spectra of the surface were recorded over 100–2000 cm−1 using laser excitation with a wavelength of 633 nm.



EIS Measurements

EIS tests were conducted using a potentiostat (Reference 600, Camry Instruments Inc., United States) with a three-electrode system comprising a working electrode, a standard calomel electrode (SCE) as the reference electrode, and a platinum foil as the counter electrode. As the working electrodes, the samples were sealed with silicone rubber to create an exposed area of 1.2 cm2. EIS tests were performed at a stable-state open circuit potential (OCP), and the AC voltage was 10 mV at frequencies ranging from 0.01 to 10 kHz. The tests were conducted in the broth with and without B. cereus at 30°C for 15 days. The EIS results were fitted and analyzed with ZSimpWin software.




RESULTS


Bacterial Growth

Over time, the surfaces of the samples of PCB-ImAg can diffuse copper and silver ions; thus, the tolerance of B. cereus to copper and silver ions can be obtained by observing the growth curve of the strain in broths containing the two types of ions.

Figure 1 shows the growth curve of B. cereus with silver and copper ions. For the growth curve of B. cereus with silver ions (Figure 1A), there were three growth phases for B. cereus in the broth containing 25 mg/L AgNO3, namely, the adjustment, log, and stationary phases; concentrations of AgNO3 above 50 mg/L completely inhibited the growth of cells. Compared to the growth curve in the natural broth, the adjustment phase of B. cereus in the broth containing 25 mg/L AgNO3 was extended, and the optical density (OD) values were lower, which means that B. cereus has a certain silver ion tolerance: after a certain period of adaptation, the cells can grow and multiply, but toxic silver ions will affect the growth activity of the cells.
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FIGURE 1. Bacillus cereus growth curves: (A) silver ions, and (B) copper ions.



For the broth containing copper ions (Figure 1B), there were three growth phases for B. cereus in each broth: the lag, log, and stationary phases. In particular, there was no apparent decline until the end of the test because B. cereus can form spores to resist adverse conditions. The B. cereus in the CuSO4-containing broth exhibited a longer lag period than the B. cereus in the broth without CuSO4 to adapt to the new growing environment. After the log period, toxic metabolites accumulated in the broth, and the available nutrients were reduced, resulting in an imbalance in the number of living and dead cells. Thus, a short fluctuation appeared in the curves, and the bacterial growth entered the stable phase. In the broths with 100 and 200 mg/L CuSO4, the OD values of the bacterial suspension were almost the same as that of the control broth. However, in the broths with 300 and 400 mg/L CuSO4, the values were significantly lower. The adjustment period of bacterial growth became longer with increasing CuSO4 concentration, and the time to reach the stationary phase also increased. In the stationary phase, the OD values of the broths containing 100 and 200 mg/L CuSO4 were almost the same, whereas the values of the broths containing 300 and 400 mg/L CuSO4 were significantly lower.



Surface Analysis

Figure 2 shows the macroscopic morphology of PCB-ImAg samples immersed in LB broth with and without B. cereus for 3, 6, and 15 days. In the sterile medium, the sample surface showed a slight color variation during the 15 days of immersion. However, the silver layer was intact. In comparison, the surface morphology of the samples immersed in the inoculated broth exhibited a rapid and significant change within the 15 days of culture. After 3 days of immersion (Figure 2D), although some corrosion spots could be observed on the PCB-ImAg surface, the color of the original silver layer was relatively clearly visible. Figure 2B shows that after 6 days, most of the surface of the sample showed a considerably increased corrosion circle; the center of the circle was black, indicating that the silver layer in the area had corroded. After 15 days of immersion (Figure 2C), the corrosion circle further developed into a large area, and the area inside the circle showed a green color, which indicated that the vast majority of copper corrosion products accumulated on the material surface. Most surface areas were yellowish brown, which means that the silver layer coating on the sample was incomplete.
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FIGURE 2. Macroscopic morphology determined using CLSM on the sample surface: (A–C) immersed in the broth without B. cereus for 3, 6, and 15 days and (D–F) immersed in the broth with B. cereus for 3, 6, and 15 days.



The corrosion morphology of PCB-ImAg immersed in sterile and inoculated broths was further investigated by SEM (Figure 3). After immersion without bacteria for 3 and 6 days, the samples have relatively smooth and intact surfaces. Figure 3C shows that the surface was covered with some particles and became slightly rough after sample immersion in the sterile broth for 15 days. In the inoculated broth, the PCB-ImAg surface exhibited circular corrosion spots after 3 days of immersion (Figure 3D), which agreed with the optical images (Figure 2D). After the strains were cultured in the broth for 3 days, there was a certain concentration of metabolites in the broth, which accelerated microporous corrosion. Spores accumulated in the center of individual corrosion circles and nearby. During this period, the bacteria gathered into a cluster to adapt to the external environment. After immersion for 6 days (Figure 3E), a high concentration of cells had aggregated on the surface of the sample and formed a mature biofilm. The shape of the cells was rod-like, indicating that the cells were adapted to the test conditions and had developed from spores to vegetative cells. At same time, the bacteria in the biofilm possessed greater toxicity resistance (Gen et al., 2011). Therefore, the B. cereus cells began to rapidly propagate after the formation of the biofilm. Figure 3F shows the surface topography of a sample after being immersed in the inoculated broth for 15 days. The surface of the samples had severely deteriorated, and pits and peeling were observed. There was not only pitting on the surface but also large quantities of corrosion products that accumulated around the pits. A partial enlargement of area C shows spores and broken biofilm scattered on the surface of pits, which indicated that the cells had been attached here and formed a mature biofilm. After 15 days, there was a lack of nutrition, large amounts of toxic metabolites accumulated, and more copper and silver ions diffused in the broth, causing some cells to stop metabolizing and to form dormant spores.
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FIGURE 3. Microstructure determined via FESEM on sample surface: (A–C) immersed in the broth without B. cereus for 3, 6, and 15 days and (D–F) immersed in the broth with B. cereus for 3, 6, and 15 days.



Figure 4 shows the scanning results for areas A and B in Figure 3. In the sterile broth (Figure 4A), the silver content at the sample surface was much higher than the copper content, indicating that the silver layer remained intact and that the base copper was well protected. Figure 4B shows the energy dispersive X-ray spectroscopy (EDS) results for the corrosion pit on the sample immersed in the inoculated broth. The silver content in this area was much lower than the copper content, and the oxygen concentration was relatively high, indicating that the main component in the area may be copper oxide. The peak for phosphorous is also visible, which could be caused by the presence of the bacterial cells and their metabolites.
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FIGURE 4. EDS results from the sample after immersion in the broth without (A) and with (B) B. cereus for 15 days.



Figure 5 shows a cross-sectional view of the dotted line shown in Figure 3F. As indicated, the value of Ag:Cu in area D was 16.64:26.21 according to the EDS result, which means that the silver layer partially remained on the sample surface. However, this view shows obvious pits and cracks under the surface, indicating a large loss of the base copper and silver, which led to the collapsed surface morphology. According to the results from elemental distribution mapping of the selected area, the Ag content was lower than the Cu content, indicating that the silver layer had almost completely dissolved in this area. The O content was slightly lower on the surface of defects than on the outside of pits (Figure 4B). Combined with the previous analysis, the adherence of the biofilm and elevated metabolism led to corrosion acceleration in areas where bacteria adhered.
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FIGURE 5. FIB image and element mapping of the damaged area of the sample after immersion in the broth with B. cereus for 15 days: (A) FIB, (B) Cu, (C) Ag, and (D) O.



Figure 6 shows the Ag 3d5/2 XPS spectra of the green area of PCB-ImAg immersed in broth with and without B. cereus for 15 days. The maximum point on the peaks represents the content of the corrosion products. For the sterile broth, the Ag 3d spectrum exhibits two peak components. Peak 1 appears at 368.16 eV and consists of pure silver (Ag), AgCl, and AgO (Qian et al., 2019). Peak 2, located at 368.26 eV, may be attributed to pure silver (Ag) (Hammond et al., 1975). This peak disappeared after 15 days of immersion in the inoculated broth, indicating that the silver layer was severely damaged.
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FIGURE 6. XPS spectra of the sample after immersed in the broth without (A) and with (B) B. cereus for 15 days.



Figure 7 shows the Raman spectra obtained from the green area of samples after 15 days of immersion with and without B. cereus. The intensity of samples after immersion with B. cereus for 15 days was higher, indicating that there were more corrosion products in the presence of bacteria than in the control. In the lower wavenumber region, the samples exhibited the same main bands at 142, 525, 613, and 1356 cm−1. The bands at 525 and 625 cm−1 indicated the existence of Cu2O (Kosec et al., 2015). The bands at 142 cm−1 were assigned to the OCuO bending mode (Frost, 2003). The presence of CuO was validated by the broad doublet from 525 to 635 cm−1 (Chan et al., 1999; Xu et al., 1999). The band at 1356 cm−1 indicated the presence of Cu2Cl(OH)3 and CuCl2⋅2H2O (Frost, 2003). However, the band at 217 cm−1 was only observed in the control samples and was probably from Cu2O (Kosec et al., 2015). The band at 274 cm−1 was observed only in the samples after immersion with B. cereus. According to a previous study (Berger, 1976), this band could be assigned to copper sulfate pentahydrate (CuSO4⋅5H2O), which is formed by sulfur-containing metabolites. The Raman spectra indicated that the main corrosion products from the samples after immersion were Cu2O and CuO. However, owing to the effects of B. cereus, the products of the sample immersed in the broth with B. cereus also contained CuSO4⋅5H2O.
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FIGURE 7. EIS of the samples after immersion in the broth without (A) and with (B) the B. cereus.



Figure 8 shows the Nyquist diagrams of PCB-ImAg immersed in broth with and without B. cereus for different times. In both cases, the spectra have two time constants. In the presence of B. cereus, the size of the capacitance arc increased in the first 5 days of immersion and decreased after 7 days. The result of samples immersed with B. cereus showed that as the test time progressed, the formation of the biofilm and corrosion products followed a dynamic process.
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FIGURE 8. Raman spectra of samples after immersion in the broth with the B. cereus for 15 days.



Figure 9 shows the model used for the spectra after immersion with and without cells considering any defects on the surface. The related parameters are presented in Table 1. The variable Rs is the solution resistance; Rf is the resistance of the film; Rct is the charge transfer resistance, representing the reaction rate of the base; and CPE-f and CPE-dl are parameters for the film and the double layer of the film electrolyte interface, respectively. A constant phase element (CPE) is often used instead of a capacitance to account for the non-ideal capacitance response due to the almost complete absence of pure capacitance in actual electrochemical processes (Mansfeld et al., 1993). Table 1 lists the corresponding parameters for both cases; the values for Rs are low because all of the broths used in the tests contained NaCl. For the sterile broth, the values of Rct continued to increase during the test. Because microporous corrosion occurred slowly, corrosion products migrated through and blocked the micropores (Qian et al., 2018). For 15 days, some corrosion products covered the surfaces of the samples and accumulated on the surface, so that the film prevented the reaction of the base copper. Rf and Rct for the samples immersed in B. cereus broth were much higher than those of the control sample, and the values first increased and then decreased. The variable Rf describes the film formation on the surface of the sample. This film formation process is complex, comprising the dynamic generation of biofilms and formation of corrosion products (Xu et al., 2018). Combined with the surface analysis shown in Figures 2–5, we can infer that on the third day, the B. cereus accumulated on the surface increased the value of Rf. After 5 days, the bacteria had grown to form a mature biofilm adhering to the surface and preventing corrosion of the base copper. As the biofilm on the surface aged and broke, Rct and Rf decreased sharply. On the fifteenth day, there were obvious defects on the sample surface. The FIB image shows that the base copper at the silver rupture was directly exposed to the solution, which increased the corrosion rate of the base copper, and corrosion products accumulated on the surface preventing reaction of the base material.
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FIGURE 9. Equivalent circuit used for the EIS of the PCB-ImAg immersed in the broth with and without B. cereus.



TABLE 1. Fitting parameters of EIS of PCB-ImAg after immersed in the broth.
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DISCUSSION

The growth test showed that the strains used in the test have a certain tolerance to silver and copper ions. The bacteria could grow and reproduce in broth containing 25 mg/L AgNO3, and CuSO4 concentrations below 200 mg/L did not obviously affect cell growth in the growth test. This growth characteristic greatly assisted the bacteria to adhere and grow on the surface of PCB-ImAg. It is known that silver ions have strong antibacterial properties (Teitzel and Parsek, 2003). The trace element copper is an essential nutrient in a certain concentration (Santo et al., 2011); however, when that concentration is exceeded, the ions reduce the microbial activity and number. Letelier et al. (2010) reported that the non-specific protein-binding properties of copper ions can increase their pro-oxidant activity when damaging biomolecules. However, a low concentration of copper ions can also increase enzyme activity and protein synthesis, causing cells to have more tightly packed arrays intrinsic to plasma membranes (Prior and Dalton, 1985). Therefore, there is a difference in the tolerance of the bacteria to the two ions. Furthermore, the complexation of metal ions by the organics in solution (Thurman et al., 1989) and the biosorption of heavy metal ions onto B. cereus biomass has previously been reported (Hasan et al., 2016); these effects reduced toxicity due to a decrease in the effective ion concentration in the solution. For example, we have found that when 400 mg/L CuSO4 was added, the concentration of copper ion in LB broth was only 150 mg/L by ICP. Despite this significant reduction in free copper ions, the B. cereus used in this experiment has relatively high copper tolerance compared with the strains reported in other studies. According to Sokhn et al. (2001) and Teitzel and Parsek (2003), 770 ppm copper ions could significantly reduce microbial activity of soil bacteria, and the growth of Pseudomonas aeruginosa was completely inhibited in the broth with 128 ppm copper ions. In an earlier work, Singh et al. (1985) also reported a 98% decrease in the cell viability of Yersinia enterocolitica after 2 days in the presence of 1 mg/L copper.

Surface analysis of the samples indicated that the corrosion behavior of PCB-ImAg with B. cereus is related to the biofilm formation and metabolism. According to a previous study (Zou et al., 2013), PCB-ImAg has good protection against Cl–; thus, in the sterile broth, only slight corrosion occurred on the surface of the material after immersion for 15 days, and the silver layer was intact, protecting the base copper. The silver layer was very thin, and there were defects, such as micropores, on the surface of the sample. Therefore, the copper base was exposed to the broth, which led to microporous corrosion. As shown in Figure 3D, the areas of microporous corrosion were weak points that had more copper corrosion products, a thinner silver layer, and less toxicity and favored further growth of the strain. When the strains formed mature biofilms, the large amount of oxygen consumed by cellular respiration led to different oxygen concentrations inside and outside of the biofilm, causing oxygen concentration corrosion. Additionally, the large amount of metabolites accelerated microporous corrosion and creep corrosion. This result was confirmed by the differences in O content in distinct areas, as shown in the EDS results.

The results of XPS and Raman analyses show different compositions of the compounds in both cases. In the bacterial broth, the corrosion products contained copper oxides and chlorides; CuSO4⋅5H2O was present on the surface of the sample. In addition, elemental Ag was not clearly apparent in the peaks (Figure 6B), indicating that the silver layer in the area had been damaged.

Biofilm formation and metabolic activity are closely related according to EIS results. In the sterile broth, as the immersion time increased, the corrosion process of samples was slow and a dense silver layer protected the base copper by hindering further corrosion of the base. Moreover, corrosion products that blocked micropores on the surface could also retard copper base reaction. The changes in the EIS results for the bacterial broth were caused by interactions between the PCB-ImAg and bacterial metabolism. At the beginning of the test, microporous corrosion was accelerated by bacteria, and corrosion products contained dense Cu2O (Figure 7; Strandberg, 1998), which caused the values of Rct to be higher than that of control at the same time. With the adsorption of the mature biofilm, corresponding sharp increases were observed in Rf and Rct. In addition, high concentration of metabolites under the biofilm continued to corrode the copper base (Xu et al., 2017). After the biofilm broke down, the copper base exposure to the broth aggravated galvanic corrosion and caused further consumption of the copper base. Moreover, the thick film of copper corrosion products covered on the surface increased Rct slightly.

PCB-ImAg is usually used in atmospheric environment, the composition of which is quite complex and variable and may include H2S, SO2, HCl, particulates, etc. To study atmospheric corrosion, simplified solutions were typically used simulating only the ionic compositions and concentrations. These solutions, however, are not suitable to study the MIC of PCB due to the lack of sufficient organic nutrients to support the bacterial growth. Under such considerations, LB broth was used as test medium in this study to allow bacteria to grow and reproduce, so the corrosion acceleration of the PCB-ImAg also be amplified and the authors could observe the interaction between the materials and the bacteria could be more clearly investigated. The results of the sterile control indicated the organic ingredients in LB broth did not present significant corrosiveness to the PCB as only slight corrosion had occurred on the PCB surface. Therefore, the rapid deterioration of the PCB surface in B. cereus inoculated medium was closely related to the life activities of the bacteria.

Nevertheless, a noteworthy limitation in this study was the use of much more concentrated organic nutrients than the actual atmospheric environment may contain. In this sense, future works will explore the uses of culture media that can more closely simulate the atmospheric environments. For example, a more realistic culture medium could be obtained by analyzing the composition of the thin electrolyte film formed bacteria-grown specimens exposed under real atmosphere. The simulated solution may also be supplemented with varied concentration of organic nutrients to further understand their roles in the MIC of PCBs. Interestingly, previous studies (Qian et al., 2018; Gu et al., 2019) have found that microbes starved with organic nutrients may more aggressively corrode metals via extracellular electron transfer using metals as electron donors.



CONCLUSION

The results from all the tests showed that the PCB-ImAg samples were unable to resist attacks from B. cereus in an aerobic medium. The following conclusions can be drawn from the results:

(1) B. cereus has a high copper tolerance and a certain silver tolerance, as 400 mg/L of copper sulfate cannot completely inhibit its growth.

(2) In the LB broth, MIC caused by B. cereus was the result of several factors. The biofilm of B. cereus promotes microporous corrosion possibly by producing metabolites. Simultaneously, the biofilm that adhered to the surface probably led to an oxygen concentration cell, and metabolites accelerated the microporous corrosion.

(3) The EIS data show that B. cereus promotes corrosion of the base copper, leading to a very thick layer of corrosion products accumulating on the surface. This result was demonstrated in the spectra, in which all the Rf and Rct values were higher than those in the sterile broth.
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The tungsten–microbial interactions and microbial bioprocessing of tungsten ores, which are still underexplored, are the focus of the current study. Here we show that the biotransformation of tungsten mineral scheelite performed by the extreme thermoacidophile Metallosphaera sedula leads to the breakage of scheelite structure and subsequent tungsten solubilization. Total soluble tungsten is significantly higher in cultures containing M. sedula grown on scheelite than the abiotic control, indicating active bioleaching. Advanced analytical electron microscopy was used in order to achieve nanoscale resolution ultrastructural studies of M. sedula grown on tungsten bearing scheelite. In particular, we describe that M. sedula mediated the biotransformation of scheelite, which was accompanied by the release of tungsten into solution and tungsten biomineralization of the cell surface. Furthermore, we observed intracellular incorporation of redox heterogenous Mn- and Fe-containing nano-clusters. Our results highlight unique metallophilic life in hostile environments extending the knowledge of tungsten biogeochemistry. Based on these findings biohydrometallurgical processing of tungsten ores can be further explored. Importantly, biogenic tungsten carbide-like nanolayers described herein are potential targets for developing nanomaterial biotechnology.
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INTRODUCTION

A great variety of evolutionally diversified metallophilic microorganisms are equipped with unique capabilities and fascinating metabolic routes for manipulating minerals and dissolving them to access useful metals. The nature of the mineral–microbe interface, where electron and mass transfer processes arise, is a key element in the understanding of the transition of geochemistry to biochemistry. Consideration of the application of tungsten ores bioprocessing is restricted by the lack of research into tungsten–microbial interactions. Tungsten (W) is the only metal from the third transition series, which is shown to occur in biomolecules, where it is used in a few species of bacteria and methanogenic and hyperthermophilic archaea as an essential element, constitutive, and functional part of tungstopterin cofactor (Chan et al., 1995; Kletzin, 1996; Andreesen and Makdessi, 2008). Microbial assimilation of tungsten has been proposed in hydrothermal environments, where high concentrations of tungsten might be connected with metabolic activity of hyperthermophilic archaea (Holden and Adams, 2003). The recently shown passive tungstate biosorption by living or inactivated microbial cells has been suggested as an efficient strategy for tungsten recovery and recycling from aquatic systems (Malekzadeh et al., 2007; Takashi et al., 2013, 2016; Ogi et al., 2016). Hard, rare metal tungsten, with its extraordinary properties and the highest melting point of all metals is indispensible in modern high-tech industry. The currently used hydrometallurgical or pyrometallurgical processes enable the breakage of the tungsten–oxygen bond and release of the associated tungsten; however, the bioprocessing of tungsten bearing materials is not yet established.

The extreme thermoacidophile Metallosphaera sedula is a metal mobilizing archaeon, which thrives in hot acid (optimal growth at 73°C and pH 2.0) and utilizes energy from the oxidation of reduced inorganic sources, respiring aerobically on metals, molecular hydrogen, and reduced inorganic sulfur compounds (Huber et al., 1989; Auernik and Kelly, 2010; Wheaton et al., 2016; Kölbl et al., 2017). Up to now, the biooxidation capacity of M. sedula has merely been proposed as a procedure in the processing of sulfide and uranium ores (Auernik and Kelly, 2010; Mukherjee et al., 2012), but here we show that metal mobilizing archaeon M. sedula can grow on the non-sulfide tungsten ore scheelite. The elevated levels of tungsten mobilized from scheelite were detected in cultures of M. sedula, suggesting the mineral dissolution. To gain a close look into tungsten mineral–microbial interface during scheelite biotransformation performed by M. sedula, an integrative interdisciplinary approach, coupling analytical electron microscopy, analytical spectroscopy, wet chemistry, and microbiology, was applied. Here we report on the M. sedula-associated nanolayers of tungsten carbide-like material deposited over the microbial cell surface and we present its physicochemical characterization.



MATERIALS AND METHODS

Strain, Media Composition and Cultivation Setup

Metallosphaera sedula (DSMZ 5348) cultures were grown aerobically in DSMZ88 Sulfolobus medium (initial pH of 2.0 with 10 N H2SO4 without further adjustments) as described previously (Kölbl et al., 2017). For chemolithoautotrophic growth cultures were supplemented with 10 g/liter scheelite mineral (average particle size 1 mm). Scheelite mineral concentrate containing impurities of Mn and Fe oxides (0.2 and 19.0% w/w, correspondingly) originated from the Serido Scheelite Province (Curais Novos, Rio Grande do Norte, Brazil) and was provided by Wolfram Bergbau und Hütten AG (St. Martin i.S., Austria). Scheelite was temperature sterilized at 180°C in a heating chamber for a minimum of 24 h prior to autoclavation at 121°C for 20 min. Abiotic controls consisting of uninoculated culture media supplemented with sterilized scheelite were included in all experiments. Growth of cells was monitored by phase contrast/epifluorescence microscopy and metal release. To visualize wiggling cells on solid particles, a modified DAPI (4′-6′-diamidino-2-phenylindole) staining was used (Huber et al., 1985); afterward the cells were observed and recorded with ProgRes® MF cool camera (Jenoptik) mounted on Nikon eclipse 50i microscope, equipped with F36-500 Bandpass Filterset (ex, 377/50 nm; em, 447/60 nm).

Metal Analysis

To determine the extracellular concentrations of metal ions mobilized from scheelite, culture samples were clarified by centrifugation. Samples of the resulting supernatants were filtered (0.44 μm pore size) and analyzed by inductively coupled plasma-optical emission spectrometer (ICP-OES) Perkin Elmer Optima 5300 DV. All reported values are averages from triplicate samples.

Wavelength Dispersive X-Ray Fluorescence Analysis (WD-XRF)

Scheelite was analyzed using Wavelength dispersive X-ray fluorescence (WD-XRF) spectrometer Zetium PW 5400, Panalytical and SuperQ-program. The evaluation of the measuring data was done using Uniquant program and thereby the chemical composition was ascertained. In parallel the loss of ignition of the sample was determined at 1000°C.

Scanning Electron Microscopy With Energy Dispersive Spectroscopy (SEM/EDS)

Cultures of M. sedula autotrophically grown on scheelite were harvested after 21 days of cultivation, spread evenly on glass plates (Ø 7 cm, VWR International), and dehydrated within 30 days under oxic conditions at room temperature. Abiotic controls consisting of uninoculated culture media were included in all the experiments. The morphology of the dehydrated cells of M. sedula was examined with a Zeiss Supra 55 VP scanning electron microscopy (SEM) as described previously (Kölbl et al., 2017).

Focused Ion Beam (FIB) Sample Preparation

Sample preparation for transmission electron microscopy (TEM) has been performed by focused ion beam (FIB) sputtering using a FEI Quanta 3D FEG instrument, equipped with an electron column hosting a field-emission electron source (Schottky emitter) and an ion column hosting a Ga-liquid metal ion source (LMIS). Sputtering progress has been monitored by electron beam (EB) induced secondary electron (SE) imaging at EB settings of 5 keV accelerating voltage, using standard mode spot number 3.5 and a 30 μm SEM aperture as probe current settings (yielding approximately 15 pA probe current). Before sputtering, a Pt layer (length × width × height = 8 × 3 × 3 μm) was deposited onto the cells of M. sedula by applying FIB Pt deposition at 16 kV IB acceleration voltage and 50 pA IB current for 5 min at the start, and continued after increasing IB current to 150 pA. The deposited nanocrystalline Pt served as protection layer during subsequent preparation steps. Using 30 kV FIB accelerating voltage and 7 nA IB current regular cross sections have been sputtered at both sides of the Pt top layer while the beam incidence was perpendicular to the substrate surface. All sections were performed with IB scanning directed toward the TEM foil, which represented the end point of each sputtering step. Before foil extraction from the sample, two cleaning cross sections have been sputtered at each side of the foil using 30 kV IB accelerating voltage, and IB currents of 5 and 1 nA, respectively. The 3-μm thick foil has been transferred to an Omniprobe Cu TEM grid using an Omniprobe 100.7 micromanipulator for in situ lift-out. The sample has been temporarily mounted to a W-needle, and finally attached to the Cu TEM grid by Pt deposition at IB 30 kV and an IB probe current 100 pA. After the foil transfer to the TEM grid, several final thinning steps by cleaning cross sections have been performed alternately at both foil surfaces using successively lower IB probe current (300, 100, 50, and 10 pA) at successively smaller IB incidence angles (±1.5°, 1.2°, and 1°, respectively). The beam incidence direction therefore was close to parallel to the foil plane. Between each sputtering step the stage has been rotated by 180° in order to monitor the foil surface during sputtering and in order to achieve a perfectly central cut through the cells by reaching the maximum cell diameters. SE image contrast between the Pt top layer (higher signal intensity) and the cells (lower signal intensity) allowed monitoring the sputtering sites and the cells behavior during sputtering. Only a window area of the foil was completely finally thinned, whereas marginal parts of the foil had been left thicker to form a stabilizing frame. As the scheelite-substrate of the cells behaved significantly weaker than the Pt top layer and the cells, a hole was generated in the substrate below the cells during the last final thinning steps. The obtained thinned foil area has finally been thinned to 55–65 nm thickness measured at the Pt top layer, but was slightly thinner in areas below the Pt top layer. The FIB preparation procedure led to the reduction of the maximum cell diameters, while Pt-deposition caused some flattening of the initially spheroidal cells. On the other hand, a slight off-center position of the cell cross-section could also lead to a reduction in the cross-section area of the cells.

TEM Imaging and EDS Investigations

High resolution STEM investigations were performed on a probe corrected FEI Titan G2 60–300 (S/TEM) microscope with an X-FEG Schottky field-emission electron source operated at 300 kV (current of 150 pA, beam diameter of 1 Å). The microscope is equipped with a FEI Super-X detector (Chemi-STEM technology), consisting of four separate silicon drift detectors and a Dual EELS – Gatan Imaging Filter (GIF) Quantum. High Angular Annular Dark Field (HAADF) and Annular Dark Field (ADF) detectors were used to acquire micrographs. Conventional and analytical TEM was performed using a FEI Tecnai F20 microscope operated at 200 kV under cryo conditions. The microscope is suited with a Schottky emitter, a monochromator, a post-column high resolution GIF and a Si(Li) X-ray detector with ultrathin window. Energy filtered transmission electron microscopy (EFTEM), scanning transmission electron microscopy (STEM) and analytical spectroscopy by using electron energy loss (EELS) and dispersive X-ray (EDS) were carried out for different areas of M. sedula cells. For each area jump ratio images of the following elements: W, P, S, C, N, Mn, and Fe as well as EELS and EDS spectra from representative nano-particles on the cell surface and inside the cells have been acquired. EDS spectra were recorded in STEM mode, with a specimen diameter of about 1 nm. The images and spectra were processed with Gatan’s Digital Micrograph being corrected for dark current and gain variations. Element quantification for both EELS and EDS spectra was performed by using the k-factor method (Hofer, 1991; Hofer and Kothleitner, 1993; Albu et al., 2016).



RESULTS AND DISCUSSION

Biotransformation of the Tungsten Mineral Scheelite (CaWO4)

Metallosphaera sedula was aerobically cultivated on a calcium tungstate mineral scheelite at 73°C with CO2 supplementation (Figure 1A, Supplementary Figure S1, and Supplementary Video S1). Scheelite has a vitreous to adamantine luster, the mineral’s Mohs hardness of 4.5–5; specific gravity of 5.9–6.1; and tetragonal crystal system (Anthony et al., 1990). The chemical composition of scheelite used in the study was examined by point analysis of nanometer scale particles using STEM-EDS technique. Representative images and corresponding EDS spectra are shown on Figure 2, indicating that CaWO4 contained impurities of iron and traces of other elements, e.g., Mn, Zr, Se, Ti, and Mo (Figures 2B,D). Furthermore, evaluation of bulk elemental composition of scheelite used in the study was performed by WD-XRF analysis (Table 1). WD-XRF technique showed W, Fe, Ca, Ti, and Si as major elements and Al, Mn, Zr, Mo, Na, Mg, P, S, Cl, K, V, Cr, Mn, Co, Cu, Zn Ga, Se, Sr, Y, Sn, Ba, Pb, and Bi as trace elements (Table 1). M. sedula was capable of lithoautotrophic growth on scheelite as the sole energy source (Figure 1A, Supplementary Figure S1, and Supplementary Video S1). Figure 1A shows the growth curves of M. sedula exposed to scheelite, reaching cell densities in excess of 10 × 108 cells/mL. A wiggling of the scheelite-colonizing cells of M. sedula was observed and recorded after visualization by epifluorescence microscopy (Supplementary Video S1). Together with pilus-like structures, these typical wiggling activities along the metal ore have been previously described for M. sedula grown on iron-and sulfur-bearing mineral substrates (Huber et al., 1989). We further examined the interaction of cells with the mineral particles and bioleaching capacities of M. sedula grown on scheelite. After 21 days of CO2-supplemented cultivation on scheelite, the growth medium (leachate solution) was analyzed for metal content. Analysis of metal elements mobilized from scheelite was performed using Inductively coupled plasmon resonance spectroscopy coupled to optical emission spectroscopy (ICP-OES). At 21 days postinoculation, ICP-OES analysis showed elevated levels of released W (Figure 3A) and Mn (Figure 3B) along with a moderate increase of Ca (Figure 3C) in cultures of M. sedula. Total soluble W and Mn were significantly higher in cultures containing M. sedula grown on scheelite than the corresponding abiotic controls, indicating bioleaching process (Figures 3A,B). Additionally, a decrease of the Fe level was observed in leachate solution when compared to the corresponding abiotic control (Figure 3D), which can be possibly attributed to the formation of insoluble Fe-rich precipitates (e.g., iron oxyhydroxides) and/or microbial consumption of Fe. Studies with SEM showed that M. sedula colonizes scheelite, indicating cell attachment to the mineral surface. Images of attached cells of M. sedula on scheelite surfaces are shown in Figures 1B–D (for abiotic scheelite surface see Supplementary Figure S2), suggesting the “contact” mechanism of microbial-mediated mineral biotransformation, which implies that mineral dissolution occurs at the interface between cell wall and the mineral surface (Rohwerder et al., 2003). The cells with budding vesicles occurred in this case as well, along with precipitated nanoglobules attached to the surface of M. sedula cells (Figure 1D). Along with scheelite-attached cells, the planktonic cells of M. sedula were, as well, clearly observed.


[image: image]

FIGURE 1. Biotransformation of the tungsten mineral scheelite (CaWO4) by M. sedula. (A) Growth curves of autotrophic cultures of M. sedula cultivated at 73°C on scheelite. Biological replicates are indicated in green, red, and blue colors. (B) Scanning electron microscopy (SEM) image showing cells of M. sedula colonizing the surface of scheelite. (C,D) Higher magnification SEM images showing attached single cells of M. sedula. Points and error bars show the mean and error-represented standard deviation, respectively, of n = 3 biological replicates. If not visible, error bars are smaller than symbols.
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FIGURE 2. Scanning transmission electron microscopy-energy-dispersive X-ray spectroscopy (STEM-EDS) point analysis of the chemical composition of scheelite used in the study. Representative STEM images (A,C) and corresponding EDS spectra (B,D) are shown, indicating that CaWO4 contained impurities of iron and traces of other elements.



TABLE 1. Wavelength dispersive X-ray fluorescence analysis (WD-XRF) of scheelite used in the study.
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FIGURE 3. Scheelite bioleaching by M. sedula. (A–D) ICP-OES analysis of released metal ions in supernatant of M. sedula cultures. Samples were taken from cultures of M. sedula and corresponding abiotic controls (abio). Total soluble metals are represented as log10 values (mg/liter), measured as a function of hours postinoculation. Points and error bars show the mean and error-represented standard deviation, respectively, of n = 3 biological replicates. If not visible, error bars are smaller than symbols. Legends represent metal ion measured.



Elemental Ultrastructural Analysis of Scheelite-Grown Cells of M. sedula

To improve our understanding of microbial-mediated scheelite dissolution, the surface of scheelite-grown M. sedula was examined with SEM coupled with Energy Dispersive Spectroscopy (SEM/EDS) analysis. Inorganic ions relieved in course of scheelite biotransformation tend to accumulate on the surface of M. sedula cells, forming mineral phase precipitates on its surface-layer (S-layer). Various mineral precipitates were reported earlier on the S-layer of other biomineralizing extremophilic archaea and bacteria (Orange et al., 2011, 2014; Oggerin et al., 2013; Sánchez-Román et al., 2015; Kish et al., 2016). The EDS spectrum of mineralized cells of M. sedula displayed strong dominated W peak along with less intensive peaks of O, C, and N. Distinguishable signals for S were detected in the cells as well (Figures 4A–C and Supplementary Figure S3). To further characterize microbial–mineral interface, we performed ultrastructural analysis of cells of M. sedula grown on scheelite. The mineralized cells of M. sedula grown on scheelite represented a kind of hard and brittle biological material that is difficult to cut with a diamond knife in conventional ultramicrotome procedures. Therefore, in order to overcome this limiting factor, a Focused Ion Beam (FIB-SEM) was applied to prepare foil samples for the analysis at high resolution (see Supplementary Figure S4). Further elemental ultrastructural analysis enabled us to verify the content and localization of metals in M. sedula (Figures 4D–G). The following observations were made by using energy-dispersive X-ray spectroscopy (EDS) analysis performed in STEM mode: (1) the elemental maps showed abundant W content on the cell surface of M. sedula; (2) W was selectively deposited on the cell surface massively encrusting M. sedula cells; (3) carbon and oxygen were evenly represented giving strong intracellular signals which likely arose from organic content (e.g., proteins and carbohydrates) present in M. sedula cells; (4) N signal was more pronounced in the area of membrane localization; (5) weak signals of S were detected in the close proximity to the inner part of cell envelope. These observations are in agreement with our microscopy SEM-EDS results, which also indicated W, O, C, N, and S content in M. sedula cells (Figures 4B,C).
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FIGURE 4. Elemental ultrastructural analysis of scheelite-grown cells of M. sedula. (A) SEM image showing cells of M. sedula deposited over scheelite surface. (B,C) Corresponding EDS spectra taken in regions marked in panel (A). Au peaks in EDS spectra are due to sample coating with an Au layer; full length EDS spectra are represented in Supplementary Figure S3. (D) Scanning transmission electron microscopy (STEM) image of a cell fragment of M. sedula used for energy-filtered transmission electron microscopy (EFTEM) analysis. (E–G) Corresponding tungsten (W), oxygen (O), sulfur (S), nitrogen (N) and carbon (C) elemental maps. W-post-edge energy filtered at 36 eV is represented delivering the best image contrast.



Tungsten Deposits on the Cell Surface of M. sedula

A tungsten-encrusted layer was formed around the cells of M. sedula (Figures 4D–G, 5). This biomineralized layer was approximately 100 nm thick and it appeared to comprise a randomly deposited assembly of W-bearing globules of variable size, which massively encrust the surface area of the cells of M. sedula (Figure 5). Due to its pronounced thickness and good contrast, the tungsten-containing layer was visible in both the HAADF scanning TEM (STEM) and energy filtered TEM (EFTEM) images (Figures 4–6). The EELS spectra in Figure 6 acquired from the tungsten-encrusted cell surface layer, showed the presence of a carbon K-edge at 284 eV, which is similar to the carbon K-edge of a tungsten carbide (WC) reference in terms of both edge energy position and fine structure features (Figure 6F). Hence, according to our observations, the total amount of mobilized W from scheelite did not only comprise the soluble released W measured by ICP-OES in culture medium of M. sedula (Figure 3A), but also W in biogenic tungsten encrustation of the cell surface (Figures 4D–G, 5, 6A–C).
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FIGURE 5. Fragments of S-layer of cells of M. sedula heavily encrusted with tungsten. (A–D) W post-edge energy filtered transmission electron microscopy (EFTEM) images of different cell fragments of cells of M. sedula grown on scheelite.
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FIGURE 6. Nanoanalytical spectroscopy investigations of M. sedula grown on scheelite. (A) STEM image of the whole cell fragment of M. sedula used for electron energy loss spectra (EELS) analysis. (B) The inset with magnified HAADF-STEM image of tungsten encrusted cell surface of M. sedula depicted in panel (A) and used for EELS measurements. (C) The inset with magnified HAADF-STEM image of intracellular part with nanoparticles depicted in panel (A) and used for EELS measurements. (D,E) Corresponding representative Fe and Mn L2,3-edge core electron energy loss (EEL) spectra acquired from areas depicted with arrows in panel (C). (F) Representative C K-edge EEL spectra acquired from the W-encrusted cell surface layer of M. sedula in areas depicted in panel (B) and tungsten carbide reference. (F) A magnified HAADF-STEM image showing intracellular Mn-, Fe-nanoclusters. (H,I) The particles size distribution plots, representing the size of Mn-, Fe-bearing intracellular nanoclusters shown in panels (C,G).



Furthermore, the S-layer of M. sedula cells was further examined by high-resolution TEM (HR-TEM) performed on thin foils (ca. 60 nm thickness) preliminary produced by FIB milling (Supplementary Figure S4). HR-TEM analysis revealed a crystalline microstructure of tungsten-bearing deposits over the S-layer with lattice parameters closed to different tungsten carbide structures [hexagonal WC: a = 0.28946 nm, b = 0.28946 nm, c = 0.28576416 nm (Page et al., 2008) and trigonal W2C a = 0.5188 nm, b = 0.5188 nm, c = 0.47273 nm (Kurlov and Gusev, 2007)] (Figure 7). Similar tungsten carbide-like structures we have reported previously for M. sedula cells cultivated with another tungsten-bearing material (Milojevic et al., 2019).
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FIGURE 7. High-resolution TEM (HR-TEM) and Fast Fourier Transforms (FFTs) of biogenic tungsten deposits on the cell surface of M. sedula grown on scheelite. (A,C) High-resolution TEM (HR-TEM) images of S-layer fragments of M. sedula cell. (B) Fast Fourier Transform (FFT) acquired from the tungsten crystalline cell surface deposits square-labeled in panel (A). (D–F) FFTs obtained from the tungsten crystalline cell surface deposits square-labeled in panel (1–3, correspondingly) (C).



Detection of Intracellular Mn, Fe-Nanoclusters in Cells of M. sedula Grown on Scheelite

HAADF-STEM imaging of fine intracellular structure, which produces image contrast based on atomic number (Z-contrast), revealed the presence of nanosized particles of Mn and Fe content (Figure 6). The EELS measurements acquired locally (point analysis with a beam diameter of 1 nm) in STEM mode demonstrated that these metal nano-clusters are bearing a mixed valence iron and manganese distribution with the dominant Fe2+ and Mn2+ species (Figures 6D,E). The diameters of the redox heterogenous nanoparticles ranged from 3 to 13 nm, as shown in Figures 6G,F,I, and they were evenly distributed in the cytoplasm of M. sedula (Figure 6C). Iron and manganese represented in mixed valence states in these nanoparticles might offer the metal ions of a suitable redox potential (Fe2+ and Mn2+) which are accessible to M. sedula as energy source. The observed Mn, Fe-bearing intracellular nano-inclusions most likely originate from Mn and Fe trace impurities in scheelite and represent clusters of metal ions with redox potential appropriate for biooxidative metabolic activity of M. sedula. These Fe, Mn-bearing nano-inclusions may provide reduced metallic species (Fe2+ and Mn2+) deposited inside the cell as a storage depot, which can be used by M. sedula to satisfy energy demand for respiration needs. However, at this stage of this analysis, the identification of the actual energy source (or sources) for growth and a correlation of a sufficient quantity of that oxidizable source to support the observed quantity of growth cannot be confirmed. It is possible to propose that the M. sedula mediated biooxidation of iron and manganese destroyed the scheelite structure, leading to the release of W into solution. The cells of M. sedula are enveloped by a highly ordered crystalline proteinaceous S-layer (Veith et al., 2009), enriched with negatively charged carboxyl groups, which are prone to sorption of metal ions (Banfield et al., 2000; Phoenix et al., 2002; Lalonde et al., 2008; Orange et al., 2011; Westall and Cavalazzi, 2011) and are frequently preferential locations for the nucleation of minerals that might subsequently grow upon crystallization (Banfield et al., 2000). A certain portion of W ions released in the leachate solution may tend to interact with the COOH groups on S-layer of the cells of M. sedula, forming structures that closely resemble tungsten carbide-like structures. This in turn leads to the subsequent biomineralization of cell surface of M. sedula and eventually results to its encapsulation with tungsten. The possibility of specific molecular interactions between released W ions and the membrane-associated molecular machinery of M. sedula cannot be ruled out. The genome of M. sedula encodes a specific set of putative tungsten binding and transporting proteins (Msed_1780, Msed_1781, and Msed_1613) (Wheaton et al., 2016). The annotated W transporter Msed_1780 was shown to be upregulated 10- to 20-fold in response to metals shock in a comprehensive transcriptomic analysis published earlier (Wheaton et al., 2016). Additionally, W ions released from scheelite potentially can also be consumed for a biosynthesis of W cofactor-containing enzymes in M. sedula (e.g., formate dehydrogenase subunit alpha Msed_1457) (Wheaton et al., 2016). In this regard, the molecular machinery of M. sedula responsible for tungsten binding, acquisition and assimilation is a topic that deserves more attention and thorough analysis in the future. Our results do not unravel the exact mechanism of the formation of tungsten carbide-like membrane-associated structures, but do indicate that M. sedula forms tungsten-bearing mineralized S-layer via encrusting with tungsten carbide-like compounds. Further advanced synchrotron-assisted spectroscopic studies of the nanoscale interface between scheelite and M. sedula could certainly clarify the redox route of released tungsten. μ-XANES techniques can be used in order to determine the nature of W environment in these biogenic deposits.



CONCLUSION

In conclusion, we have shown the biotransformation of tungsten mineral scheelite by M. sedula accompanied by (1) tungsten solubilization in the leachate solution and (2) biomineralization of M. sedula S-layer with crystalline nanoparticles containing carbide-like tungsten. This phenomenon can be attributed to the highly ordered proteinaceous S-layer of M. sedula which promoted the sorption of the metal ions serving as nucleation centers for crystallization and therefore facilitating the further growth of the nanoparticles. Moreover, the intracellular inclusions of Mn and Fe of redox heterogenous nature can represent a nanometer sized energy storage depot for M. sedula cells. It is possible to propose that the M. sedula mediated biooxidation of iron and manganese destroyed the scheelite structure, leading to the release of W into solution. This part of proposed scenario may constitute a direct mechanism of mineral breakage. In addition to the direct M. sedula mediated biooxidation of metals, the involvement of abiotic factors may very well facilitate the process of tungsten mobilization from scheelite, representing an indirect mechanism of metal solubilization. Abiotic oxidizing attack of Fe3+ on the solid mineral enables the mobilization of metals from the solid matrix. Similarly, the results recently obtained by Wheaton et al. (2019) suggest that both direct and indirect mechanisms contribute to the dissolution of metal oxides and the mobilization of molybdenum and vanadium mediated by M. sedula. Apart from this, dissolution of scheelite under acidic conditions promotes calcium precipitation, which in turn can dissolve solid mineral phase. Most likely, the combination of these two biogenic and abiotic factors results to the observed mobilization of tungsten from the solid mineral matrix of scheelite.

This study provides information concerning the possible role of microorganisms in natural environments enriched with tungsten and corresponding microbial fingerprints, thus helping to unravel the biogeochemistry of tungsten. The findings presented herein will be useful for currently underrepresented and less studied biomining of tungsten ores, where biooxidative dissolution pre-treatment might be useful. Further, biogenic tungsten carbide-like nanostructures described herein represent a potential sustainable nanomaterial obtained by the environmentally friendly microbial-assisted design. These nanoparticles of carbide-like tungsten can find a wide application range from alloys and nanocomposites to corrosion-resistant coatings and hard metals manufacturing (Kear and McCandlish, 1993; Goren-Muginstein et al., 1998; Garcia-Esparza et al., 2013; Kang et al., 2017).
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We used metagenomic sequencing combined with morphological and chemical analyses to investigate microbial taxa and functions related to copper-resistance and microbiologically influenced corrosion in mature copper-associated biofilms in coastal seawater for 44 months. Facultative anaerobic microbes such as Woeseia sp. were found to be the dominant groups on the copper surface. Genes related to stress response and possible heavy metal transport systems, especially RNA polymerase sigma factors (rpoE) and putative ATP-binding cassette (ABC) transport system permease protein (ABC.CD.P) were observed to be highly enriched in copper-associated biofilms, while genes encoding DNA-methyltransferase and RNA polymerase subunit were highly enriched in aluminum-associated biofilms and seawater planktonic cells, respectively. Moreover, copper-associated biofilms harbored abundant copper-resistance genes including cus, cop and pco, as well as abundant genes related to extracellular polymeric substances, indicating the presence of diverse copper-resistance patterns. The proportion of dsr in copper-associated biofilms, key genes related to sulfide production, was as low as that in aluminum biofilm and seawater, which ruled out the possibility of microbial sulfide-induced copper-corrosion under field conditions. These results may fill knowledge gaps about the in situ microbial functions of marine biofilms and their effects on toxic-metal corrosion.
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INTRODUCTION

As a prominent mode of microbial life under various natural environments, biofilm consists of cells surrounded by a self-produced matrix of hydrated extracellular polymeric substances (EPS); these components form the 3D architecture of biofilms and contribute to within-biofilm cohesion and surface adhesion (Flemming and Wingender, 2010). In aquatic habitats such as marine environment, surface-associated biofilms are responsible for biofouling or microbiologically influenced corrosion (MIC) of various marine infrastructures (Little et al., 2008; Briand et al., 2017; Chen and Zhang, 2018). Microbes embedded into EPS in biofilms may initially originate from planktonic microflora and will develop into a differentiated community with intercellular communication and interactions with the substratum (Dang and Lovell, 2015). Analyses on surface-associated biofilms revealed that the composition of marine biofilms varies with the substratum type (Briand et al., 2017; Zhang Y. et al., 2019).

Copper and copper alloys are intensively used in marine environment, such as the distribution and piping systems, heat exchangers, offshore structures (Blunn, 1987; Kirk, 1987). These materials are known as toxic and reduce microbial colonization; copper ions accelerate the production of toxic reactive oxygen species (ROS), leading to DNA, lipid, and protein damage in cells, and directly participate in redox reactions with thiols and disulfides to destroy the biological function of proteins with sensitive S groups (Harrison et al., 2007). Despite this, it does not mean that they completely inhibit microbial colonization of copper-tolerant microbes. A previous study has shown that biofilm formation was slower in copper pipes than in plastic pipes, but no difference in microbial numbers was observed between these two materials after 200 days (Lehtola et al., 2004). This finding occurred possibly because the mature biofilms on copper alloys have successfully developed adaptation strategies to survive in toxic conditions after long-term exposure. However, major gaps still exist in our knowledge on these adaptation mechanisms, especially regarding the microbial structural and functional features of mature copper-resistance biofilms after a long-term exposure in seawater.

Understanding of copper-resistance mechanisms is crucial to explore microbial survival strategies and improve biotechnologies such as bio-mining and bioremediation for the removal toxic copper from environments. Hence, in recent years, copper resistance features of microbial communities exposed to copper- polluted natural environments, such as soil (Andreazza et al., 2010; Nunes et al., 2016), coastal seawater (Corcoll et al., 2019), and atmosphere (Meij and Winkel, 2007), have been the subject of intensive research with emphasis on the influence of dispersive copper ions on planktonic microbes. Metallic surfaces in seawater are also useful systems in studying heavy-metal resistance mechanisms. Marine surface-associated biofilms constitute a bank of hidden microbial diversity with functional genes that adapt to toxic metal surfaces, such as transposase gene playing an important role on microbial adaptation to toxic zinc surfaces (Ding et al., 2019; Zhang W. et al., 2019). Therefore, copper-associated biofilms may also harbor special copper-resistance systems.

Recent studies on copper-related MIC in seawater environments focused mostly on the effects of some specific microbial groups on copper alloys, especially the effects of sulfate-reducing bacteria (SRB) (Mansfeld and Little, 1992; Muyzer and Stams, 2008; Chen et al., 2014; Dou et al., 2018). SRB are anaerobic microorganisms that use sulfate as a terminal electron acceptor to degrade organic compounds, leading to the production of corrosive sulfides (Syrett, 1977; Lee and Characklis, 1994; Muyzer and Stams, 2008; Enning and Garrelfs, 2014). The reactions of copper alloys with SRB-produced sulfides contribute majorly to copper-MIC (Mansfeld and Little, 1992; Chen et al., 2014; Dou et al., 2018). In addition, the influence of EPS on corrosion accounts for its capability of binding copper ions (Little et al., 1996) and destroying protective corrosion-product films (Chen and Zhang, 2018). The above results are accomplished under laboratory conditions with the use of cultivable species for biofilm formation. In a complex natural environment, identifying the roles of different microbes in corrosive reactions, and revealing the complex interactions between various functional microbial groups and between microbial communities and materials are difficult. Hence, in situ field investigations of biofilms on corroded copper alloys are needed to complement the laboratory studies, by metagenomics that provides valuable information about functional microbes and key genes.

Metagenomic sequencing combined with scanning electron microscopy (SEM) plus energy dispersive X-ray spectroscopy (EDS) was performed on copper-associated biofilms after a long-term exposure in coastal seawater to investigate the microbial functions related to copper-resistance as well as to explore the effect of mature biofilms on copper corrosion in natural marine environment. Biofilms formed on the surface of aluminum alloy and planktonic microbes in surrounding seawater were also investigated for comparisons. The results may have implications in the design of antifouling materials, and the development of new antifouling agents that target specific functional microbes and genes. Moreover, this study provides new insights into the copper-related MIC and copper-resistance mechanisms of microorganisms in natural marine environment.



MATERIALS AND METHODS


Sample Collection

Two commonly used metallic alloys in marine environment, namely, copper alloy (T2) and aluminum alloy (1060), were chosen. T2 primarily comprised copper (wt.% Cu 99.9), and 1060 consisted mostly of Al (wt.% Al 99.60) (Supplementary Table S1). These two alloys were washed with sterile ethanol before being exposed to coastal seawater. All plates were placed vertically and fastened in a frame at a depth of 1–1.5 m below the sea level for 44 months. The sampling sites were located in Hongtang Bay (N 18°17′58′′, E 109°15′18′′), Sanya, Hainan Province, China. This area, with an average temperature of 25.1°C and pH value of 8.5, and belongs to the South China Sea where the salinity is the highest among the four inland seas in China.

Biofilm samples on one side of the alloys were collected and placed in aseptic centrifuge tubes using sterile scrapers. Triplicate biofilm samples from each metallic alloys were collected from three independent plates. The other side of the plates was kept intact and transferred into sterile hermetic bags filled with sampled seawater for further morphological and chemical analysis. Seawater (3 L) samples were filtered through sterile cellulose-ester filter membranes with a pore size of 0.22 μm (diameter 25 mm) to concentrate and collect the microbial biomass. All collected biomass samples were placed on ice and immediately transported to the laboratory. The biofilm and membrane samples were stored at −20°C for DNA extraction within 7 days. The alloy plates were stored at 4°C for morphologic observation within 24 h. The biofilms on the surfaces of copper and aluminum alloy were designated as CuB and AlB, respectively. Seawater samples were abbreviated as SW in the following part.



Surface and Component Analysis

The surfaces of the two alloys were gently washed by filter-sterilized seawater to remove unattached microbes after the plates were cut into small pieces (no more than 2 cm2). Afterward, the biofilms were visualized by SEM (ZEISS ULTRA 55, Germany). Sample preparation for SEM observation was as follows: the surfaces were exposed to 3% (w/v) glutaraldehyde buffered with 0.1 mol/l phosphate buffer for 2 h and dehydrated in gradient ethanol solutions (50, 70, 90, and 100%) for 15 min. The plates were then dried to critical point and coated with gold. After SEM investigation, EDS was used to analyze the chemical components of some targeted regions of the surfaces.



DNA Extraction and Metagenomic Sequencing

Genomic DNA of biofilm and seawater samples was extracted with a DNeasy PowerSoil Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s instructions. The triplicate DNA extracts with same volumes were finally pooled to meet the requirement of metagenomic sequencing. DNA purity and concentration were checked using a NanoDrop ND-1000UV-Vis spectrophotometer (NanoDrop Technologies, Wilmington, DE, United States) and Qubit dsDNA assay kit in Qubit 2.0 Flurometer (Life Technologies, Foster City, CA, United States), respectively. Agarose gel (1%) electrophoresis was used to assess the integrity of extracted DNA. Sequencing libraries were constructed using NEBNext UltraTM DNA library prep kit for Illumina (NEB, United States) following the manufacturer’s instructions. The size distribution and concentration of purified products in libraries were determined. After the index-coded samples were clustered according to the manufacturer’s recommendations, the libraries were sequenced on the Illumina HiSeq 2500 platform.



Downstream Data Processing

All metagenomic sequencing reads (raw data) were subjected to Readfq (Version 8.0) to obtain quality-controlled clean data by removing low quality reads (default quality threshold value ≤ 38), the reads containing a certain percentage of N base (default length of 40 bp), and the reads sharing the overlap above a certain portion with adapter (default length of 15 bp). The obtained clean data were then assembled based on the multiple K-mer method (K-mer size values of 49, 55, and 59) using MEGAHIT software (Version 1.0.4-beta) (Qin et al., 2010; Karlsson et al., 2013). The assembled scaffolds were broken from N connection to obtain scaftigs which were then filtered to remove the fragments shorter than 500 bp (Nielsen et al., 2014). Additionally, clean data were mapped to scaftigs of each sample in order to obtain unassembled reads which were then assembled and fragmented to scaftigs again. All obtained scaftigs (≥ 500 bp) were subjected for open reading frame (ORF) prediction to acquire ORFs by MetaGeneMark software (Version 2.10) for further clustering (Karlsson et al., 2013; Li et al., 2014). Clean data were aligned to these gene catalogs using Bowtie (Version 2.24) software. The genes with aligned read number ≤ 2 were removed using CD-HIT software (Version 4.5.8) to obtain the unique genes used for subsequent analysis (Qin et al., 2010). The number of unique genes in each sample was normalized and calculated using transcripts per million reads (TPM) algorithm based on the number of mapped reads and the length of gene to conduct accurate comparisons among different unique genes and among different samples (Qin et al., 2010).

Unique genes were blasted against NCBI-NR (version: 2016-11-15) for taxonomic analyses by using DIAMOND software (Version 0.9.9). For final alignment results of each unigene, lowest common ancestor (LCA) algorithm applied to MEGAN6 software was used to obtain the species annotation results (Huson et al., 2011). After normalization, the relative abundance of an annotated taxonomy was calculated by summing the relative abundance of unique genes annotated to this taxonomy on the basis of LCA annotation and unigene abundance table (Karlsson et al., 2012). To access the accuracy of the taxonomic classification, taxonomic assignments of quality-controlled metagenomic sequencing data to the catalog of marker genes from another mapping tool Metaphlan2 (Truong et al., 2015) were compared.

For functional analyses, the unique genes were blasted against functional databases including Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Version 2018-011) and Carbohydrate-Active Enzymes (CAZy) database (Version 2018-012). The relative abundance of functional genes annotated to KEGG and CAZy database was equal to the sum of the relative abundance of normalized corresponding annotated unigenes. On the basis of functional gene annotation results, unique genes that aligned to Cus, Cop, Pco, and Dsr synthetase gene were retrieved form metagenomes. Taxonomic affiliation of these genes at the genus level was subsequently predicted based on LCA annotation of hits retrieved via blast analysis against NCBI-NR database.



Data Accession

Metagenomic sequencing data were deposited into NCBI sequence read archive (SRA) under Bioproject accession number PRJNA438021, with Biosample number SAMN11664223–11664228.



RESULTS


Biofilm Morphology

Scanning electron microscopy and EDS analyses indicated that copper alloy was corroded and the morphology of the marine biofilm formed on copper alloy differed from that of the biofilm formed on aluminum alloy (Figure 1). The biofilm (∼1 mm thick) on the copper alloy was a slimy green layer, covering dark red corrosion products (Figure 1A). SEM micrographs showed a tight connection between the biofilm and corrosion products on the copper surface (Figure 1B). Rod-shaped microbes existed within the biofilms (Figure 1B). The corrosion product of copper alloy was round with multi-porous structure, and primarily comprised copper, oxygen, and chlorine as determined EDS (Figure 1C) in the present and other marine copper corrosion studies (Pope et al., 2000; Chen et al., 2014). By contrast, aluminum alloy developed a loose and uneven colored film (Figure 1D), in which rod-shaped microbes were distributed individually on the surface rather than gathering together (Figure 1E). EDS analysis indicated that the layer below the loose film consisted primarily of calcium and oxygen (Figure 1F).


[image: image]

FIGURE 1. Visual observation (A,D), SEM images (B,E) and EDS analysis (C,F) of biofilms formed on copper alloy (A–C) and aluminum alloy (D–F) after exposure to coastal seawater for 44 months. The accelerating voltages used for the SEM of copper (B) and aluminum (E) alloy were 5,000 and 15,000 V, respectively. Secondary electron imaging was used for all SEM images. The white arrow indicates rod-shaped microbes. The white rectangle indicates the tightly connected region of biofilm and corrosion product. The red asterisk indicates targeting area for EDS analyses.




Metagenomic Sequencing

As shown in Supplementary Table S2, the metagenomic sequencing of DNA from CuB, AlB, and SW generated 6,629, 6,991, and 6,626 Mb raw data, respectively, which further generated 6,580, 6,882, and 6,565 Mb quality-controlled reads, respectively. The reads above Q30 constituted 93.2, 93.4, 92.0% of those detected in CuB, AlB, and SW samples, respectively. These reads were assembled into 297,836 (CuB), 107,078 (AlB), and 216,353 (SW) scaftigs (≥500 bp) for further gene prediction and analysis. ORF prediction resulted in 489,705 (CuB), 127,817 (AlB), and 322,738 (SW) putative genes. The number of mapped reads at different sequencing depth was shown in Supplementary Figure S1. Rarefication curves of core and pan genes (Supplementary Figure S2) indicated that there were still amount of genes not been captured.



Microbial Structure

As shown in Table 1, bacteria was the dominant domain on the surface of metallic alloys and seawater based on the results of unique gene annotation, consistent with the results obtained from Metaphlan2 analysis (Supplementary Table S3). Sequencing data also revealed the presence of archaea, eukaryotes and even virus on the surface of metallic alloy. The relative abundance of archaea (0.2%), eukaryotes (0.3%), and virus (1%) in CuB was lower than those in AlB and SW. The abundance of eukaryotes in AlB was higher than that in CuB, and even higher than that in SW.


TABLE 1. Relative abundance of microbial kingdom on the metal surfaces and in the seawater based on unique genes assignments to NCBI-NR database.

[image: Table 1]The microbial communities in CuB and SW were dominated by the members of phylum Proteobacteria (42% for CuB, 43% for SW), consistent with the results of Metaphlan2 analysis (Supplementary Table S3). Cyanobacteria (20% for CuB, 7% for SW) was the followed one (Figure 2). For AlB, apart from Proteobacteria (25%) and Cyanobacteria (4%) as the dominant phylum, Chloroflexi accounted for a relatively high proportion (5%). At the genus level (Figure 2), Woeseia (3%) representing Proteobacteria, and Leptolyngbya (3%) representing Cyanobacteria were the top two most abundant bacterial genera in CuB, followed by Pleurocapsa within Cyanobacteria and Hyphomonas within Proteobacteria. Different from the predominant genera in CuB, archaeal Nitrosopumilus belonging to Thaumarchaeota (2%) was the most abundant genus in AlB. This archaeon has the capacity for chemolithotrophic growth through ammonia oxidation (Walker et al., 2010). Despite similarities in microbial community structure at the phylum level, the dominant planktonic genera in SW and the biofilm ones in metallic alloy exhibit some distinctions. In SW, the dominant Proteobacteria-related genus was Candidatus Pelagibacter (SAR11 clade) (10%), followed by Cyanobacteria-related Synechococcus (6%), both of which were ubiquitous genera in marine environments. Diverse virus genera including T4virus (0.0015%) in CuB, Bracovirus (0.0638%) in AlB and Prasinovirus (0.75%) in SW, were identified on metallic surfaces (Supplementary Table S4).
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FIGURE 2. Heatmap of top microbial genera with > 0.5% relative abundance in CuB, AlB, and SW based on unique genes assignments to NCBI-NR database. The X-axis indicates samples and the left Y-axis indicates identified genera. The right column of the Y-axis represents genus-belonging phyla, and the values in brackets indicate the relative abundance of these phyla in CuB, AlB, and SW, respectively. The value of the color scale represents the relative abundance of microbial genera. CuB, copper alloy-associated biofilm; AlB, aluminum alloy-associated biofilm; SW, seawater.




Key Functional Genes

The functional gene profile of the microbial communities on the metallic surface and in seawater was generated by assigning unigenes against the KEGG database. The relative abundance of top 15 identified genes in each sample, which was calculated based on the reads coverage normalized by the total reads number of the metagenomes. The results are shown in Figure 3. Distinct functional genes were observed for the biofilm samples on metallic surfaces and surrounding seawater samples. Top functional genes annotated from biofilms on metallic alloy (KEGG level 3) were related to membrane transportation belong to environmental information processing, and the genes of planktonic populations in seawater were related to purine metabolism within nucleotide metabolism (Supplementary Table S5). The most abundant functional gene sets were RNA polymerase sigma-70 factor-ecoding gene (rpoE) in CuB (0.20%), followed by a putative ABC transport system permease protein (ABC.CD.P) (0.16%). A site-specific DNA-methyltransferase (MTase)-encoding gene dominated the aluminum alloy (0.27%). rpoC, an ubiquitous but essential gene encoding beta subunit of DNA-directed RNA polymerase complexes for catalyzing RNA synthesis, was the most abundant in seawater sample (0.18%).
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FIGURE 3. Heatmap of functional genes assigned with KEGG database in CuB, AlB, and SW. The value of the color scale represents the relative abundance of functional genes. CuB, copper alloy-associated biofilm; AlB, aluminum alloy-associated biofilm; SW, seawater.




Copper Resistance Genes and Microbes

A wide variety of genes related to copper resistance, including membrane protein- encoding genes cusABC, Cu+/Cu2+-exporting ATPase-ecoding genes copAB, copper resistance protein-encoding genes pcoBCD, and copper tolerance two-component regulatory system cusSR (Table 2) were identified in the metagenomes of CuB. The abundance of the above copper-related genes in CuB metagenomes was higher than that in AlB and SW as shown in Table 2.


TABLE 2. Gene count and relative abundance of key functional genes related to copper resistance and sulfide production.

[image: Table 2]The copper-tolerant microbes that possibly contain the above key copper resistance genes in CuB were further explored (Figure 4). In general, most annotated microbes that were predicted to tolerate copper toxicity were affiliated to Proteobacteria (mostly alpha-, delta-, and gamma-Proteobacteria), Bacteroidetes and Cyanobacteria. Woeseia oceani, the most abundant taxa identified in CuB, contained two types of membrane proteins CusA and CusB. Additionally, CopB within the family of heavy metal P1B-type ATPases was present in Woeseia oceani. Other taxa detected at high levels within Proteobacteria were Hyphomonas sp. Mor2 and Myxococcales bacterium SG8, which contained at least one type of cus and cop genes. The results also showed that Flagellimonas sp. DK169 and Muricauda lutaonensis from Bacteroidetes had the potential to tolerate copper ions. The copper-tolerant taxa affiliated to Cyanobacteria, such as Pleurocapsa sp. PCC 7319, Myxosarcina sp. Gl1 and Richelia intracellularis, usually harbored cop genes rather than cus genes to resist copper toxicity.
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FIGURE 4. Possible taxonomic assignments of copper-resistance genes. The value of the color scale represents the relative abundance of taxa identified in copper-associated biofilm. The right part containing green and white tiles shows the presence/absence of copper-resistance genes.




Key Carbohydrate-Active Enzymes

Figure 5 shows the top CAZy enzyme-encoding genes identified in three metagenomes. Glycosyltransferases (responsible for formation of glycosidic bonds) (GT2) family 2-encoding gene were the most abundant gene in CuB, whereas GT4-encoding gene was the most abundant in AlB and SW. Compared with AlB and SW, the following were over-represented in CuB: GT4, GT2, glycoside hydrolase (responsible for the hydrolysis and/or rearrangement of glycosidic bonds) family 13 (GH13), carbohydrate-binding model (CBM) family (responsible for adhesion onto carbohydrates) including CBM50 and CBM48, and auxiliary activities family 1 (AA1; redox enzymes that act in conjunction with other CAZy enzymes).
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FIGURE 5. Bubble plot of functional genes encoding CAZy enzymes with ≥ 0.1% relative abundance in CuB, AlB, and SW. The Y-axis represents samples, and the X-axis represents top enzymes encoded by identified functional genes. GT, glycosyl transferase; GH, glycoside hydrolase; CE, carbohydrate esterase; AA, auxiliary activities; CBM, carbohydrate-binding modules; CuB, copper alloy-associated biofilm; AlB, aluminum alloy-associated biofilm; SW, seawater.




DISCUSSION

The current study provides the first evidence of the genetic potential of copper-resistance and MIC mechanisms in mature biofilms formed on copper surface in natural marine environments.


Taxonomic Composition and Function

This study showed that gram-negative, facultative anaerobic microbes dominated copper-associated biofilms, which may be a feature of mature marine biofilms on copper surface with years of immersion. We have previously reported that lactic acid bacteria Lactobacillus sp. dominated copper surface after 30-month immersion (Zhang Y. et al., 2019), whereas Woeseia sp. dominated after additional immersion in seawater for about 14 months. Woeseia genus comprises gram-negative, facultative anaerobic, oxidase-negative and catalase-positive chemoheterotrophic marine microbes (Du et al., 2016). Microbial structures normally change over time even in these mature biofilms, which are affected by external changing environments such as seasonal changes in nutrient loads (Salta et al., 2013). Although the microbial structure in biofilms is dynamic, these results suggest similarities in these mature biofilms among different ages, namely, facultative anaerobic microorganisms dominating the communities. For instance, both of Lactobacillus sp. previously detected as dominant taxa (Zhang Y. et al., 2019) and Woeseia sp. detected in the present study are facultative anaerobic groups (Das et al., 2016; Du et al., 2016). The facultative respiration mode offers these microbes possibilities to survive under various oxidation–reduction conditions in marine ecosystems. Thus, functional microbial groups with facultative respiration mode can be regarded as typical characteristics of mature copper-biofilms in marine environments.

Microenvironments with various microbial niches in copper-associated biofilms are built by developing a heterogeneous microbial structure. The copper surface is colonized by different types of microbes, such as the facultative anaerobic heterotrophic Woeseia sp. (Du et al., 2016) and the aerobic phototrophic Leptolyngbya sp. (Shimura et al., 2015). Hyphomonas sp. are chemoorganotrophic (Weiner et al., 2000), whereas members of Leptolyngbya and Pleurocapsa are photoautotrophic and can perform oxygenic photosynthesis (Waterbury and Stanier, 1978; Shimura et al., 2015; Joshi et al., 2018). On one hand, the heterogeneous nature of these biofilms helps microbes survive in the toxic environment. On the other hand, microenvironments with different oxidation–reduction conditions in the biofilm may influence corrosion by forming anode and cathode regions on the copper surface (Keevil, 2004).

The presence of Cyanobacteria (20%) and the striking green color of the biofilm (Figure 1) indicate that phototrophic processes may be important for biofilm development on copper alloy surface. Given the strong ability of coping with changing environments contributed by great metabolic stress responses and physiological active–dormant–active transitions, cyanobacteria often act as pioneers in colonizing bare surfaces (Rossi and Philippis, 2015). The phototrophic activity of Cyanobacteria provide energy and carbon sources from light energy and CO2 fixation for themselves, as well as support the growth of other surface colonizers by secreting massive EPS (Rossi and Philippis, 2015). These EPS can further be degraded and be a carbon source for heterotrophic microorganisms associated with the Cyanobacteria (Wong et al., 2015, 2018; Bernstein et al., 2017). Interestingly, the development of copper-associated biofilm is associated with phototrophs, which require more future work to confirm their relationship.

Our results showed that rpoE and ABC.CD.P that were highly enriched in copper alloy biofilms were also highly enriched in zinc-associated marine biofilms (Ding et al., 2019). By contrast, these two gene sets were in low abundance on aluminum alloy surfaces and seawater (Figure 3). rpoE gene, as an important stress-response gene, encodes a significant component of RNA polymerase required for the expression of proteins involved in maintaining the integrity of periplasmic and outer-membrane components (Heimann, 2002). The rpoE encoding sigma factor has been proven to be required for full resistance to Zn2+ and Cu2+ by increasing transcriptome flexibility and producing outer membrane proteins (Egler et al., 2005), therefore it may play significant roles in resisting copper toxicity in copper-associated biofilms. Copper ions, on the other hand, are also vital life element for microbial metabolism due to the redox properties: the copper ions involved in some enzymes help cells to defend against oxidative damage and also serve as electron carriers by alternating between the redox states Cu+ and Cu2+ (Magnani and Solioz, 2007). Thus another gene related to copper uptake, ABC.CD.P, was observed at a high abundance in copper-associated biofilm. This gene encodes ABC transporter permease protein, which relies on periplasmic solute-binding receptors or lipoproteins to recognize and deliver metal ions including zinc and copper ions to the transmembrane transport machinery (Dintilhac et al., 1997; Janulczyk et al., 1999; Claverys, 2001). The high abundance of rpoE for stress response and ABC.CD.P for possible copper transport may be induced by the high concentration of copper ions in complicated biofilm and in turn help the microbes adjust to heavy-metal stress under field conditions. The dominant taxa identified in copper biofilm, Woeseia sp. and the cyanobacteria members including Leptolyngbya sp. and Pleurocapsa sp., are responsible for these abundant genes based on function and taxonomic analyses. Together with the report of their high abundance in zinc-associated biofilms in marine environments (Ding et al., 2019), this study further confirmed that these two genes played roles in coping with heavy metal stress.



Copper-Resistance Features

Copper is a vital life element yet inflicts cell damage. Thus, tight control of copper is a cellular necessity, especially under high-copper conditions. Based on KEGG annotation results, except rpoE for copper response and ABC.CD.P for copper import, microbial communities on the copper surface cope with copper toxicity through efflux pump systems to export toxic copper ions out of cells. This system, identified in the current study, contained two types of efflux pumps to keep the intracellular copper low (Table 2). One type is the ATPase membrane pump that consumes ATP to export copper ions, including CopA and CopB, which encode Cu+-exporting ATPase and Cu2+-exporting ATPase (Mana-Capelli et al., 2003), respectively. The other efflux pumps are chemiosmotic membrane pumps involving CusABC. CusABC is an enzyme complex that crosses the inner, periplasmic, and outer membrane to bring Cu+ out of the cell while taking protons into the cell (Franke et al., 2003). As regulators of CusABC pumps, CusS–CusR two-component systems were also present to up-regulate cusABC genes under increased toxic-copper concentrations (Affandi and McEvoy, 2019). In addition to the abovementioned efflux systems, the plasmid-encoded gene pcoBCD contained in metagenomes further strengthens the copper-resistance ability by detoxifying copper in the periplasm (Rensing and Grass, 2003).

As expected, the functional species capable of tolerating toxic copper ions dominate the microbiota in copper-affiliated biofilms. Among the dominant taxa, Woeseia oceani is found to be possibly affiliated with copper resistance for the first time. The copper-tolerating microbes also show great diversity within Proteobacteria (primarily referring to alpha-, delta-, and gamma-Proteobacteria), Bacteroidetes and Cyanobacteria (Figure 4). Interestingly, the abundant copper-tolerating species within Proteobacteria and Bacteroidetes (e.g., Woeseia oceani) generally possess both cus and cop encoded pumps, whereas Cyanobacteria species contain only cop encoded pumps. This finding is consistent with a recent study showing that cop-encoded pumps rather than cus-encoded pumps are present in Cyanobacteria (Giner-Lamia et al., 2016).

Notably, oxygen availability in copper-associated biofilms may be associated with copper-resistance mechanisms. One of the biochemical pathways for exerting copper toxicity is through accelerating ROS production, which are by-products of Fenton-type reactions under aerobic environments and lead to DNA, lipid, and protein damage (Stohs and Bagchi, 1995). In the aerobic areas of copper-associated biofilm, Cu+ is oxidized into Cu2+. This means that microbes like cyanobacteria in the outer part of biofilm with high oxygen availability, may be sensitive to Cu2+ due to increased ROS production. Cop-efflux systems are primarily used to resist Cu2+ in these areas. In the anaerobic part of biofilm, copper toxicity occurs through the destruction of the biological function of proteins by Cu+ reactions with sulfur groups in proteins (Harrison et al., 2007). The Cus system identified here, usually worked as an essential Cu+ transporter under anaerobic conditions but not essential under aerobic conditions (Outten et al., 2001), is a necessary survival strategy for microbes like Woeseia oceani to resist copper in the areas with low oxygen availability.



EPS and Carbohydrate-Active Enzymes

Extracellular polymeric substances are complex structural components of the biofilms, which include lipopolysaccharides, glycolipids, lipids, proteins, or peptides and nucleic acids (Decho, 2000). The CAZy family produced by microbes in biofilms, taking part in the synthesis and degradation progress of EPS, helps heterotrophic microbes in biofilm obtain carbon sources (Yin et al., 2012). In the present study, some typical genes such as GT2 and GT4-encoding genes were more abundant in CuB than in AlB and SW. GT2 enzymes may be involved in the formation of various polysaccharides including cellulose, chitin, beta-mannan, and alginate. Moreover, GT4 enzymes perform the function of synthesis of sucrose or trehalose (Kadnikov et al., 2013). The identification of high-abundance of genes encoding GT2 and GT4 indicates their potential roles in constructing EPS by producing polysaccharides to form smooth biofilms on copper surface. In addition to GTases, GHases such as GH13 that can degrade polysaccharides with alpha-1, 4-glycosidic bonds into available carbon sources for microbes in biofilms have also identified (Figure 5). Therefore, these surface-associated microbial systems can provide extracellular organic carbon source for microorganisms identified here and in previous studies through EPS synthesis and degradation (Wong et al., 2015, 2018; Bernstein et al., 2017), including Proteobacteria and Cyanobacteria.

The EPS-related genes enriched on copper surface in the present study are also observed in other natural microbial systems exposed to high copper levels, such as microbial mats formed in hypersaline aquatic environments (Wong et al., 2018) and biofilms formed in copper plumbing systems (Keevil, 2004). This finding may be explained by the fact that copper stress in biofilms induces a protective response of microbes through the EPS production (Booth et al., 2011). EPS of biofilms protects cells from copper ions adsorbing to the cell wall by blocking phosphoryl groups that would bind the copper ions (Gonzalez et al., 2010), and by chelating copper ions within EPS (Harrison et al., 2005). Consequently, the entry of copper ions into the cells is prevented. Compared with copper-associated biofilm, the film formed on aluminum alloy seemed more like monolayer rather than biofilm based on the distribution patterns of individual cells and low EPS-related genes. The calcium carbonate deposits identified on the surface of aluminum alloy would negatively influence EPS production and biofilm formation (López-Moreno et al., 2014). From this aspect, higher EPS production may be a feature of copper-associated biofilm in marine environments.



Biofilm-Related MIC of Copper Alloy

As shown in most reported studies on the MIC of copper alloys in artificial seawater, microbiologically produced sulfides (produced mostly by SRB) elicit the most attention and are regarded as the primary cause of MIC (Mansfeld and Little, 1992; Gouda et al., 1993; Chen et al., 2014). However, dsrA and dsrB, key functional genes encoding sulfite reductase that participate in the last step of dissimilatory sulfate reduction to generate sulfides, were found in very low abundance on corroded copper surface even at the same order of magnitude as aluminum alloy and seawater (Table 2). Commonly studied SRB groups were also absent. Together with the non-detection of metal sulfide on copper surface by EDS analysis (Figure 1C), we suggest that the MIC of copper caused by SRB produced sulfide has been overstated in the past. Conversely, the identification of an unclassified uncultured bacterium with both dsr and copper resistance gene cusA in CuB suggests that uncultured bacteria may also be a potential threat causing copper corrosion and thus requires consideration.

Based on the above results, we inferred that the MIC of copper alloys (T2) may be accelerated mostly by the heterogeneity of biofilms attributed to the heterogeneous microbial structure, as well as by the binding capacity for ions and the destruction of EPS protective films in natural marine environments. On one hand, heterogeneous microbial structure primarily formed by aerobic and facultative anaerobic microbes leads to the creation of oxygen gradients due to oxygen/nutrient consumption and pH gradient formation (Picioreanu and van Loosdrecht, 2002). Thus, corrosion zones containing cathodic and anodic areas induced by different concentrations of dissolved oxygen (DO) appear in the biofilms, where metallic copper is oxidized to copper ions in anodic areas (low DO concentrations) and dissolved oxygen is reduced in cathodic areas (high DO concentrations) (Vargas et al., 2017). The non-detection of key hydrogen cycling genes including hydrogenase (ech) and dehydrogenase (coo) encoding genes suggests that microbes in copper-associated biofilms fail to accelerate cathodic reactions by consuming hydrogen, which is usually observed in SRB-mediated steel corrosion (Lee and Characklis, 1993; Angell et al., 1995). On the other hand, higher production of EPS in biofilms leads to the destruction of protective copper-oxide film, thereby promoting corrosion (Chen and Zhang, 2018). EPS can also stimulate the anodic dissolution of metallic copper by chelating copper ions (Little et al., 1996). These conceptual explanations may provide guidance to substantial studies on copper corrosion.



CONCLUSION

Metagenomic analysis suggests that marine surface-associated biofilms formed on the copper-alloy surfaces possess a more distinct microbial and functional gene composition compared with those formed on aluminum alloy and planktonic microflora. Facultative anaerobic microbes that can resist toxic cupric ions dominate mature copper-associated biofilms with years of formation. This study is the first to show that the two predominant functional genes identified in copper-associated biofilms, stress response rpoE gene and possible copper-transporter ABC.CD.P gene, are significant to microbial communities in natural formed biofilms to control heavy metal homeostasis. These two genes coexist with cus and cop-encoding copper-efflux systems, implying that the mature biofilms have the great genetic potential to tolerate copper ions. Diverse and overrepresented CAZy-encoding genes are also special characteristics of copper-associated biofilm. These genes influence the synthesis and degradation of EPS and further affect biofilm heterogeneity and copper-resistance ability. Therefore, copper alloy surfaces immersed in natural seawater may be significant sources of new functional potential and vital environments to explore heavy metal resistance mechanisms.

The present study further shows that field studies on marine biofilms formed on corroded materials using omics-approaches can complement laboratory investigations on MIC caused by a single species or its biofilms. SRB-produced sulfide does not significantly contribute to copper-related MIC in natural marine environments, suggesting that future laboratory studies on copper-MIC should focus more on microbial heterogeneity and EPS. It is also noteworthy that the reliability of conclusions made by metagenomic sequencing is positively related to the number of samples. Hence, to further understand copper resistance and MIC mechanisms, more biofilm samples collected from various types of copper alloys and sea areas with different environmental parameters are needed in the future.
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The introduction of Acidithiobacillus thiooxidans A01 strengthens the positive interactions between physiologically distinct microorganisms and enhances the bioleaching ability of the consortium. However, the effect of introducing an exogenous strain, A. thiooxidans A01 on the structure and function of the adsorbed and planktonic microbial consortia during bioleaching of low-grade copper sulfide remains unclear. In this study, A. thiooxidans A01 was introduced into an indigenous leaching microbial community on the 0th (group B), 24th (group C), and 36th day (group D). Results revealed that the copper leaching efficiency was highest in group D, in which the Cu2+ concentration in the solution reached 251.5 mg/L on day 48, which was 18.5% higher than that of the control (group A, no addition of A. thiooxidans A01). Restriction fragment length polymorphism (RFLP) analysis of the microbial community in group D revealed the presence of Leptospirillum ferriphilum, Acidithiobacillus ferrooxidans, Acidithiobacillus caldus, Sulfobacillus sp., Acidiphilium spp., and Acidithiobacillus albertensis before introduction of A. thiooxidans A01 on the 36th or 48th day; however, A. albertensis was absent on day 48 in group A. Further, the proportion of dominant A. caldus, L. ferriphilum, and A. ferrooxidans became altered. The results of real-time PCR in group D showed that A. thiooxidans A01 was primarily adsorbed on the surface of the ore, with the adsorption reaching the maxima on day 42; while the free A. thiooxidans A01 in solution grew slowly, reaching its maximum concentration on day 45. Compared with that in the control group, the abundance of both free and attached A. caldus and Sulfobacillus sp. decreased following the introduction of A. thiooxidans A01, while that of L ferriphilum, A. ferrooxidans, and Acidiphilium sp. increased. Functional gene arrays data indicated that the abundance of genes involved in sulfide and iron oxidation in L. ferriphilum and A. ferrooxidans, as well as that of the metal (loid) resistance genes of A. ferrooxidans, L. ferriphilum, and Acidiphilium sp. increased, while the abundance of genes involved in sulfur metabolism in A. caldus and Sulfolobus spp. decreased. Taken together, these results provide useful information for application of bioleaching of copper sulfide in industry.

Keywords: Acidithiobacillus thiooxidans A01, planktonic microbes, adsorbed microbes, functional gene arrays, bioleaching


INTRODUCTION

Surface water and groundwater are often polluted in the process of mineral exploitation, primarily because sulfide dissolution leads to production of acidic water. These wastewaters often contain high concentration of elements such as copper, zinc, iron, sulfur, and arsenic, and thus called acid mine drainage (AMD). Many extremely eosinophilic microorganisms have been isolated from such acidic environments (Baker and Banfield, 2003; Akcil and Koldas, 2006; Cheng et al., 2009; Marchevsky et al., 2015). Among these microorganisms, different types of interactions such as competition, predation, mutualism, and synergy, have been described (Johnson, 1998). However, many studies have indicated that mixed cultures containing a variety of microorganisms tend to be more robust and more efficient in oxidizing sulfide minerals due to their extensive interactions (Akcil et al., 2007; Zhang et al., 2008; Deng et al., 2017). Further, the ecological function of the microbial community was often associated with its structure and diversity. On the one hand, the unique original microbial compositions may lead to distinct bioleaching efficiencies (Bacelar-Nicolau and Johnson, 1999; Zhang et al., 2007). However, on the other hand, many environmental factors, such as temperature and pH, may result in changes within the community structure and diversity during the bioleaching process (Davis-Belmar et al., 2012), subsequently resulting in varied dissolution rates at different stages (Mukherjee et al., 2004; Demergasso et al., 2005; Johnson, 2008).

In recent years, the continuous development of genome tools has promoted further analysis of microorganisms in complex environments. To study the structure and function of microbial community, functional gene arrays (FGAs), also termed the GeoChip, have been developed and proven to be a useful genomic technology for the thorough investigation of environmental and bioleaching processes (Mukherjea, 1971; Rodrìguez et al., 2003; Schadt et al., 2004; Yin et al., 2007; He et al., 2008, 2011, 2012). In our previous study (Liu et al., 2011b), we artificially constructed multiple co-culture systems of indigenous leaching microbial communities; introduced different types of leaching bacteria in different growth periods of indigenous communities; and studied the introduction mechanism at the gene, cell, and community levels. However, we encountered certain limitations. Firstly, the selected indigenous leaching microbial community was an artificial co-culture system. Generally, natural indigenous leaching microbial communities have a more stable structure and higher diversity (Demergasso et al., 2005; Huang et al., 2018). Secondly, the selected mineral was high purity pyrite not chalcopyrite. Chalcopyrite (CuFeS2) accounts for ∼70% of the Earth’s copper and is one of the most wide-spread copper sulfide minerals (Lu et al., 2016). However, the Cu extraction from chalcopyrite through acid leaching is an extremely time-consuming process with low efficiency (Ma et al., 2017). Therefore, it has greater practical significance and value to study introduction mechanisms in the leaching system of low-grade chalcopyrite with indigenous leaching microbial communities.

A leaching system comprises planktonic and adsorbed bacteria (Chen et al., 2017). However, studies on microbial ecology in leaching systems have primarily focused on planktonic microorganisms in leaching solutions, with little knowledge of the microbial ecology of mineral surface adsorption (Klocke et al., 2007; Nkulu et al., 2015). According to previous studies (Sand and Gehrke, 2006; Chen et al., 2008), the metal ion and organic matter content on the mineral surface during the bioleaching process is much higher than that in the leaching solution; indicating that the growth environment of microorganisms on the mineral surface may be quite different from that in the leaching solution. Moreover, the optimal introduction period can differ with the stage of the planktonic microbial community growth period. Therefore, it is of great significance to study the dynamic changes occurring within the community structure and functional genes in the two different growth environments, while also defining the optimal introduction period.

In this study, we selected natural microbial communities as indigenous microbial communities (Liu et al., 2011a). In the low-grade copper sulfide bioleaching system, A. thiooxidans A01 was introduced during the stable growth of planktonic and adsorbed microbial communities. Real-time polymerase chain reaction (RT-PCR), restriction fragment length polymorphism (RFLP), and FGAs were used to identify the indigenous populations before and after A. thiooxidans A01 introduction. The results underscore the complexity of the bioleaching processes and provide a novel approach to enhance the bioleaching efficiency of an indigenous consortium that may be useful in the bioleaching of low-grade copper sulfide.



MATERIALS AND METHODS


Microorganism Preparation

The microbial consortium used herein has been described in our previous study (Liu et al., 2011b). In brief, the acclimation experiments consisted of an equal mixture of several AMD samples from different copper ores; these experiments were carried out in 0K basal medium containing 0.5% chalcopyrite. The indigenous consortium was obtained in this study after successive subculturing of five generations, with one generation developing every 60 days. A. thiooxidans A01 strain (FJ154526), an important member of genus Acidithiobacillus, was isolated from the AMD of the Dexing copper mine, China. This organism is an obligate sulfur oxidizer with strong sulfur-oxidizing properties; however, it is unable to utilize ferrous iron as an energy source (Yin et al., 2014). A. thiooxidans A01 was also acclimated for five generations in 0K medium containing 0.5% chalcopyrite to adapt the bioleaching system of chalcopyrite before commencing the bioleaching study. The strain was cultivated with elemental sulfur as the sole energy source at pH 2.0, 30°C, and 170 rpm, and subcultured every 2 weeks. The adapted A. thiooxidans A01 was used as the exogenous strain in this study. The 0K basal medium (g/L) is composed of (NH4)2SO4 (3), K2HPO4 (0.5), KCl (0.1), Ca(NO3)2 (0.01), and MgSO4⋅7H2O (0.5).



Mineral Components

The low-grade chalcopyrite used in this bioleaching experiment was obtained from Heilongjiang Province, China. The mineral sample was ground and sieved to obtain a particle size <75 μm. The chemical compositions of copper sulfide ore were analyzed by X-ray fluorescence (XRF), and the result indicated that the contents of Cu, Mo, CaO, and MgO were 0.51, 0.011, 4.63, and 1.29%, respectively. The contents of Ag and Au were 12 and 0.2 g/t, respectively. Mineral phases of copper in low-grade copper sulfide ore were determined by wet chemical analysis according to “DZG20.01-1991” (petromineralogy analysis) (Chun et al., 2016), and the results showed that this copper sulfide presented in the form of primary copper sulfide (74.5%), secondary copper sulfide (23.5%), free copper oxide (1.18%), and combined copper oxide (0.78%). The total content of metallic minerals was 5.71%, and the main metallic minerals included digenite and chalcopyrite, among which the total content of digenite was 0.78% and that of chalcopyrite was 4.85%. From the perspective of gangue minerals, it was mainly quartz, with a total content of 54.2%, including 36.1% alum and 12.5% other mineral elements.



Bioleaching Experiments

The bioleaching experiments were conducted in 250 mL shake flasks containing 100 mL of autoclaved 0K basal medium with 5% (w/v) ultraviolet-sterilized chalcopyrite sample at 170 rpm for 48 days. The experiment included two parts.

Part I sought to determine the most effective introduction period. The cultivated indigenous consortium and A. thiooxidans A01 were, respectively, centrifuged at 10,000 rpm/min for 5 min, and the cell pellet was inoculated into medium at a final cell density of 107 cell/mL. A. thiooxidans A01 was introduced into the indigenous consortium on days 0, 24, and 36, respectively (groups B, C, and D). Flasks without the introduction of A. thiooxidans A01 were used as a control (group A) and uninoculated flasks were used as abiotic controls. The introduction time was determined according to the 48 days of pre-experiment, in which the concentration of microorganisms adsorbed on the ore surface reached the maximum on the 24th day, while the concentration of microorganisms in solution reached the maximum on the 36th day (data not shown). During the bioleaching experiment, the temperature was adjusted every 8 h, and the circulating temperature was 25, 35, and 45°C, respectively. The circulating temperature was applied since the optimum growth temperature of microorganisms was diverse; hence, varied temperatures may allow the growth of a relatively rich microbial community. In the first 3 days of bioleaching, the pH was daily adjusted to 2.0 using hydrochloric acid and was no longer adjusted once a stable pH was maintained. Samples were withdrawn every 6 days to determine the concentration of copper and ferrous iron in the solution. The evaporated water and sampling loss were supplemented with sterilized distilled water periodically. All experiments were performed in triplicate.

Part II: Based on the experimental results from part I, introduction of A. thiooxidans A01 on the 36th day was identified as the most effective introduction period (group D). To analyze the cause for the improved bioleaching efficiency, we determined the microbial community structure, population dynamics, and community functional gene abundance before and after the introduction of A. thiooxidans A01 on the 36th day. A total of 39 flasks were inoculated with indigenous consortium (group A), 18 of which were introduced with A. thiooxidans A01 on day 36 (group D) as described in part I. The DNA from adsorbed and planktonic bacteria in groups A and D were extracted separately on days 38, 40, 42, 45, and 48. Concurrently, the total microbial DNA (including adsorbed and planktonic microorganisms) was extracted from group A on day 36 (before the introduction of A. thiooxidans A01) and from groups A and D on day 48 at the end of the bioleaching process. DNA samples from pure A. thiooxidans A01 were also extracted. All experiments were performed in triplicate with three flasks per sampling point. The pH and oxidation-redox potential (ORP) of group A and group D were also determined on days 6, 12, 18, 24, 30, 36, 38, 40, 42, 45, and 48.



Analytical Techniques

Planktonic bacteria were enumerated by direct counting using a Neubauer chamber hemocytometer. Copper and ferrous iron concentration in solution were determined by inductively coupled plasma-atomic emission spectrometry [ICP-AES: Baird Plasma Spetrovate PS-6 (N+1)] and o-phenanthroline spectrophotometric method, respectively. The pH and ORP value were determined using a pH meter (PHSJ-4A, Leici, Shanghai, China) and a platinum electrode with an Ag/AgCl reference electrode (218, Leici, Shanghai, China).

Suspended and adsorbed microorganisms were conducted as described previously (Zeng et al., 2010). The DNA samples from A. thiooxidans A01, groups A, B, C, and D were extracted using a TIANamp Bacteria DNA Kit (Tiangen Biotech, Co., Ltd., Beijing, China). The 16S rRNA gene amplification and cloning of consortium A and D on days 36 and 48 were conducted to analyze the microbial community following RFLP analysis. Based on the RFLP profile, a total of 16 representative clones were selected for sequencing. DNA sequence identification was executed using BLAST in GenBank1. Microarray hybridization was used to assess population dynamics and functional gene abundance of the microbial community. Real-time quantification polymerase chain reaction (RT-qPCR) was conducted to analyze the population dynamics of A. thiooxidans A01. All methods were detailed in our previous study (Liu et al., 2011a). The 16S rRNA sequences were submitted to GenBank, and the accession numbers assigned were JF313219, JF313232-313244, JF429148, and FJ154514.



RESULTS


Bioleaching of Low-Grade Copper Sulfide With Consortium A, B, C, and D

Figure 1A depicted the copper concentration in the different groups during the bioleaching experiment. Copper concentration was highest in consortium D (251.5 mg/L) after 48 days, followed by consortium C (230.8 mg/L) and consortium B (215.1 mg/L). Copper content was lowest in group A (204.3 mg/L). Figure 1B showed the copper recovery (%) throughout the entire bioleaching period. The copper recovery was found to gradually increase from 20% on the 6th day to approximately 90% at the end of bioleaching. Following the introduction of A. thiooxidans A01 at different growth stages of the indigenous leaching microbial community, copper extraction was observed to improve to varying degrees compared with that in the control, most notably during the stable growth period (up to 98.6%). The copper recovery in groups B, C, and D was 4.3, 10.4, and 18.5% higher than that in group A. Figure 1C displayed the variation in ferrous iron concentration in solution during the bioleaching experiment. The ferrous content of the four groups increased from 629 mg/L on the 6th day to 1,340 mg/L on day 18, after which it began to decrease. The ferrous concentration of group B was slightly higher than other groups in the earlier period and was seen to decline slightly faster than group A in the later period. After introduction of A. thiooxidans A01 on day 24, a sudden descent of the ferrous concentration appeared in group C, and the ferrous concentration on day 48 reduced to 95 mg/L. The ferrous concentration in group D decreased after 36 days and finally trended toward zero.
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FIGURE 1. (A) Copper concentration of different consortia, (B) copper recovery (%), and (C) ferrous iron concentration.


Figure 2A depicted the change in potential of leaching solution of consortium A and D. In consortium A, the potential increased from 534 on day 38 to 575 mV on day 48. The potential of consortium D increased from 563 to 600 mV. Therefore, the introduction of A. thiooxidans A01 during the stable growth phase of planktonic bacteria led to a relative increase in potential. Figure 2B displayed the pH change in the leaching solution of consortium A and D. In consortium A, the pH decreased from 1.67 on day 38 to 1.45 on day 48. Similarly, the pH of consortium D decreased from 1.58 to 1.35. Thus, the introduction of A. thiooxidans A01 was associated with a relative decrease in pH value. The finding concerning consortium D indicated that the introduction during stable growth of the planktonic bacteria in the native indigenous bioleaching consortium maximally accelerated copper sulfide dissolution.
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FIGURE 2. (A) Redox potential and (B) pH values during bioleaching of chalcopyrite by consortium A and D.




Community Structure Analysis

The finding that copper extraction of group D was the highest of the four consortia, prompted further analysis of the effect of introducing A. thiooxidans A01 during stable growth (on day 36) on the structure and function of the indigenous consortium, thereby determining why the ecological function of consortium D was improved.

Restriction fragment length polymorphism was applied to analyze the structure of the indigenous consortium A and D. Total DNA was extracted from consortium A on day 36 (before introduction of A. thiooxidans A01) and from consortia A and D on day 48 during the bioleaching process. Clones (n = 125) of each bacterial 16S rRNA clone library were analyzed by RFLP. A total of 14 operational taxonomic units (OTUs) termed L1 to L16, omitting L4 and L9, were identified (Table 1). The phylogenetic analysis based on all OTUs (including that from the original consortium) was performed to estimate the bacterial population. Six bacterial species including L. ferriphilum, A. ferrooxidans, A. caldus, Sulfobacillus sp., A. albertensis, and Acidiphilium sp. were detected in consortium A (Figure 3). Nearly all were widely common bacteria that were reported in previous studies. Among them, A. caldus, L. ferriphilum, and A. ferrooxidans were the dominant populations in the initial community, and their proportions in consortium A were 38.4, 30.4, and 17.6%, respectively (Table 1). Examination of consortium A on day 48 revealed the same population, except for the absence of A. albertensis. The primary difference was that the proportion of each population had changed, and the proportion of A. caldus, L. ferriphilum, and A. ferrooxidans was 43.2, 36, and 10.4%, respectively. Compared with consortium A, consortium D exhibited more diversity at day 48, with six species: L. ferriphilum (clones L7, L8, L11, and L14), A. caldus (clones L2, L3, and L15), A. ferrooxidans (clones L1 and L5), Sulfobacillus sp. (clone L10), A. albertensis (clone L12), and Acidiphilium sp. (clone L6). Alternatively, the proportion of each detected bacteria changed on day 48. The proportions of A. caldus, L. ferriphilum, and A. ferrooxidans were 32, 40, and 20.8%, respectively, in consortium D.


TABLE 1. Similarity of 16S rRNA gene sequences from clones arranged into groups according to RFLP patterns to sequences retrieved from databases.
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FIGURE 3. Phylogenetic tree according to the sequences of the partial 16S rRNA gene detected in this study (bold) and the reference sequences downloaded from the NCBI database.




A. thiooxidans A01 Dynamics Analysis

As the ratio of 16S rRNA copies to cell number is constant (Demergasso et al., 2005), the variation in 16S rRNA copy number in real-time PCR can reflect the variation in cell number during various bioleaching processes (Zhang X. et al., 2015; Deng et al., 2017). Therefore, real-time PCR was used to monitor the dynamic changes in free and attached A. thiooxidans A01 in this study. Extracted DNA from free and attached cells at days 38, 40, 42, 45, and 48 during the bioleaching of low-grade chalcopyrite was used for standard and RT-PCR. Figure 4 depicted the changes in 16S rRNA copies of A. thiooxidans A01 in leaching solution and on the mineral surface after its introduction to the indigenous consortium. The abundance of A. thiooxidans A01 attached to the mineral surface reached maximum density (4.08 × 107 copies/mL) at day 42 and decreased to 3.03 × 106 copies/mL by day 48. Planktonic A. thiooxidans A01 increased gradually from 7.82 × 106 copies/mL at day 38 to 4.32 × 107 copies/mL at day 45, and then decreased to 2.12 × 107 copies/mL at day 48. The microarray hybridization data showed a similar pattern.
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FIGURE 4. Dynamic change of A. thiooxidans A01 in consortium D.




Dominant Population Dynamics Analysis

The dominant population dynamics of the free and attached microorganisms was monitored using FGAs constructed as previously detailed and containing all acquired 16S rRNA sequences of acidophiles from GenBank (Yin et al., 2007; He et al., 2008). Thus, the array was suitable to analyze microbial structures and dynamics during the bioleaching processes. Figure 5 depicted the variation in the 16S rRNA hybridization signal ratios of the dominant population derived from the planktonic and attached bacteria in the consortium A and D. The abundance of the attached L. ferriphilum and A. ferrooxidans increased in consortium D compared with that in consortium A, while that of A. caldus and Sulfobacillus sp. was reduced (Figure 5A). The abundance of planktonic L. ferriphilum, A. ferrooxidans, and Acidiphilium spp. increased following introduction of A. thiooxidans A01, while the abundance of attached A. caldus and Sulfobacillus sp. decreased (Figure 5B).
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FIGURE 5. Hierarchical cluster analysis of the dynamics of the attached microorganisms (A) and the planktonic microorganisms (B) from 38 to 45 days according to the hybridization signal intensity ratios compared with the original consortium. Red means an obvious increase in hybridization signal, black means no significant change, and green means an obvious decrease in hybridization signal.




Changes in Microbial Functional Genes

To verify how the introduction of A. thiooxidans A01 influenced microbial ecological functions, the changes in functional genes of the planktonic and attached microorganisms were analyzed in detail. The consortium from group A was used as a control. Key genes involved in sulfur metabolism, iron oxidation, and metal resistance with the high hybridization signal intensities were clustered (Figure 6). With respect to functional genes related to iron metabolism, the abundance of genes encoding protoheme ferrolyase from L. ferriphilum increased significantly in both attached and planktonic samples. For functional genes related to sulfur metabolism, the abundance of the genes encoding sulfide-quinone reductase from A. ferrooxidans was obviously increased. However, the abundance of genes involved in sulfur metabolism from A. caldus and Sulfolobus spp. was decreased during the leaching process. For example, the abundance of the doxD gene related to the oxidation of inorganic sulfur complex from A. caldus decreased obviously in attached and planktonic samples. Furthermore, the abundance of some genes involved in metal resistance from A. ferrooxidans, L. ferriphilum, and Acidiphilium sp. was increased in consortium D.
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FIGURE 6. Hierarchical cluster analysis of the functional gene changes in ore surface (A) and leaching solution (B) after introduction of A. thiooxidans A01 from 38 to 45 days according to the hybridization signal intensity ratios compared with the control consortium. Red means an obvious increase in hybridization signal, black means no significant change, and green means an obvious decrease in hybridization signal.




DISCUSSION

The introduction of A. thiooxidans A01 was advantageous for the dissolution of chalcopyrite (Figures 1A,B). Compared with that in the control group (group A), the redox potential increased immediately after A. thiooxidans A01 introduction (500–600 mv), which increased the oxidation of chalcopyrite and copper concentration. In addition, the pH of the solution decreased significantly with the subsequent rapid increase of redox potential (Figure 2A). This was consistent with the results of previous studies, wherein the redox potential of the solution was related to the ratio of Fe3+/Fe2+ (Zhang et al., 2014; Huang et al., 2018). The reason may be that the concentration of Fe3+ in the solution increased and the oxidation of sulfur produced a relatively large amount of sulfuric acid (Zhang X. et al., 2015). The results of the ferrous concentration in this study confirmed this finding (Figure 1C), as for which the ferrous concentration rapidly decreased following the introduction of A. thiooxidans A01, regardless of when it was introduced, and the rapid decrease of ferrous iron was attributed to the rapid oxidation of ferric iron. In accordance with the Nernst equation (Romero et al., 2003), the Fe3+/Fe2+ ratio is positively related to the redox potential. The pH value showed an overall downward trend during the entire bioleaching process. This explains the relatively high sulfur oxidation and precipitation of iron (jarosite) that have been previously described (Sandström and Petersson, 1997; Gómez et al., 1999; Zhang L. et al., 2015). These physicochemical parameter results were similar to those reported by Ma et al. (2017) in which they investigated the effect of an artificially designed proportion of microorganisms on chalcopyrite bioleaching, and found that the group with more sulfur-oxidizing bacteria induced higher copper extraction and redox potential as well as a lower pH and a faster oxidation of ferrous iron. Together, these results indicate that the introduction of sulfur-oxidizing bacteria can effectively promote the bioleaching of chalcopyrite.

Compared with the composition and structure of consortium A at day 48, the proportion of various microorganisms changed in consortium A and D at day 48 (Table 1). The results showed that the introduction of A. thiooxidans A01 during the stable period could promote the growth of L. ferriphilum and inhibit the growth of A. caldus. Similarly, the introduction of A. thiooxidans A01 during the stable period had differing effects on each population in consortium D (Figure 5). The reason for this observation may be that A. thiooxidans A01, as an obligate sulfur-oxidizing bacterium, was bound to join the competition of sulfur energy due to the need for growth after its introduction into the indigenous community. As a result of the intensified competition, the growth of identical sulfur-oxidizing bacteria, A. caldus and Sulfobacillus sp., were also inevitably affected, leading to their growth inhibition. For iron-oxidizing bacteria that use Fe2+ as an energy source, the introduction of A. thiooxidans A01 accelerated the oxidative decomposition of minerals (the direct mechanism), which led to the production of more Fe2+ (Liu et al., 2006). L. ferriphilum and A. ferrooxidans, thus, obtained increased energy to grow, thereby increasing their abundance in the community (Ma et al., 2018). Moreover, the introduction of exotic species could stimulate the enhancement of the metabolic activity of the community and thus provided more carbon and energy sources for the growth of heterotrophic bacteria, which may be one of the reasons for the increased abundance of heterotrophic Acidiphilium sp. in the community (Ullrich et al., 2015). In addition, in the latter stage, the abundance of organic matter accumulated from microbial biomass and metabolites provided more energy for the growth of heterotrophic bacteria. Acidiphilium sp., as a heterotrophic acidophile, may play an important role in the consumption of organics and, thus, reduce the inhibitory effect of organics on A. ferrooxidans and L. ferriphilum (Huang et al., 2018). For the planktonic microbial population in the leaching solution, the trend was consistent with that of the attached population following introduction. However, the degree of change varied for different timepoint or populations. According to previous studies (Harneit et al., 2006; Africa et al., 2012), microorganisms from mineral adapted cultures are capable of attaching to minerals more efficiently, and produce increased levels of EPS, which may concentrate the ferric iron to oxidatively attack chalcopyrite. When ferrous iron becomes trapped in the EPS layer, it gets released into the solution, thereby allowing the microorganisms in solution to grow rapidly (Zeng et al., 2010). Moreover, in the later stages of bioleaching, large amounts of jarosite and sulfur film form on the mineral surface, effectively blocking further oxidation. Thus, the introduction of A. thiooxidans A01 at this time period would attach to the mineral surface, thereby partially eliminating the inhibition of sulfur, which ultimately results in higher copper efficiency (Dong et al., 2013; Ma et al., 2017).

The changes in community function genes before and after introduction were also analyzed (Figure 6). With respect to functional genes related to sulfide oxidation, thioredoxin, sulfide: quinone oxidoreductase, sulfide–quinone reductase, thioredoxin–disulfide reductase trxB, and HiPIP were observed in A. ferrooxidans (Wakai et al., 2004). The abundance of these genes was significantly increased in both attached and planktonic samples, while the abundance of genes involved in sulfur metabolism from A. caldus and Sulfolobus spp. such as thioredoxin reductase, DoxD, and sulfide-quinone reductase-related protein sqr was decreased. However, in a previous study (Liu et al., 2011a), the abundance of genes involved in sulfur metabolism from A. caldus and Sulfolobus spp. was increased with increasing number of subculture, while genes involved in sulfur metabolism from A. ferrooxidans were decreased. These opposing results indicate that the introduction of A. thiooxidans A01 may exhibit synergistic effects with those of A. ferrooxidans and L. ferriphilum; however, it competes for energy with Sulfolobus spp. and A. caldus. Further, iron metabolism-related genes such as rusticyanin (rus) from A. ferrooxidans, ferredoxin and protoheme ferro-lyase from L. ferriphilum, and electron transfer chain-related genes were all increased following introduction of A. thiooxidans A01, thereby enhancing ferrous oxidation activity (Liu W. et al., 2011). Additionally, the abundance of arsenate reductase (arsC), arsenate reductase-like protein, and ArsRC genes involved in metal (loid) resistance in A. ferrooxidans, L. ferriphilum, and Acidiphilium sp. was increased in group D. Arsenic is often associated with sulfide minerals, and its toxicity becomes apparent after the dissolution of the mineral (Drewniak and Sklodowska, 2013). It has been reported that the arsC gene is responsible for reducing arsenate to arsenite, and that the arsB gene is involved in arsenite efflux, while arsR may encode a repressor of arsB (Butcher et al., 2000). The introduction of A. thiooxidans A01 promoted the further dissolution of chalcopyrite, resulting in more arsenic being released into the solution. These upregulated genes helped them to resist pressure and ensured survival (Luo et al., 2009).



CONCLUSION

The exogenous species A. thiooxidans A01 was introduced into an indigenous consortium on days 0, 24, and 36 (bioleaching cycle spanned 48 days). Copper concentration was 215.1, 230.8, and 251.5 mg/L, respectively, in the bioleaching system. After the introduction of A. thiooxidans A01, L. ferriphilum, A. ferrooxidans, A. caldus, Sulfobacillus sp., A. albertensis, and Acidiphilium were continuously detected, although their proportions changed during bioleaching. Only five microbial species (except for A. albertensis) were detected, and the proportions of A. caldus, L. ferriphilum, and A. ferrooxidans were 43.2, 36, and 10.45% in the control group. Real-time PCR and FGAs data suggested that A. thiooxidans A01 introduced at day 36 primarily attached to the mineral surface. The absorbance peaked at day 42 and then declined. In the supernatant, the cell number of A. thiooxidans A01 was initially low, peaked at day 45, and then decreased. The abundance of both attached and planktonic A. caldus and Sulfobacillus sp. decreased after the introduction of A. thiooxidans A01, while the abundance of L. ferriphilum, A. ferrooxidans, and Acidiphilium sp. all increased. FGAs data indicated that the abundance of genes involved in sulfide and iron oxidation from L. ferriphilum and A. ferrooxidans, and the metal (loid) resistance gene from A. ferrooxidans, L. ferriphilum, and Acidiphilium sp. increased, while the genes involved in sulfur metabolism from A. caldus and Sulfolobus spp. decreased. This research is of great significance to study the introduction mechanism of indigenous leaching microbial communities.
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Sulfobacillus and Leptospirillum occur frequently in leaching systems. Here we investigated the effects of cells of L. ferriphilum on biofilm formation and leaching performance by S. thermosulfidooxidans. The effects were caused by the presence of L. ferriphilum or an addition of pyrite leach liquor from L. ferriphilum. Data show that the number of attached S. thermosulfidooxidans on pyrite increases, if the pyrite had been pre-colonized by living biofilms of L. ferriphilum, while it decreases if the pre-colonized biofilms had been inactivated. Coaggregation between S. thermosulfidooxidans and L. ferriphilum occurs during the dual-species biofilm formation, but different effects on bioleaching were noted, if the preculture of L. ferriphilum had been different. If L. ferriphilum had been pre-colonized on a pyrite, significantly negative effect was shown. However, if the two species were simultaneously inoculated into a sterile leaching system, the bioleaching efficiency was better than that of a pure culture of S. thermosulfidooxidans. The effect might be related to a metabolic preference of S. thermosulfidooxidans. If S. thermosulfidooxidans performed leaching in a filtered pyrite leachate from L. ferriphilum, the cells preferred to oxidize RISCs instead of ferrous ion and the number of attached cells decreased compared with the control. This study gives an indication that in a short-term multi-species leaching system the role of S. thermosufidooxidans may be related to the time of its introduction.
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INTRODUCTION

Microorganisms catalyze metal ion leaching from insoluble metal sulfides, such as pyrite (FeS2), arsenopyrite (FeAsS), chalcopyrite (CuFeS2), sphalerite (ZnS) or marcasite (FeS2) by biological oxidation via contact and non-contact modes. Non-contact leaching is mainly exerted by planktonic bacteria, while contact leaching requires bacteria attached on the mineral surface. In both cases ferric ion is the most important oxidizing agent. As a consequence of the attack on metal sulfides ferrous ions and reduced inorganic sulfur compounds (RISCs) are produced. Ferrous ion is then re-oxidized to ferric ion by the iron-oxidizing microorganisms, and RISCs are oxidized to sulfate by sulfur-oxidizing bacteria. As a result, minerals get dissolved (Sand et al., 2001). This process is called bioleaching or biomining. In this way it is applied industrially to win metals from low-grade metal sulfides because of low cost and environmentally less harmful than the conventional mineral processing. However, if this process happens in a natural environment, then it may cause serious problems known as acid mine drainage (AMD) with high metal concentrations and extremely low pH (Hoffert, 1947).

Molecular analysis in the leachate of industrially or naturally leaching systems shows that microbial consortia of multiple species occur and the genus Sulfobacillus and Leptospirillum are detected frequently (Okibe et al., 2003; Johnson et al., 2008; Acosta et al., 2014). The genus Sulfobacillus was described by Golovacheva and Karavaiko in 1978 (Golovacheva and Karavaĭko, 1978). Sulfobacilli are Gram-positive, generally non-motile, rod shaped, endospore-forming and moderately thermophilic acidophilic bacteria. The temperature range for their growth is 17–60°C, with an optimum around 40–55°C. The pH range for their growth is 1.1–5.5, with an optimum between 1.7 and 2.4 (Bogdanova et al., 2006). They can oxidize ferrous ion, reduced RISCs such as tetrathionate, thiosulfate and elemental sulfur, as well as sulfide minerals in the presence of 0.02% yeast extract. They always are members of microbial leaching communities because of their versatile metabolism and also because of their high tolerance to low pH and high metal concentrations (Rawlings and Johnson, 2007). Decreased amounts of sulfobacilli even result in reduced bioleaching efficiency for chalcopyrite (Spolaore et al., 2011).

Markosyan isolated Leptospirillum in 1972 and described it as a mesophilic, vibrioid-shaped and iron-oxidizing bacterium (Markosyan, 1972). Leptospirilli are Gram-negative bacteria with a lot of remarkable properties, which allow them to thrive in leaching habitats. Compared with acidithiobacilli, leptospirilli can resist 10 times higher ferric ion concentrations than acidithiobacilli. Their optimum growth temperature and pH is 22–35°C and 1.5–2.3, respectively (Sand et al., 1992). Leptospirilli attach to metal sulfides fast and firmly (Sand et al., 1992; Zhu et al., 2012) and are pivotal for biofilm formation in mixed cultures. They are pre-colonizers helping other microorganisms attach to substrata (Noël et al., 2010).

The understanding of interactions at the strain and at the species or genus level in bioleaching communities under such extreme conditions is still in its infancy but would be very helpful to enhance bioleaching or to control AMD. Okibe et al. (Okibe and Johnson, 2004) investigated the interactions between moderately thermophilic prokaryotes during bioleaching of pyrite. They assume interactions between these acidophiles, because they found that different combinations of these acidophiles had either positive or negative effects on the dissolution of pyrite. Castro et al. (Castro et al., 2016) showed that Sulfolobus metallicus and Acidianus copahuensis negatively influenced each other during initial attachment and pyrite dissolution, and physical contact between the two species was detected. Maulani et al. (2016) found that pre-established biofilms of Leptospirillum ferriphilum inhibited the initial attachment to pyrite by cells of Ferroplasma acidiphilum and did not promote pyrite leaching by F. acidiphilum. In contrast, inactivated biofilm cells of S. thermosulfidooxidans enhanced pyrite bioleaching by F. acidiphilum. Bellenberg et al. (2014) reported that molecular cell-to-cell communication plays a role in regulating biofilm formation in leaching systems, and their data also indicate other still undefined interactions. Liu et al. (2016) investigated the influence of S. thermosulfidooxidans on the Archaeon Acidianus sp. DSM 29099 during leaching of pyrite. They described that leaching by Acidianus sp. DSM 29099 becomes enhanced with either cells or filtered leachates of S. thermosulfidooxidans. However, little work has been done to analyze the interactions between the genus Leptospirillum and Sulfobacillus, although both are often dominant in leaching operations.

In order to investigate such interactions in this study S. thermosulfidooxidans DSM9293T and L. ferriphilum DSM 14647T were chosen. Since S. thermosulfidooxidans DSM9293T is known to be a weak biofilm former (Li et al., 2016), we used L. ferriphilum, either as living cells or inactivated biofilms or filtered leachates to influence biofilm formation and pyrite leaching by S. thermosulfidooxidans. The results show that the number of attached S. thermosulfidooxidans on pyrite increased, if the pyrite was pre-colonized by living biofilms of L. ferriphilum, while it decreased if the biofilms had been inactivated previously. L. ferriphilum facilitates biofilm formation by S. thermosulfidooxidans, if dual-species biofilms can form on pyrite. Physical contact between S. thermosulfidooxidans and L. ferriphilum illustrates that coaggregations between the two species were formed, but with different consequences. If L. ferriphilum, either living or inactivated, had pre-colonized pyrite, the leaching performance of S. thermosulfidooxidans was worse than that of either single culture. However, when the two species were simultaneously inoculated to a sterile leaching system, the leaching performance was much better than before. When S. thermosulfidooxidans performed leaching in filtered leachate from L. ferriphilum, a high percentage of ferrous ion and low pH of the system illustrate it preferred to oxidize RISCs over ferrous ion, and numbers of attached cells decreased compared with the control. The results indicate that in a multi-species leaching system the role of S. thermosufidooxidans might be decided by the time when it is introduced: it is more like an iron oxidizer if added initially with other species, while it prefers to be a sulfur oxidizer if it is not introduced at the beginning of the bioleaching. Our study provides information for investigating species-species interactions in a bioleaching system, which is helpful for researchers to optimize a leaching consortium or to prevent bioleaching happening in natural environment.



MATERIALS AND METHODS


Strains and Cultivation

Strains S. thermosulfidooxidans DSM 9293 and L. ferriphilum DSM 14647 were purchased from Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ), Germany. The two strains were cultivated in Mackintosh (MAC) medium (Mackintosh, 1978). 0.02% yeast extract was supplemented in the medium for S. thermosulfidooxidans. 2% (m/v) pyrite grains or 1% sulfur prills or sulfur slices were added as energy source for S. thermosulfidooxidans. 4 g/L ferrous ion was added as energy source for L. ferriphilum. The initial pH of the medium was adjusted to 2.5 when the energy source was sulfur, while the pH was adjusted to 1.8 when the energy source was pyrite or ferrous ion. Both strains were cultivated on a rotary shaker at 140 rpm. Culturing temperature for S. thermosulfidooxidans and L. ferriphilum was 45 and 37°C, respectively.



Preparation of Pyrite Grains, Pyrite Slices, Sulfur Prills and Sulfur Slices

All pyrite was museum grade in form of naturally crystalized cubes from Freiberg, Germany. Smooth and shiny pyrite cubes were used for the experiments. The cubes were cut by a diamond saw and slices with one shiny side and one rough side were obtained. Only the shiny side was used for biofilm formation. The remaining pyrite was ground and pyrite grains with a size of 50–100 μm were used for cultivation or bioleaching experiments. Pyrite grains and slices were cleaned and sterilized according to Schippers et al. (1996). Briefly, they were washed with 6 M boiling HCl for 30 min, then rinsed with deionized water till the pH was neutral. After washing with acetone for three times, they were dried at 80°C for 12 h and sterilized for 24 h at 120°C under a nitrogen atmosphere.

To produce sulfur prills, elemental sulfur powder was firstly molten in a glass beaker at 130°C and then poured into cold deionized water with an agitation of 250 rpm. Due to rapid cooling sulfur prills with a diameter of 2 mm were formed. To produce sulfur slices, molten sulfur was poured onto glass plates to obtain a sulfur layer after its solidification. Then sulfur slices with a size of 3 cm × 3 cm × 0.2 cm were obtained by manually cutting the sulfur layer. Both sulfur prills and slices were autoclaved at 110°C for 90 min.



Bioleaching of Pyrite by S. thermosulfidooxidans in the Presence of L. ferriphilum

Pyrite grains were first incubated at a pulp density of 2% (m/v) with 108 cells/mL of iron-grown L. ferriphilum in 50 mL MAC medium with a pH of 1.8 for 1 day on a rotary shaker at 37°C. Afterward, the culture supernatants were discarded and the pyrite residues were washed three times with fresh MAC medium. After washing the pyrite residues were processed as following: Resuspended the pyrite residues in 50 mL fresh medium; Resuspended the pyrite residues in 50 mL fresh medium which contained 0.02% yeast extracts and 108 cells/mL of sulfur-grown cells of S. thermosulfidooxidans; Incubated the pyrite residues at 100°C for 2 h to heat-inactivate the biofilms of L. ferriphilum. And after washing, the pyrite residues were resuspended in 50 mL fresh medium which contained 0.02% yeast extracts and 108 cells/mL of sulfur-grown cells of S. thermosulfidooxidans. Two more sets of experiment were set: (1) 5 × 107 cells/mL of sulfur-grown S. thermosulfidooxidans cells and 5 × 107 cells/mL of iron-grown L. ferriphilum cells were inoculated simultaneously to 2% (m/v) freshly ground sterile pyrite; (2) 108 cells/mL of S. thermosulfidooxidans were inoculated to 2% (m/v) sterile freshly ground pyrite. All the experiments were performed at 37°C on a rotary shaker at 140 rpm with an initial pH of 1.8. Each experiment was done in triplicate.



Adhesion Experiments

The pyrite grains with 1 day old living or inactivated biofilms of L. ferriphilum were prepared as described above. Then cell attachment of S. thermosulfidooxidans to the pyrite with living or heat-inactivated biofilms followed. Briefly, 108 cells/mL of S. thermosulfidooxidans were inoculated into flasks filled with 50 mL MAC medium, pH 1.8, and with freshly ground sterile pyrite or with living or inactivated biofilms of L. ferriphilum. Then they were cultivated at 37°C with shaking at 140 rpm. The number of planktonic cells was determined by direct counting within 3 h. The amount of attached cells was calculated by subtracting the planktonic cells from the initial cell number. All the experiments were performed in triplicate.



Bioleaching of Pyrite by S. thermosulfidooxidans With Leachate From L. ferriphilum

The culture supernatants of L. ferriphilum were collected after 3 or 14 days of incubation with pyrite. Then they were filtered through a filter with a pore size of 0.22 μm. Afterward, pyrite-grown cells of S. thermosulfidooxidans were harvested by centrifugation and after washing with fresh MAC medium they were inoculated into the filtered leachate with a final concentration of 108 cells/mL. 2% (m/v) freshly ground sterile pyrite were then added to all the flasks. Considering the importance of ferric ion for leaching, two batches of experiment were set as control, in which the same amount of iron as detected in the leachate was added to the fresh medium. One control got an inoculum of S. thermosulfidooxidans, named as biological control, and an assay without inoculum of S. thermosulfidooxidans functioned as chemical control. The added iron was ferric chloride. The experiments were performed on a rotary shaker at 140 rpm, 37°C. Data were collected from three parallel experiments.



Cell Number, pH and Iron Ion Determination

The planktonic cell density was determined by direct counting with a Thoma counting chamber (Assistant, Germany) under a light microscope (Leica DMLS, Wetzlar GmbH) in phase contrast mode with a magnification of 400 times.

To determine the attached cells on the pyrite grains, samples were stained with SYTO9 which combines with the attached cells and gives fluorescent signals. Then an epifluorescence microscope (Axio Imager A1m, Zeiss, Germany) was used to take images of the pyrite grains. Afterward, the images were analyzed by platform Fiji according to Schindelin et al. (2012) to obtain the number of attached cells. Fiji identifies and enumerates the objects in the stack with a user-defined threshold for voxel intensity value. For counting first the value of the voxel intensity threshold was set manually by visual inspection of the images (Fiji: Image > Adjust > Threshold). Some incomplete cells, caused by the adjustment of the threshold, were then filled by function of fill holes (Fiji: Process > Binary > Fill Holes). To distinguish conjunct cells the watershed function was applied (Fiji: Process > Binary > Watershed). Afterward, the counting process was performed (Fiji: Analyze > Analyze Particles). Each cell number was collected from 25 images.

The pH was determined with a digital pH meter (Model pH 537, WTW, inLab 422 Combination Semi-micro pH Electrode, Mettler Toledo).

Ferrous and total iron ions were quantified by the procedures described by Tamura (Tamura et al., 1974). The principle is that 1,10-Phenanthroline complexes ferrous ions. The complex gives a red color and can be measured spectrophotometrically at 492 nm. Subsequently, the total iron can be quantified by adding hydroxylamine, which reduces ferric to ferrous ions. The samples were measured in triplicate within microtiter plates with a UV-Vis spectrophotometer (TECAN, Infinite pro® 200).



AFM and Epifluorescence Microscopy (EFM) Instrumentation and Performance

A “BioMaterials Workstation” (JPK Instruments, Germany) composed of a NanoWizard II atomic force microscope (JPK Instruments) and an upright epifluorescence microscope (Axio Imager A1m, Zeiss, Germany) was applied to visualize the cells and the biofilms. A sample can be visualized at the same site between the two microscopes with 2 μm deviation (Mangold et al., 2008). In this study all samples were first stained by 6 μM SYTO9. The location was first chosen by EFM, then visualized by AFM. For AFM imaging, the contact mode was used. The applied setpoint was below 1 nN and the scan rate ranged from 0.1 to 0.5 Hz. A CSC38/NO AL (Mikromasch, Tallinn, Estonia) probe was used for imaging and cantilever B with the following parameters were chosen for scanning: length, 350 μm; width, 32.5 μm; thickness, 1.0 μm; resonance frequency, 10 kHz; shape, cone with a full cone angle of 40o; and force constant, 0.03 N/m. Before the experiments the cantilevers were immersed in Piranha solution for 10 min and then washed with sterile MilliQ water. All AFM operations were performed in MAC medium at pH 2.5 at room temperature. The sensitivity of the optical lever system and the cantilever spring constant were calibrated in liquid prior to each experiment. The spring constant for each cantilever was compatible with the manufacturer’s specifications.



RESULTS AND DISCUSSION


Biofilm Formation by Pure Cultures

Development of biofilms on pyrite slices by a pure culture of S. thermosulfidooxidans or of L. ferriphilum within 14 days is shown in Figure 1 or Figure 2, respectively. Figure 1A clearly indicates that after 1 day incubation cells of S. thermosulfidooxidans had attached on the pyrite slices either in the form of single cells or flocs. However, the attached cells detached gradually and almost no cells could be observed after 16 days of incubation (Figure 1C). It has been reported that cells of S. thermosulfidooxidans are unable to form stable biofilms on pyrite, if a routine culturing procedure is used. The cells are non-motile, but they prefer to colonize the defect sites of mineral surfaces (Sand et al., 2001). Also the culturing environment deteriorates as the experiment proceeds (e.g., decrease of organic compounds and increase of metabolic end products), which might stimulate formation of endospore (Li et al., 2016). In the assays with L. ferriphilum after 1 day of incubation most cells had attached on the surface of the pyrite slices in the form of single cells (Figure 2A). The cells were observed to grow in colonies after 7 days of incubation (Figure 2B). More robust biofilms of L. ferriphilum were observed after 16 days of incubation (Figure 2C).
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FIGURE 1. Biofilm formation on pyrite slices by a pure culture of S. thermosulfidooxidans under 37°C with an initial pH value of 1.8. Images (A–C) show 1, 7 and 16 days old biofilms of S. thermosulfidooxidans, respectively. Scale bar, 20 μm.
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FIGURE 2. Biofilm formation on pyrite slices by a pure culture of L. ferriphilum under 37°C with an initial pH value of 1.8. Images (A–C) show 1, 7, and 16 days old biofilms of L. ferriphilum, respectively. Scale bar, 20 μm.




Adhesion of Cells of S. thermosulfidooxidans to Pyrite in the Presence of L. ferriphilum

Figure 3 demonstrates that the number of attached cells of S. thermosulfidooxidans on pyrite changes as a function of time. The pyrite was pre-colonized with 1 day old living or inactivated biofilms of L. ferriphilum. In the sterile control after 3 h about 27% of the inoculated cells of S. thermosulfidooxidans had attached on the pyrite. Compared with the sterile control, the percentage of attached cells of S. thermosulfidooxidans increased by around 5%, if the pyrite had been pre-colonized with living cells of L. ferriphilum. However, it decreased by approximately 5%, if the pyrite had been pre-colonized with inactivated cells of L. ferriphilum. It has been reported that bacterial adhesion is influenced by many factors, including surface roughness, type of mineral, hydrophobicity and medium (Dexter et al., 1975; Absolom et al., 1983; Helke et al., 1993; Quirynen et al., 1993; Blackman and Frank, 1996). It is likely that a conditioning film formed on the pyrite surface by excretions of the cells of L. ferriphilum like EPS compounds, which changed surface properties of the pyrite surfaces. This influenced the adhesion of cells of S. thermosulfidooxidans. However, in the assay with the inactivated biofilm of L. ferriphilum the conditioning film and the inactivated cells of L. ferriphilum might have been destroyed or deteriorated and blocked the attaching sites. Consequently, the attached number of cells of S. thermosulfidooxidans decreased.
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FIGURE 3. Adhesion of S. thermosulfidooxidans to pyrite pre-colonized by 1 day old biofilms of L. ferriphilum within 3 h under 37°C, pH 1.8.




Biofilm Formation of S. thermosulfidooxidans in the Presence of L. ferriphilum

Figure 4 illustrates biofilm formation on sterile pyrite by a binary culture of S. thermosulfidooxidans with L. ferriphilum within 16 days. The two species were simultaneously inoculated. Figures 5, 6 show the biofilm formation by the culture of S. thermosulfidooxidans on pyrite pre-colonized with living or inactivated biofilms of L. ferriphilum, respectively. It is visible that the cells of S. thermosulfidooxidans are long rod-shaped, while the cells of L. ferriphilum are vibrioid and/or round-shaped and small. The two cell forms can be distinguished well with the microscope. In all three assays after 16 days incubation the biofilms of S. thermosulfidooxidans remained on the pyrite. It indicates that S. thermosulfidooxidans can form biofilms on pyrite in the presence of L. ferriphilum. However, the architecture of the biofilm is different. Biofilms of S. thermosulfidooxidans in the form of single cells are observed on the pyrite pre-colonized with living biofilms of L. ferriphilum (Figure 5). In the other two assays biofilms of S. thermosulfidooxidans grow in the form of colonies with biofilms of L. ferriphilum (Figures 4, 6). In all assays a physical contact between the cells of S. thermosulfidooxidans and L. ferriphilum can be observed, as is visible in the images of EFM and AFM in Figure 7.
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FIGURE 4. Biofilm formation by cells of S. thermosulfidooxidans and of L. ferriphilum on pyrite under 37°C with an initial pH value of 1.8. The two cells were simultaneously inoculated. Images (A–C) show 1, 7 and 16 days old binary biofilm of S. thermosulfidooxidans and L. ferriphilum, respectively. Scale bar, 10 μm.
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FIGURE 5. Biofilm formation by S. thermosulfidooxidans on pyrite pre-colonized with 1 day old living biofilms of L. ferriphilum under 37°C with an initial pH value of 1.8. Images (A–C) show the binary biofilm of S. thermosulfidooxidans and L. ferriphilum after 1, 7, and 16 days incubation. Scale bar, 10 μm.
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FIGURE 6. Biofilm formation by S. thermosulfidooxidans on pyrite pre-colonized with 1 day old inactivated biofilm of L. ferriphilum under 37°C with an initial pH value of 1.8. Images (A–C) show the binary biofilm of S. thermosulfidooxidans and L. ferriphilum after 1, 7 and 16 days incubation. Scale bar, 10 μm.
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FIGURE 7. EFM (A–C) combined AFM (A#–C#) images indicate physical contacts between cells of S. thermosulfidooxidans and cells of L. ferriphilum during biofilm formation on pyrite under 37°C with an initial pH value of 1.8. Images (A,A#,B,B#) show the biofilms of S. thermosulfidooxidans on pyrite pre-colonized with 1 day old living and inactivated biofilms of L. ferriphilum. Images C and C# show biofilm developed by culture of S. thermosulfidooxidans and L. ferriphilum on a clean pyrite. All the red arrows in images indicate the cells of L. ferriphilum.


A physical contact has been reported also for other microorganisms and it happens during microbial coaggregation. Coaggregation, the process of adhesion between genetically distinct bacterial partners, was first found between bacteria isolated from human dental plaque in 1970 (Gibbons and Nygaard, 1970). It is an integral process in the development of multispecies biofilms and is caused by specific ligand receptor interactions (Rickard et al., 2003). In a dual-species coaggregation one of the species will benefit from being within a coaggregation, while the other may also gain or not gain advantages as compared to planktonic cells. Katharios-Lanwermeyer et al. (2014) reviewed coaggregation mediated interactions and concluded five potential outcomes for biofilm communities: (1) The interspecies can rapidly form aggregates because of the enhanced cell-cell adhesion; (2) Species within the coaggregation can exchange of metabolites; (3) The coaggregation can aid one species to kill/inactivate another or to protect both species from predation; (4) The coaggregation reduces the distance between cells, thereby facilitating cell-cell signaling; (5) The coaggregation can protect cells from adverse events, enhance their antimicrobial resistance and genetic exchange.

In this study, obviously, coaggregation enhanced the adhesion of S. thermosulfidooxidans. However, how the two species developed the coaggregation or whether it was also caused by specific ligand receptor interactions, and whether this coaggregation could facilitate metabolite exchange or cell-cell signaling remains unclear. More delicate experiments need to be done to answer these questions.



Bioleaching of Pyrite by S. thermosulfidooxidans in the Presence of L. ferriphilum

For an improved understanding the assays are numbered as follows: (1) S. thermosulfidooxidans incubated with pyrite pre-colonized with 1 day old living biofilms of L. ferriphilum; (2) S. thermosulfidooxidans incubated with pyrite pre-colonized with 1 day old inactivated biofilms of L. ferriphilum; (3) S. thermosulfidooxidans and L. ferriphilum were simultaneously inoculated into assays with sterile pyrite; (4) pyrite colonized with 1 day old biofilms of L. ferriphilum (without planktonic cells); (5) S. thermosulfidooxidans incubated with sterile pyrite. Data for an assay with sterile pyrite are not shown, since no dissolution was detected.

The leaching of pyrite by S. thermosulfidooxidans in the presence of L. ferriphilum was calculated and the results are shown in Figure 8. In all assays the pH decreased, which indicates that bioleaching occurred. Since L. ferriphilum can oxidize only ferrous ion for energy but S. thermosulfidooxidans can use both, ferrous ion and RISCs, as energy source, the pH in assay 4 decreased the least. The pH decreased the most in assays 1 and 3, but in the first 14 days the pH in assay 3 was lower than it in assay 1. After 16 days of leaching the highest iron concentration was detected in assay 4 with a final value of 1.5 g/L, followed by the one in assay 3 with 1 g/L. There were 0.5 g/L and 0.3 g/L iron detected in assay 1 and assay 2, respectively. The data indicate that with biofilms of L. ferriphilum at the beginning of leaching, no matter whether living or inactivated, these biofilms exerted a negative effect on leaching by S. thermosulfidooxidans.
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FIGURE 8. Changes of pH and total iron concentration as a function of time during pyrite bioleaching under 37°C with an initial pH value of 1.8. Assay 1, S. thermosulfidooxidans with 1 day old living biofilms of L. ferriphilum incubated in sterile medium; Assay 2, S. thermosulfidooxidans with 1 day old inactivated biofilms of L. ferrriphilum incubated in sterile medium; Assay 3, S. thermosulfidooxidans and L. ferriphilum were simultaneously inoculated and incubated with sterile pyrite and medium; Assay 4, Pyrite colonize with 1 day old biofilms of L. ferriphilum incubated in sterile medium; Assay 5, S. thermosulfidooxidans incubated in sterile medium with sterile pyrite.


It is known that leaching bacteria prefer to colonize the crystal defect sites on a mineral surface and only attached cells can initiate bioleaching (Bellenberg et al., 2015). Obviously the inactivated biofilms of L. ferriphilum in assay 2 (Figure 8) could not perform leaching and to some extent they protected the pyrite surfaces from being attacked by ferric ions. Also the sites for attachment of S. thermosulfidooxidans were blocked. Consequently, the leaching needed longer time to start and the amount of leached iron was the least among all assays (Figure 8). For living biofilms of L. ferriphilum the introduction of S. thermosulfidooxidans might mean introducing a competitor for iron, which can be indicated by the higher iron concentration in assays 4 and 5 (single culture) than in assay 1. Interestingly, also with living L. ferriphilum the pH in assay 3 was much lower and the concentration of iron ion was much higher than in assay 1 (Figure 8). An increased concentration of iron ions mean dissolution of pyrite and a decreased pH means oxidation of RISCs. S. thermosulfidooxidans is the only sulfur-oxidizer in the system. Thus, most likely in assay 1 S. thermosulfidooxidans grew mainly on ferrous ion and the competition led to the bad leaching performance. In assay 3 the decreased pH illustrated the oxidation of RISCs by S. thermosulfidooxidans, but their worse leaching performance than that of the pure culture of L. ferriphilum indicated a negative effect on growth of L. ferriphilum. A possible explanation is that in assay 3 S. thermosulfidooxidans grew on both ferrous ion and RISCs.

Based on the results above two points can be highlighted:


1.The living state of L. ferriphilum at the start has a different influence on leaching performance of the binary culture and this difference might be relate to the metabolic preference of S. thermosulfidooxidans.

2.Contact leaching is important. Inactivated biofilms of L. ferriphilum blocked the attachment sites for S. thermosulfidooxidans on pyrite surfaces, resulting in the lowest leaching efficiency.





Bioleaching of Pyrite by S. thermosulfidooxidans in Spent Leach Liquor

The effects of spent leach liquor from L. ferriphilum on pyrite leaching by S. thermosulfidooxidans was also investigated. In order to reproduce a natural leaching system yeast extract was not added in this section. Firstly, bioleaching of pyrite by S. thermosulfidooxidans without addition of yeast extract was tested and the results are shown in Figure 9. From Figure 9A it can be seen that in the first 12 days the iron concentration increased from 0 to 260 mg/L. Afterward it almost leveled off at 300 mg/L. The iron ions were detected mostly in the form of Fe(III) in the first 9 days. However, from 12 days on Fe(II) became gradually the dominant form. At the end of the experiment the iron ions were almost all in the form of Fe(II). Data in Figure 9B indicate that the pH of the leaching system decreased rapidly from the 6th day on till the 15th day when it did not change any more. The numbers of planktonic cells decreased, from the initial cell density of 1.1 × 108 cells/mL to the final cell density of 4 × 106 cells/mL. The number of attached cells was also monitored. The bar chart (Figure 9C) indicates that the number of attached cells increased during the leaching and, finally, the pyrite surfaces were covered with 5 × 106 cells/cm2 (Figures 9D,E). Our data clearly indicate that after around 14 days of incubation the bioleaching stopped and the cells of S. thermosulfidooxidans started to adhere to pyrite surfaces. It remains, however, unclear, why these events occurred. A similar phenomenon has been reported, where adhesion of Acidithiobacillus ferrooxidans to pyrite was enhanced if no phosphate was added to the growth medium (Bellenberg et al., 2012). In our study lack of nutrition, such as yeast extract, might account for the observed events.
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FIGURE 9. Changes of iron concentration (A), cell density (B) and pH (C) during pyrite leaching by S. thermosulfidooxidans in basal salt medium without yeast extract addition under 37°C with an initial pH value of 1.8. (D,E) are EFM images showing the biofilms formed on pyrite after 35 days of leaching. Scale bar, 100 μm.


Bioleaching of pyrite by S. thermosulfidooxidans with pyrite leachate from L. ferriphilum was then investigated. Figure 10 shows, how each parameter changes during bioleaching, if the bioleaching was performed in 3 days or 14 days old pyrite leachate from L. ferriphilum. Although the leachates were of different age, the results of the three assays were similar: (1) The bioleaching ran better in the biological control than with the leachate; (2) A large amount of Fe(II) was detected in all leaching assays at the end of the experiment (Figures 10A,C); (3) Except for the chemical control the pH in all leaching assays decreased and the planktonic cell densities of S. thermosulfidooxidans also decreased (Figures 10B,D); (4) The number of attached cells increased in all leaching assays (Figure 10E).
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FIGURE 10. Images (A–E) demonstrate the changes of iron concentration, cell density and pH during pyrite leaching by S. thermosulfidooxidans with 3 days (A,B) and 14 days (C,D) pyrite leachate collected from L. ferriphilum under 37°C. Image (E) shows the number of attached cells of S. thermosulfidooxidans on pyrite. Leachate + St, S. thermosulfidooxidans performs pyrite leaching in pyrite leachate collected from L. ferriphilum; Fe + St, S. thermosulfidooxidans performs pyrite leaching in MAC medium with initial addition of same amount of iron detected in the pyrite leachate collected from L. ferriphilum; Fe + pyrite, pyrite leaching in MAC medium only with initial addition of same amount of iron detected in the pyrite leachate collected from L. ferriphilum.


There are also differences: (1) The age of the leachate influenced the time until the iron concentration started to differ. Specifically, if S. thermosulfidooxidans was incubated with 3 days old leachate, only after 12 days the total iron concentration became lower than in the biological control (Figure 10A). If the cells were incubated in 14 days old leachate, the concentration of total iron differed between the test assays and the biological control from the 3rd day on (Figure 10C). Also due to the age of the leachate the percentage of Fe(II) was different. With 3 days old leachate after 21 days of bioleaching the Fe(II) concentration amounted to 76%. In the biological control the percentage of Fe(II) was 52% (Figure 10A). If the leachate was 14 days old, the assays after 21 days contained 53% of Fe(II), whereas 41% of Fe(II) was measured in the biological control (Figure 10C). (2) The time, until a decrease of the pH occurred, differed also. In the assays with 3 days old leachate the pH started to decrease from the 3rd day on in both assays (Figure 10B). In the assays with 14 days old leachate the pH in both groups decreased right from the start (Figure 10D). (3) For adhesion differences were noted. In the assays with 3 days old leachate in all assays from the 14th day on the cells were detected mostly attached to pyrite surfaces, while in the assays with 14 days old leachate from the very beginning the cells of both assays were detected largely attached on pyrite surfaces. However, in the assays with 14 days old leachate the numbers of attached cells were always lower than it in the biological control, which should be related to the organic products produced by L. ferriphilum (Figure 10E).

From these results three points can be concluded:


1.Autotrophic (control) or rare organic (leachate) nutrition would lead S. thermosulfidooxidans to adhere on pyrite after a certain time of bioleaching, but the adhesion does not show positive effects on bioleaching. With the adhesion a large amount of Fe(II) is detected in the leaching system.

2.Iron in the bioleaching system at the very beginning would affect the bioleaching by S. thermosulfidooxidans under autotrophic or rare organic nutrition conditions: when there is no iron, the bioleaching would level off after a certain time (Figure 9); however, when there is iron, the bioleaching would continue or at least the oxidization of RISCs would continue (Figure 10). Most likely biofilms of S. thermosulfidooxidans grow mainly on RISCs (if enough exist) especially under the condition of rare organic nutrition and/or of high concentration of iron ion. Before we cultivated S. thermosulfidooxidans with sulfur slices and we found that they could develop biofilms although the yeast extract in medium was consumed as time went by (Figure 11). However, it could not develop biofilms on pyrite slices (Figure 1).

3.Based on differences 1 and 3 described above, it can be concluded that the leachate from L. ferriphilum affects iron oxidization and adhesion of S. thermosulfidooxidans (Figure 10).




[image: image]

FIGURE 11. AFM images show biofilm formation on sulfur slices by S. thermosulfidooxidans. Images (A–C) show biofilms after 4 h, 2 and 5 days incubation with sulfur slices in MAC medium with initially addition of 0.02% yeast extracts, respectively.




CONCLUSION

Adhesion to and biofilm formation on mineral surfaces are critical steps in bioleaching. Understanding the interactions between two important species is helpful to design a microbial community for bioleaching or to prevent AMD. In this study we checked the effects from L. ferriphilum, including its planktonic cells, its living biofilms, its inactivated biofilms or its metabolic substances, on bioleaching of pyrite by S. thermosulfidooxidans. Our studies indicate the importance of contact leaching. Coaggregation of L. ferriphilum and S. thermosulfidooxidans can enhance the biofilm formation by S. thermosulfidooxidans on pyrite surfaces. However, the way of addition of the two species shows different effects on bioleaching, which might be related to metabolic preference of S. thermosulfidooxidans. If the minerals are pre-colonized with biofilms of L. ferriphilum, S. thermosulfidooxidans prefers to grow on iron. Consequently, a competition between the two species lead to a worse leaching performance than that of either pure culture. However, if the cultures of S. thermosulfidooxidans and of L. ferriphilum are simultaneously inoculated to a leaching system, S. thermosulfidooxidans grows on both iron and RISCs, resulting in an improved leaching efficiency compared with the leaching performed by pure S. thermosulfidooxidans. In summary the leaching performance can be ranked as follows: biofilms of L. ferriphilum (Lf) > mixtures of Lf + S. thermosulfidooxidans (St) > St > St + living biofilms of Lf > St + inactivated biofilms of Lf. Thus, the role of S. thermosulfidooxidans in a short-term leaching system is most likely decided by the time/sequence of introduction into the habitat.
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A systematic comparison study was carried out to investigate the effect of Flavobacterium sp. on AISI 1045 steel corrosion by weight loss, fluorescence microscopy (FM), surface analysis, cell count, pH measure, electrochemical impedance spectroscopy (EIS), and polarization curves. The impedances were considerably increased by Flavobacterium sp. between 1 and 7 day exposure and after 30 day exposure but considerably decreased by Flavobacterium sp. after 15 and 21 day exposure, which were supported by the Icorr results and the weight loss data. Furthermore, the biofilm was formed on the coupons. The pH values were considerably decreased by Flavobacterium sp. after 15 and 21 day exposure. The results proved that Flavobacterium sp. decreased the corrosion rates between 1 and 7 day exposure and after 30 day exposure and increased the corrosion rates between 15 and 21 day exposure, which could be ascribed to the protective biofilm and the secreted corrosive acid, respectively. In addition, Flavobacterium sp. considerably increased the pit numbers, the maximum pit depths, and the corresponding widths and considerably decreased the Epit values. Importantly, the coverage and the heterogeneity of the biofilm were positively correlated with the increases in the maximum pit depths and the corresponding widths and the decreases in the Epit values by Flavobacterium sp. The results demonstrated that Flavobacterium sp. increased the pitting corrosion, which could involve the heterogeneous biofilm cover.
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INTRODUCTION

Ocean is a continuous vast body of salt water that covers more than 70% of the surface of the earth. It is home to abundant biological, mineral, and energy resources. The ocean explorations and exploitations like the ocean investigation, the ocean transportation, and the offshore oil and gas industries are now proceeding rapidly (Bhandari et al., 2015). More and more marine facilities such as ports, bridges, offshore platforms, ships, and submarine pipelines have been built. Steels are the fundamental construction materials of these marine structures (Cook, 2005). However, seawater contains numerous microorganisms and a number of corrosive matters like oxygen, hydrion, chloridion, and so on (Page, 1975; Li X. et al., 2017; Jin et al., 2019). The steels exposed in seawater are prone to corrosion due to the reactions between the steels and the corrosive matters (Melchers and Jeffrey, 2008; Popoola et al., 2013). It is worth noting that microorganisms can colonize on the surface of metals and form biofilms and change the distributions of the corrosive matters in the environment of metals (Voordouw et al., 2016; Hu et al., 2019; Dong et al., 2020). Consequently, many microorganisms can lead to the corrosion of metals, i.e., microbiologically influenced corrosion (MIC). The steels exposed in seawater are especially susceptible to MIC.

Studies have revealed many microorganisms related to MIC. Sulfate reducing bacteria (SRB) constitute an important group of corrosive bacteria (Li et al., 2018). They induce corrosion through oxidizing hydrogen at the cathodes of galvanic corrosion cells or directly oxidizing ferrum with sulfate as terminal oxidant (Dou et al., 2018; Gu et al., 2019). Desulfovibrio vulgaris increased the corrosion rates and the pitting corrosion of C1010 carbon steel (Chen et al., 2015), two aluminum alloys (Liu et al., 2014), copper (Jayaraman et al., 1999), and seven stainless steels (Ringas and Robinson, 1988). The mixture of Desulfovibrio gabonensis and Desulfovibrio capillatus accelerated the corrosion of SAE-1018 carbon steel (Castaneda and Benetton, 2008). Desulfotomaculum nigrificans considerably promoted both the general corrosion and localized corrosion of Q235 carbon steel (Liu et al., 2019). More importantly, SRB have been reported to be responsible for the corrosion deterioration of oil, power generation and marine industries, cooling water systems, etc. (Ilhan-Sungur and Çotuk, 2010; Guan et al., 2013; Li Y. et al., 2016). Pseudomonas is the most prevalent bacterial genus in marine environment (Yuan et al., 2008). So far, it is well known that some species of Pseudomonas are corrosive. Pseudomonas sp. enhanced the corrosion rate and the pitting corrosion of AISI 1045 steel and further reduced the tensile strength of the steel (Wu et al., 2012). Pseudomonas aeruginosa induced the corrosion of 2205 duplex stainless steel (Xu et al., 2017; Zhao et al., 2017), 2304 duplex stainless steel (Zhou et al., 2018), the nickel-free high nitrogen stainless steel (Li H. et al., 2016), and S32654 super austenitic stainless steel (Li H. et al., 2017). The presence of Pseudomonas fluorescens promoted the electrochemical reaction on single-phase Cu-Sn modern bronze, and led to pitting corrosion underneath the biofilm (Ghiara et al., 2018). Iron oxidizing bacteria (IOB) are another group of corrosive bacteria, which increase corrosion reaction by oxidizing ferrous ion to ferric ion (Chen et al., 2019). Sphaerotilus sp. strongly accelerated the pitting corrosion of AISI 1020 steel (Starosvetsky et al., 2001). Acidithiobacillus ferrooxidans in seawater accelerated the corrosion rate of C1010 steel and caused pitting corrosion (Wang H. et al., 2014). Although most studies showed that microorganisms promoted corrosion, some reports revealed the different results. Hernandez et al. (1994) reported that Pseudomonas sp. S9 could inhibit the corrosion of mild steel. Additionally, Desulfovibrio sp. inhibited the corrosion of SAE 1018 carbon steel for some time, but it became quite corrosive to the steel at longer times (Pérez et al., 2007).

Flavobacterium is ubiquitous in ocean (Abell and Bowman, 2005; Pesciaroli et al., 2012). Our previous work showed that when the exposure time was 365 days, the average corrosion rate of AISI 1045 steel exposed in natural seawater was about 2.1 times that of the steel exposed in sterile seawater and the content of Flavobacterium sp. in the corrosion products was much higher than those of the other bacteria in the corrosion products (Xiao, 2011), suggesting that Flavobacterium sp. might increase the steel corrosion greatly. However, very little is known about the effect of Flavobacterium sp. on the corrosion of metals. Moreover, AISI 1045 steel is widely used in marine structures for its low cost and excellent mechanical properties such as outstanding hardness and toughness, etc. (OrjuelaG et al., 2014). In this work, we carried out a systematic comparison of the corrosion of AISI 1045 steel exposed in sterile seawater and Flavobacterium sp. inoculated seawater by weight loss, fluorescence microscopy (FM), surface analysis, cell count, pH measure, electrochemical impedance spectroscopy (EIS), and polarization curves.



EXPERIMENTS


Material

AISI 1045 steel purchased from Qiqihar Hongshun Heavy Industry Group Co. Ltd. (China) has the following composition (wt.%): 98.582 Fe, 0.499 C, 0.596 Mn, 0.230 Si, 0.028 S, 0.012 P, 0.006 Ni, 0.020 Cr, 0.001 Mo, 0.001 Nb, 0.014 Cu, 0.003 W, 0.003 Al, 0.004 V, 0.001 Ti. The carbon steel coupons with the dimensions of 50 × 25 × 3 mm, 15 × 10 × 3 mm, and Φ10 × 3 mm were used in weight loss, surface analysis, and electrochemical measurement, respectively. The coupons were sequentially abraded with 120, 400, 800, 1200, and 1500 grit SiC paper to obtain smooth surfaces. Then, they were degreased with acetone, rinsed with distilled water and ethanol, dried in air aseptically. Subsequently, all the coupons were kept in a desiccator before the measurement.



Culture of Flavobacterium sp.

The Flavobacterium sp. used in this study was separated from the corrosion products of AISI 1045 steel exposed in nature seawater for 12 months. Flavobacterium sp. was cultured at 26°C for 2 days in 2216E medium, which contained 1 g yeast extract, 5 g peptone, and 1000 mL natural seawater. The pH of medium was adjusted to 7.8 with 1 M NaOH solution and the medium was sterilized in an autoclave at 121°C for 20 min before use; 20 mL of the bacterial culture solution was mixed with 2000 mL of sterile seawater. The mixture was cultured at 26°C for 24 h. The prepared coupons were exposed in Flavobacterium sp. inoculated seawater and sterile seawater at 26°C. The pH values of sterile seawater and Flavobacterium sp. inoculated seawater were measured by a pH-meter after 3, 7, 15, 21, and 30 day exposure.



Weight Loss

Clarke’ s solution (antimonous oxide, 20 g; stannous chloride, 50 g; 36% hydrochloric acid, 1 L) was used to clean the coupon, after which the coupon was rinsed with distilled water and analytically pure ethanol. The weight loss was obtained after the coupon had been dried. The average corrosion rate was calculated using the following Eq. (1).
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where V is the average corrosion rate, mm/a; W is the weight loss of the coupon, g; K is 3.65 × 103; A is the total area of the coupon, cm2; T is the exposure time, day; and D is the density of the coupon, g/cm3.



Fluorescence Microscopy

Fluorescence microscopy was applied to observe the changes of the Flavobacterium sp. biofilm. After exposure, the coupon was rinsed with phosphate buffer saline (PBS), and stained with acridine orange (AO) for 5 min. The images were captured under a fluorescence microscope (Mshot MF41). The biofilm coverages were extracted from 20 random different images of the coupon using the software V9.0. The heterogeneity of the biofilm of the coupon was calculated using the following Eq. (2) (Wang Z. et al., 2014).
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where H is the heterogeneity of the biofilm of the coupon; N is the quantity of the random different images of the coupon; Si is the biofilm coverage of one image,%; S is the average biofilm coverage of the images, i.e., the biofilm coverage of the coupon, %.



Surface Analysis

The surfaces of the coupons were observed by scanning electron microscopy (SEM) (Hitachi S-4800) after 7, 15, and 30 day exposure. The coupons were treated according to the previously reported method (Yuan et al., 2008) with a minimum revision. Briefly, the coupons were rinsed with PBS solution twice and fixed in a 2.5 vol% PBS solution of glutaraldehyde for 8 h at 4°C, and then they were washed twice with deionized water to remove glutaraldehyde and dehydrated with 25, 50, 75, 90, 100 vol% stepwise ethanol for 10 min each. At last, they were dried in an airtight desiccator. To observe the corrosion morphology on the underlying metal surfaces, the biofilm and the corrosion products of the coupons were removed after 7, 15, and 30 day exposure, according to the above method in weight loss. The maximum pit depths and the corresponding widths were measured by 3D laser scanning confocal microscopy (Keyence VK-X250K).



Cell Count

The living cells in Flavobacterium sp. inoculated seawater were counted after 3, 7, 15, 21, and 30 day exposure; 10 mL of Flavobacterium sp. inoculated seawater were serially diluted with sterile seawater; 100 μL solutions of the appropriate dilutions were inoculated on solid medium and incubated at 26°C for 48 h. Bacterial numbers were determined by the plate count.



Electrochemical Analysis

A PARSTAT 2273 electrochemical workstation (Princeton Applied Research) with a three-electrode system was used for the measurements of EIS and polarization curves. The saturated calomel electrode (SCE) and the platinum electrode were employed as the reference electrode and the counter electrode, respectively. The working electrode was a coupon encapsulated in epoxy with an end surface exposed and the other end surface connected to a wire. The test solutions were sterile seawater and Flavobacterium sp. inoculated seawater, respectively. The test temperature was kept at 26°C. The EIS was measured at the open circuit potential (OCP) with an amplitude sinusoidal signal of 10 mV and the frequency range of 0.005–100,000 Hz. The equivalent electrical circuits (EECs) were determined using evaluator software (Zsimpwin). The sweep of polarization curves was performed with a voltage range from -1.4 to 0.4 V vs. SCE at a scan rate of 2.0 mV/s to determine the corrosion potential (Ecorr) and the corrosion current density (Icorr).




RESULTS


Average Corrosion Rates

Figure 1 presents the average corrosion rates of AISI 1045 steel after 3, 7, 15, 21, and 30 day exposure in sterile seawater and Flavobacterium sp. inoculated seawater. The average corrosion rate in sterile seawater slightly decreased from 3 to7 day exposure and considerably decreased from 7 to 15 day exposure. At last, it slightly decreased from 15 to 21 day exposure and 21 to 30 day exposure. The average corrosion rate in Flavobacterium sp. inoculated seawater decreased from 3 to 7 day exposure, considerably increased from 7 to 15 day exposure and slightly decreased from 15 to 21 day exposure. Subsequently, it considerably decreased from 21 to 30 day exposure and reached a slightly lower level than that after 30 day exposure in sterile seawater. The average corrosion rates in Flavobacterium sp. inoculated seawater were considerably lower than the corresponding ones in sterile seawater after 3 and 7 day exposure. However, the average corrosion rates in Flavobacterium sp. inoculated seawater were considerably higher than the corresponding ones in sterile seawater after 15 and 21 day exposure.
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FIGURE 1. The average corrosion rates of AISI 1045 steel exposed in sterile seawater and Flavobacterium sp. inoculated seawater for the different times. The error bars represent the standard deviations of the six tests.




Fluorescence Microscopy

The Flavobacterium sp. biofilm on the coupons were presented by FM after 3, 7, 15, 21, and 30 day exposure (Figures 2A–E). Sparse Flavobacterium sp. cells attached to the coupon surface dispersedly and only two tiny cell clusters were distinguished after 3 day exposure (Figure 2A). After 7 day exposure, some bacterial cells clustered on the coupon surface and sparse ones distributed around (Figure 2B). With the exposure time increasing, more Flavobacterium sp. cells accumulated to form bigger and denser colonies, besides a small number of cells still distributed around (Figures 2C–E). Especially, the biggest and densest cell colony was detected after 30 day exposure (Figure 2E). Accordingly, the coverage and the heterogeneity of the biofilm increased with exposure time. Meanwhile, they considerably increased from 7 to 15 day exposure (Figures 2F,G).
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FIGURE 2. Fluorescence images of bacterial cells attaching to the coupons exposed in Flavobacterium sp. inoculated seawater for 3 (A), 7 (B), 15 (C), 21 (D), and 30 days (E) and the coverages of the biofilm (F) and the heterogeneities of the biofilm (G) after 3, 7, 15, 21, and 30 day exposure. The error bars represent the standard deviations of the six tests.




Surface Analysis

The surface morphology of the coupons after 7, 15, and 30 day exposure showed that the corrosion products film covered the coupons exposed in sterile seawater (Figures 3A–C) and the biofilm/the corrosion products film covered the coupons exposed in Flavobacterium sp. inoculated seawater (Figures 3D–G). In sterile seawater, the corrosion scales were lumpy and many corrosion tubercles formed (Figures 3A–C). The amount of the corrosion products increased with exposure time (Figures 3A–C). In Flavobacterium sp. inoculated seawater, some Flavobacterium sp. cells adhered with the corrosion products to the coupon surface after 7 day exposure (Figure 3D). More and denser cells accumulated in the corrosion products on the coupons after 15 day exposure (Figure 3E). The quantity and the density of cells reached the maximum after 30 day exposure (Figures 3F,G).
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FIGURE 3. The SEM images of the surface morphology of the AISI 1045 steel coupons after 7 (A), 15 (B), and 30 day exposure in sterile seawater (C) and 7 (D), 15 (E), and 30 day exposure in Flavobacterium sp. inoculated seawater (F,G).


For the coupons exposed in sterile seawater for 7, 15, and 30 days, the pit number increased with the exposure time (Figures 4A–C). For the coupons exposed in Flavobacterium sp. inoculated seawater for 7, 15, and 30 days, the pit number also increased with the exposure time and the pit numbers were considerably higher than the corresponding ones of the coupons exposed in sterile seawater (Figures 4A–F). The maximum pit depths were 5.39, 10.27, and 11.25 μm with the widths of 32.62, 40.19, and 43.88 μm after 7, 15, and 30 day exposure in sterile seawater, respectively (Figures 5A–C). After 7, 15, and 30 day exposure in Flavobacterium sp. inoculated seawater, the maximum pit depths were 11.04, 17.05, and 20.38 μm, increasing by 5.65, 6.78, and 9.13 μm against the corresponding ones in sterile seawater, respectively (Figures 5A–F). The corresponding widths were 34.95, 47.76, and 78.05 μm, growing by 2.33, 7.57, and 34.17 μm against the corresponding ones in sterile seawater, respectively (Figures 5A–F).
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FIGURE 4. The SEM images of the metal surface corrosion morphology after the removal of the corrosion products and the biofilm from the coupons after 7 (A), 15 (B), and 30 day exposure in sterile seawater (C) and 7 (D), 15 (E), and 30 day exposure in Flavobacterium sp. inoculated seawater (F).
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FIGURE 5. The maximum pit depths and the corresponding widths of the coupons after 7 (A), 15 (B), and 30 day exposure in sterile seawater (C) and 7 (D), 15 (E), and 30 day exposure in Flavobacterium sp. inoculated seawater (F).




Cell Count

Figure 6 shows that the cell number in Flavobacterium sp. inoculated seawater changed with exposure time. It slightly increased from 3 to 7 day exposure and considerably increased from 7 to 15 day exposure. It then considerably decreased from 15 to 21 day exposure and 21 to 30 day exposure.
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FIGURE 6. The cell numbers in Flavobacterium sp. inoculated seawater after the different time exposure. The error bars represent the standard deviations of the six tests.




pH Analysis

Figure 7 presents the pH values in the two seawaters after 3, 7, 15, 21, and 30 day exposure. The pH values in sterile seawater stayed at the similar levels around 8.0 after 3, 7, 15, 21, and 30 day exposure. In Flavobacterium sp. inoculated seawater, the pH values were only slightly lower than the corresponding ones in sterile seawater after 3, 7, and 30 day exposure and considerably lower than the corresponding ones in sterile seawater after 15 and 21 day exposure. In addition, the pH value in Flavobacterium sp. inoculated seawater slightly decreased from 3 to 7 day exposure and considerably decreased from 7 to 15 day exposure. Then it considerably increased from 15 to 21 day exposure and 21 to 30 day exposure.
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FIGURE 7. The pH values in sterile seawater and Flavobacterium sp. inoculated seawater after the different time exposure. The error bars represent the standard deviations of the six tests.




EIS Analysis

Electrochemical measurement is an efficient and fast method characterizing the transient electrochemical reactions occurring among metal surface, corrosion products, and biofilm (Mansfeld and Little, 1991). The EIS data acquired for the coupons exposed in the two seawaters are shown in Figure 8, in which the inset plots at high-frequency were included. As shown in the Nyquist plots (Figures 8A,B), there were two time constants present in the impedance spectra in the two seawaters. They consisted of an impedance loop at high-frequency and an impedance loop at low-frequency. In sterile seawater, the diameter of impedance loop at low-frequency slightly increased with exposure time between 1 and 7 day exposure, considerably increased from 7 to 15 day exposure and slightly increased from 15 to 21 day exposure and 21 to 30 day exposure (Figure 8A). In Flavobacterium sp. inoculated seawater, the diameter of impedance loop at low-frequency increased with exposure time between 1 and 7 day exposure (Figure 8B). Then it considerably decreased from 7 to 15 day exposure and reached the minimum (Figure 8B). Hereafter, it considerably increased from 15 to 21 day exposure and 21 to 30 day exposure (Figure 8B). Importantly, the diameters of impedance loops at low-frequency were considerably greater in Flavobacterium sp. inoculated seawater than in sterile seawater after 1, 3, 5, 7, and 30 day exposure, respectively (Figures 8A,B), but considerably smaller in Flavobacterium sp. inoculated seawater than in sterile seawater after 15 and 21 day exposure, respectively (Figures 8A,B). The results were consistent with the results of the average corrosion rates.
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FIGURE 8. Nyquist plots of the coupons exposed in sterile seawater (A) and Flavobacterium sp. inoculated seawater (B).


The EIS data were simulated theoretically using the EEC that had two time constants as shown in Figure 9. The goodness of the fitting was evaluated by the chi-squared error (χ2) between the experimental data and the fitting results. The error in the fitting was in the order of 10–4 in all cases (Table 1), which indicated that the EEC could be reliably used to fit the EIS data (Liu J.C. et al., 2015). The SEM observation revealed that the corrosion products film covered the coupons exposed in sterile seawater and the biofilm/the corrosion products film covered the coupons exposed in Flavobacterium sp. inoculated seawater. For the biofilm/the corrosion products film, Flavobacterium sp. cells adhered with the corrosion products to the coupon surface, indicating that the contributions of the biofilm and the corrosion products film to the EEC were indistinguishable. So the R(QR)(QR) model was fit for the coupons exposed in sterile seawater and Flavobacterium sp. inoculated seawater (Qu et al., 2015), in which Rs, Qp, Rp, Qdl, and Rct, respectively, stood for the solution resistance, the constant phase element (CPE) of the corrosion products film in sterile seawater or the CPE of the biofilm/the corrosion products film in Flavobacterium sp. inoculated seawater, the resistance of the corrosion products film in sterile seawater or the resistance of the biofilm/the corrosion products film in Flavobacterium sp. inoculated seawater, the CPE of the electrical double layer, and the charge transfer resistance. The fitted electrochemical parameters are listed in Table 1. The Rp value in sterile seawater increased from 1 to 30 day exposure. The Rct value in sterile seawater slightly increased with exposure time between 1 and 7 day exposure, considerably increased from 7 to 15 day exposure, slightly increased from 15 to 21 day exposure and 21 to 30 day exposure. The Rp and the Rct values in Flavobacterium sp. inoculated seawater increased with exposure time between 1 and 7 day exposure, considerably decreased from 7 to 15 day exposure and considerably increased from 15 to 21 day exposure and 21 to 30 day exposure. The Rp and the Rct values in Flavobacterium sp. inoculated seawater were considerably higher than the corresponding ones in sterile seawater after 1, 3, 5, 7, and 30 day exposure. Nevertheless, the Rp and the Rct values in Flavobacterium sp. inoculated seawater were considerably lower than the corresponding ones in sterile seawater after 15 and 21 day exposure. The results were in accord with the average corrosion rate results and the Nyquist data.


TABLE 1. Fitted parameters of EIS after the different time exposure in sterile seawater and Flavobacterium sp. inoculated seawater.
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FIGURE 9. Equivalent electrical circuit used to fit the EIS data: model of R(QR)(QR) for the coupons exposed in sterile seawater and Flavobacterium sp. inoculated seawater. Rs: the solution resistance, Qp: the constant phase element (CPE) of the corrosion products film in sterile seawater or the CPE of the biofilm/the corrosion products film in Flavobacterium sp. inoculated seawater, Rp: the resistance of the corrosion products film in sterile seawater or the resistance of the biofilm/the corrosion products film in Flavobacterium sp. inoculated seawater, Qdl: the constant phase element (CPE) of the electrical double layer, Rct: the charge transfer resistance.




Polarization Curves

Figure 10 shows the Tafel polarization curves of the coupons exposed in sterile seawater and Flavobacterium sp. inoculated seawater. Tafel polarization parameters such as the corrosion potential (Ecorr), the anodic and cathodic Tafel slops (ba and bc), the corrosion current density (Icorr), and the pitting potential (Epit) extracted from the Tafel polarization curves are listed in Table 2. In sterile seawater, the corrosion current density (Icorr) values stayed at the higher levels between 1 and 7 day exposure. Then the Icorr value considerably decreased from 7 to 15 day exposure and slightly decreased from 15 to 21 day exposure and 21 to 30 day exposure. In Flavobacterium sp. inoculated seawater, the Icorr value decreased with exposure time between 1 and 7 day exposure, considerably increased from 7 to 15 day exposure and considerably decreased from 15 to 21 day exposure and 21 to 30 day exposure. The Icorr values were considerably higher in sterile seawater than in Flavobacterium sp. inoculated seawater after 1, 3, 5, 7, and 30 day exposure, respectively. However, the Icorr values were considerably lower in sterile seawater than in Flavobacterium sp. inoculated seawater after 15 and 21 day exposure, respectively. The results were in agreement with the results of the average corrosion rates and the EIS. The pitting potential (Epit) values decreased over exposure time in the two seawaters. In addition, the Epit values in Flavobacterium sp. inoculated seawater were considerably lower than the corresponding ones in sterile seawater between 1 and 30 day exposure. The results supported the surface analysis results.


TABLE 2. Parameters of Tafel polarization curves of the coupons exposed in sterile seawater and Flavobacterium sp. inoculated seawater for the different times.
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FIGURE 10. Tafel polarization curves of the coupons exposed in sterile seawater (A) and Flavobacterium sp. inoculated seawater (B) for the different times.





DISCUSSION

The EIS is the powerful tool for detecting the different electrochemical processes at the interfaces between the electrodes and the electrolytes. The impedance loop diameter in the Nyquist plot, the Rct value, and the Rp value are the key indicators of a corrosion rate (Liu H. et al., 2015, Batmanghelich et al., 2017; Liu et al., 2017; Song et al., 2018). The higher values of the three data represent the higher electrical resistances at the interfaces between the coupons and the electrolytes and the lower corrosion rates. In this study, the EIS data showed two time constants in the two seawaters. The time constant at high frequency corresponded to the corrosion products film formed on the coupon exposed in sterile seawater or the biofilm/the corrosion products film formed on the coupon exposed in Flavobacterium sp. inoculated seawater. The time constant at low frequency represented the charge transfer process in the electrical double layer, which was established at the steel and seawater interface. Many authors had found similar results. The impedance spectra of carbon steel Q235 in soil-extract solution with Desulfovibrio desulfuricans revealed that the time constants in the high frequency region were due to the forming of the corrosion products and the biofilm, and the time constant in the low frequency region was due to the electrical double layer (Xu et al., 2012). The EIS of 2205 duplex stainless steel corrosion by P. aeruginosa showed that the time constant at the higher frequency was most likely due to the biofilm/the corrosion products film, while the time constant at the lower frequency could be attributed to the electrical double layer (Xu et al., 2017). The EIS of 5052 aluminum alloy had two time constants: the one at high-frequency was associated with the formation of corrosion product in the sterile solution or the corrosion product and biofilm in Desulfovibrio caledoniensis media, while the other one at low-frequency was associated with the electrical double layer (Guan et al., 2017). So the two time constants at high frequency and low frequency were related to Rp and Rct, respectively.

In sterile seawater, the impedance loop diameter, the Rct value, and the Rp value increased from 1 to 30 day exposure. Nevertheless, the average corrosion rate and the Icorr value decreased from 3 to 30 day exposure and from 1 to 30 day exposure, respectively. These changes illustrated that the corrosion rate of the steel exposed in sterile seawater decreased from 1 to 30 day exposure. These results could be due to the increase of the amount of the corrosion products on the coupon, which could decrease the transmission of corrosive ions and molecules to the steel surface (Li S. et al., 2016). Similarly, the resistance of the corrosion products film formed on AISI 304 stainless steel increased in the first 10 days of immersion in sterile seawater due to the increase in thickness of the corrosion products (Rodríguez et al., 2006). The corrosion product increased the impedance value of AZ31B magnesium alloy immersed in the artificial seawater (Kang et al., 2019). The increase of the Rct value of the naval carbon steel BV-grade A in natural seawater was due to the increase in the thickness and/or compactness of the corrosion products layer (Belkaid et al., 2011). The pit number, the maximum pit depth, and the corresponding width results in sterile seawater showed the pitting corrosion of the steel exposed in sterile seawater, which could be attributed to the concentration cells caused by the heterogeneous corrosion products film (Fadl-allah et al., 2016).

The EIS data showed that the impedances including the impedance loop diameters, the Rct values, and the Rp values in Flavobacterium sp. inoculated seawater considerably increased after 1, 3, 5, 7, and 30 day exposure and considerably decreased after 15 and 21 day exposure as compared to their counterparts in sterile seawater, which were in accord with the Icorr results of the polarization curves and the weight loss data. These results demonstrated that Flavobacterium sp. decreased the corrosion rates of the steel between 1 and 7 day exposure and after 30 day exposure and increased the corrosion rates between 15 and 21 day exposure. The FM and the SEM results revealed that Flavobacterium sp. formed the biofilm on the coupons. The biofilm acted as a transport barrier, blocking the diffusion of the corrosive species such as oxygen and chloridion to the steel surface (Mohanan et al., 2004; Guo et al., 2017). Even it could prevent the diffusion of the corrosion products (Qu et al., 2015). Besides, the biofilm could remove oxygen at the steel/electrolyte interface through oxygen respiration (Little and Ray, 2002). These led to the increases in the impedances and decreases in the Icorr values, the average corrosion rates, and the corrosion rates. Thus, the decreases of the corrosion rates by Flavobacterium sp. could be attributed to the corrosion inhibition by the biofilm, which were supported by previous studies. Bacillus subtilis increased the impedance value and decreased the corrosion rate due to the formation of the biofilm on the AZ31B magnesium alloy surface (Kang et al., 2019). The P. aeruginosa biofilm increased the Rct values of nickel-zinc alloys, suggesting that this species inhibited corrosion on nickel-zinc surfaces (San et al., 2014). D. desulfuricans increased the Rct value of carbon steel Q235 and decreased the corrosion rate, which was attributed to the protective ability of the biofilm (Sun et al., 2011). However, the cell count data and the pH results showed that in Flavobacterium sp. inoculated seawater, the cell number variations with exposure time were contrary to the pH value profiles, indicating that the acid secreted by Flavobacterium sp. was correlated to the stages of the cell proliferation, that is the amount of the secreted acid increased with the cell number increase and decreased with the cell number decrease due to nutrient starvation. These results were consistent with the profiles of the organic acid secretion by B. subtilis, in which the organic acid secreted by B. subtilis is associated with the reproduction of the microorganism (Qu et al., 2015). Importantly, the pH values in Flavobacterium sp. inoculated seawater considerably decreased relative to the corresponding ones in sterile seawater after 15 and 21 day exposure and reached the acidic values about 5.6 and 6.2. Acting as the depolarizer, the acid secreted by Flavobacterium sp. increased the cathodic depolarization, i.e., hydrogen evolution reaction, and decreased the deposition of the corrosion products on the steel surface through decreasing the concentration of hydroxyl radical. These caused the decreases in the impedances and increases in the Icorr values, the average corrosion rates, and the corrosion rates. So the increases of the corrosion rates by Flavobacterium sp. could be attributed to the corrosion acceleration by the acid from Flavobacterium sp., which were supported by the following results. The acetate produced by D. desulfuricans decreased the environmental pH and increased the corrosion rate of the iron (Pak et al., 2003). The organic acids such as lactic acid, fumaric acid, malic acid, and linoleic acid produced by Trichoderma harzianum decreased the Rct value and the Rp value of AZ31B magnesium alloy in artificial seawater and increased the corrosion rate (Qu et al., 2017). The low pH attributed to the acid produced by the iron-oxidizing bacteria enhanced the corrosion rate of the petrol tank (Manga et al., 2012).

The surface analysis results showed that the pit numbers, the maximum pit depths, and the corresponding widths in Flavobacterium sp. inoculated seawater considerably increased as compared to their counterparts in sterile seawater. The polarization curves results showed that the Epit values in Flavobacterium sp. inoculated seawater considerably decreased as compared to their counterparts in sterile seawater. These results demonstrated that Flavobacterium sp. increased the pitting corrosion of the steel. Moreover, the FM results showed that the coverage and the heterogeneity of the biofilm increased with exposure time. The increases in the maximum pit depth and the corresponding width and the decrease in the Epit value by Flavobacterium sp. exhibited the similar trends to the two formers. The bacterial accumulation depended on the communication of the bacteria through the released quorum sensing signal molecules (Fuqua et al., 1994; Hamzah et al., 2013). In turn, the signal molecules were assembled by the accumulating bacteria (Waters and Bassler, 2005). As time went on, the biofilm became more massive (Bollinger et al., 2001). More importantly, the biofilm became more heterogeneous (Hentzer and Givskov, 2003). The aggressive ions and molecules diffused more difficultly to the steel surface areas coated by the biofilm than to the uncoated areas, which formed the concentration cells. Furthermore, the oxygen consumption by the biofilm aggravated the differences in oxygen concentration between the coated and the uncoated areas. The higher the coverage and the heterogeneity of the biofilm the greater the concentration differences of the corrosive substances between the coated and the uncoated areas, which served as the anodes and the cathodes of the concentration cells, respectively (Zarasvand and Rai, 2014). The anodic dissolution led to the pitting corrosion. So the pitting corrosion by Flavobacterium sp. could be attributed to the heterogeneous biofilm cover. Similarly, the increases in thickness and heterogeneity of the P. aeruginosa biofilm caused the more severe pitting corrosion of mild steel (Abdolahi et al., 2015). The increases of the Desulfovibrio alaskensis biofilm porosity and heterogeneity led to the increases of the pitting corrosion of St37-2 (S235-JR) carbon steel (Wikieł et al., 2014). The heterogeneous biofilm of M11 and S8-5 SRB resulted in the gradients of pH, sulfate, and chloride and the pitting corrosion of mild steel (Xu et al., 2002).



CONCLUSION

In this study, AISI 1045 steel corrosion by Flavobacterium sp. was explored by weight loss, FM, surface analysis, cell count, pH measure, EIS, and polarization curves. Flavobacterium sp. considerably increased the impedances after 1, 3, 5, 7, and 30 day exposure and considerably decreased the impedances after 15 and 21 day exposure, which were in agreement with the Icorr results and the weight loss data. Additionally, the Flavobacterium sp. biofilm formed on the coupons. Flavobacterium sp. considerably decreased the pH values after 15 and 21 day exposure. These results demonstrated that Flavobacterium sp. decreased the corrosion rates between 1 and 7 day exposure and after 30 day exposure and increased the corrosion rates between 15 and 21 day exposure, which was associated with the corrosion inhibition by the biofilm and the corrosion acceleration by the secreted acid, respectively. In addition, Flavobacterium sp. considerably increased the pit numbers, the maximum pit depths, and the corresponding widths and considerably decreased the Epit values. Importantly, together with the increases in the maximum pit depth and the corresponding width and the decrease in the Epit value by Flavobacterium sp., the coverage and the heterogeneity of the biofilm increased with exposure time. The results demonstrated that Flavobacterium sp. increased the pitting corrosion, which could be attributed to the heterogeneous biofilm cover.
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Currently, sulfate-reducing bacteria (SRB) is regarded as the main culprit of microbiologically influenced corrosion (MIC), mainly due to the low reported corrosion rates of other microorganisms. For example, the highest reported corrosion rate for methanogens is 0.065 mm/yr. However, by investigating methanogen-induced microbiologically influenced corrosion (Mi-MIC) using an in-house developed versatile multiport flow test column, extremely high corrosion rates were observed. We analyzed a large set of carbon steel beads, which were sectionally embedded into the test columns as substrates for iron-utilizing methanogen Methanobacterium IM1. After 14 days of operation using glass beads as fillers for section separation, the highest average corrosion rate of Methanobacterium IM1 was 0.2 mm/yr, which doubled that of Desulfovibrio ferrophilus IS5 and Desulfovibrio alaskensis 16109 investigated at the same conditions. At the most corroded region, nearly 80% of the beads lost 1% of their initial weight (fast-corrosion), resulting in an average corrosion rate of 0.2 mm/yr for Methanobacterium IM1-treated columns. When sand was used as filler material to mimic sediment conditions, average corrosion rates for Methanobacterium IM1 increased to 0.3 mm/yr (maximum 0.52 mm/yr) with over 83% of the beads having corrosion rates above 0.3 mm/yr. Scanning electron images of metal coupons extracted from the column showed methanogenic cells were clustered close to the metal surface. Methanobacterium IM1 is a hydrogenotrophic methanogen with higher affinity to metal than H2. Unlike SRB, Methanobacterium IM1 is not restricted to the availability of sulfate concentration in the environment. Thus, the use of the multiport flow column provided a new insight on the corrosion potential of methanogens, particularly in dynamic conditions, that offers new opportunities for monitoring and development of mitigation strategies. Overall, this study shows (1) under certain conditions methanogenic archaea can cause higher corrosion than SRB, (2) specific quantifications, i.e., maximum, average, and minimum corrosion rates can be determined, and (3) that spatial statistical evaluations of MIC can be carried out.
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INTRODUCTION

Steel is the most used metal on Earth due to its material properties, such as high strength and formability, as well as low production costs (Enning and Garrelfs, 2014). Production of steel has been increasing in the past decade and nearly 1.7 billion metric tons are produced annually (U.S. Department of Commerce-International Trade Administration, 2018). Several industries rely heavily on the use of steel, i.e., water transport pipelines, cooling circuits, storage tanks, parts of production facilities, or petroleum production wells. One serious challenge for the extensively used steel infrastructure is corrosion monitoring and control. In 2013, the global cost of corrosion was $2.5 trillion USD (3.4% GDP) (Koch et al., 2016). It is essential to develop effective monitoring and preventative methods to minimize economic and environmental impacts. In contrast to abiotic corrosion, which are relatively straightforward to predict and mitigate, microbiologically influenced corrosion (MIC) is highly unpredictable due to the diversity of microbial communities involved and the type of corrosion that microorganisms cause. Microorganisms cause the so-called pitting corrosion, a localized form of corrosion where the initiation mechanisms are not yet fully understood (Kakooei et al., 2012; Enning and Garrelfs, 2014; Pinnock et al., 2018). Currently, there are two main types of MIC mechanisms identified: indirect microbiologically-influenced corrosion and direct microbiologically-influenced corrosion (Enning and Garrelfs, 2014; Jia et al., 2019). Indirect corrosion through the production of corrosive metabolites or through electron mediators (Al Abbas et al., 2013; Pinnock et al., 2018; Jia et al., 2019), and direct uptake of electrons from the metal surface using cytochrome or pili, hereby leading to metal dissolution are well-identified for sulfate-reducing bacteria (SRB) (Kakooei et al., 2012; Enning and Garrelfs, 2014; Pinnock et al., 2018; Jia et al., 2019). Reduction of sulfate by SRB using either organic acids (Eq. 1) or iron (Eq. 2) as electron donor results in the production of sulfide or sulfite that forms a corrosive cell (cathode) on the metal surface (anode) (Enning and Garrelfs, 2014; Rémazeilles et al., 2017).

[image: image]

In addition to SRB, acetogens, iron-reducers/oxidizers, sulfide-oxidizers and methanogenic archaea (MA) are also corrosive (Dinh et al., 2004; Mori et al., 2010; Park et al., 2011; Sun et al., 2014; Kato et al., 2015; Mand et al., 2016). MA can metabolize limited substrates for growth, including H2/CO2, acetate, methanol and methylamines (Youssef et al., 2009; Tucker et al., 2015). Certain strains of MA have also adapted to direct electron withdrawal from steel for methanogenesis (methanogen-induced microbiologically-influenced corrosion or Mi-MIC) (Dinh et al., 2004; Lienemann et al., 2018; Tsurumaru et al., 2018), though the specific mechanisms remain largely unknown. Recently, the corrosive Methanococcus maripaludis OS7 was identified to exhibit a corrosive genomic island or MIC-island (Tsurumaru et al., 2018). The MIC-island is an approximately 10 kb gene segment that encodes for a hydrogenase and a transport system that is most likely responsible for the secretion of the hydrogenase. It was proposed that the hydrogenase can attach to the metal surface and use the electrons from the metal oxidation for hydrogen production. Produced hydrogen is then utilized as an electron donor for methanogenesis. Currently, such a mechanism is only identified for a few Methanococcus strains and not conclusive for all corrosive methanogenic strains. Members of Methanobacteriales (Dinh et al., 2004) and the recently discovered Baltic-Methanosarcina (Palacios et al., 2019) are shown to exhibit higher iron-affinity than H2 (Beese-Vasbender et al., 2015; Palacios et al., 2019). However, Mi-MIC received little recognition largely due to the reported low corrosion rates (between 0.02 and 0.065 mm/yr) (Daniels et al., 1987; Mori et al., 2010; Liang et al., 2014). In comparison, highly corrosive SRB can reach corrosion rates between 0.31 and 0.71 mm/yr (Enning et al., 2012). One explanation for the low corrosion rates of methanogens is the assumed production of the non-conductive corrosion product siderite (Eqs 3 and 4; FeCO3) (Kip et al., 2017). However, the formation of siderite as the only corrosion product remains questionable. The stability of siderite strictly depends upon the supersaturation level (S; Eq. 5), which positively correlates with the concentrations of ferrous and carbonate ions in the solution under stable conditions and inversely relates to the solubility factor (Ksp; Eq. 5). Several factors, including salinity, pH, temperature and pressure, will affect Ksp, limiting the formation of the stable crystallized structure of siderite (Joshi, 2015; Barker et al., 2018).
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Under abiotic CO2-rich environments, i.e., oil and gas pipelines, semi-conductive magnetite (Fe3O4) and chukanovite (Fe2(OH)2CO3) could also be formed (Joshi, 2015; Barker et al., 2018), due to the inability of siderite reaching the supersaturation level. In the presence of brine solutions, additional minerals such as MgCO3 and CaCO3 are possible corrosion products (Barker et al., 2018; in ‘t Zandt et al., 2019) and changing the state of the siderite crystal structure. Furthermore, many of the isolated corrosive MA are marine microorganisms that require a salinity of 0.6 Meq of NaCl for growth, at this salinity the Ksp would decrease resulting in an increased siderite solubility (Barker et al., 2018). However, all experiments reporting on MA corrosion were conducted in stationary laboratory-controlled settings, this allowed an undisturbed formation of siderite and are unrepresentative of natural conditions.

Therefore, a standard environmental-simulated model is required to fully understand methanogenic corrosion. Thus, we developed a versatile multiport flow system to bridge between the field testing and stationary laboratory experiments. Here we report the efficacy of the system on an iron-utilizing methanogenic strain, in comparison to well-studied SRB strains under both flow and stationary conditions. Corrosion rate distributions and ideal testing conditions for both methanogens and SRB are reported here.



MATERIALS AND METHODS


Strains, Media, and Culturing Conditions

Methanobacterium-affiliated IM1 (Dinh et al., 2004) isolate was obtained from Dr. Friedrich Widdel (Max Planck Institute for Marine Microbiology, Germany), Desulfovibrio ferrophilus IS5 and Desulfovibrio alaskensis 16109 were purchased from DSMZ culture collection (DSMZ, Germany). Cultures (50 mL in 120 mL bottle) were maintained in anoxic artificial seawater medium (ASW; 26.37 g/L NaCl, 0.6 g/L KCl, 11.18 g/L MgCl2⋅6H2O, 1.47 g/L CaCl2⋅2H2O, 0.66 g/L KH2PO4, and 0.25 g/L NH4Cl) (Widdel and Bak, 1992), supplemented with selenite-tungstate, vitamin, trace element (Widdel and Bak, 1992), riboflavin (0.664 μM), lipoic acid (0.727 μM), folic acid (0.906 μM), and sodium acetate (1 mM) (Dinh et al., 2004). Sodium sulfide (1 mM) and cysteine (1 mM) were added as reducing agents (Widdel and Bak, 1992). Medium was buffered with CO2/HCO3 (pH 7.2–7.3). Cultures were closed with butyl rubber stoppers and aluminum caps, under N2/CO2 (80%:20% v/v) at 30°C. Sterilized steel coupons (99.5% Feo, 0.3% Mn, 0.08% C, 0.04% P, 0.8 cm × 0.8 cm × 0.1 cm, Goodfellow GmbH, Germany), carbon steel beads (AISI 1010, Ø = 0.238 cm, Rockwell hardness C60 to C67, grade 1000, 99.18–99.62% Feo, 0.30–0.60% Mn, 0.08–0.13% C, 55.22 ± 0.026 mg, Simply bearings, England) (Pinnock et al., 2018) or lactate (20 mM) served as electron donors during incubation with (D. ferrophilus IS5, D. alaskensis 16109) or without (Methanobacterium IM1), 10 mM sodium sulfate as electron acceptor for SRB. Once the cultures are fully grown, 30–35% of the cultures were used to inoculate the columns.



Stationary Batch Culture Experiments

Batch culture experiments were conducted in 120 mL serum bottles filled with 50 mL ASW medium and 70 mL headspace (N2/CO2, 80%:20% v/v). Medium for D. alaskensis 16109 was supplemented with 10 mM Na2SO4 and 20 mM lactate, medium for D. ferrophilus IS5 was supplemented with 10 mM SO4. Additionally, a metal coupon (99.5% Feo, 0.3% Mn, 0.08% C, 0.04% P, 0.8 cm × 0.8 cm × 0.1 cm, Goodfellow GmbH, Germany) was placed in each bottle, prior polished with sandpaper (grit 320) and treated with acid according to the NACE protocol SP0775-2013 (NACE, 2013). All biological experiments were conducted in triplicates (abiotic controls were duplicated) at 30°C for 14 days. To determine the growth of microorganisms, headspace methane and dissolved sulfide concentrations were used as indicators. Headspace methane was measured using a custom-built Agilent 7890B equipped with a thermal conductivity detector (Teckso GmBH, Germany). A Msieve 5A column (Teckso, GmBH; 30-cm length, 1.0-mm i.d., and 80/100 mesh) was used with argon as the carrier gas with a set flow at 25 mL/min. The GC was controlled and automated with the PAL3 and Chronos software (Teckso, GmBH, Germany). The detection limit for methane is 20 ppm. The dissolved hydrogen sulfide concentration in the medium and enrichments of D. alaskensis 16109 and D. ferrophilus IS5, were determined using the diamine or methylene blue method (Trüper and Schlegel, 1964; Xue and Voordouw, 2015; An et al., 2017).



Multiport Flow-Column Set-Up

A schematic illustration of the flow through system is presented in Figure 1. Glass columns were constructed with four side ports (Figure 1) (Glasgerätebau Ochs GmbH, Germany). The entire system is designed to be operated under anaerobic conditions, as rubber stopper protected side ports allow anaerobic samplings and injections, i.e., biocides. At the bottom of the column, a glass filter is placed to prevent back flow into the medium reservoir to prevent clogging (Figure 1). Column is divided into 6 sections (Figure 1), section 1 is the influent region and section 6 is the effluent region. The column is designed as a one-directional flow system from bottom–up, allowing the methane gas to be collected at the effluent site and to ensure an even media flow through the entire length of the column (Figure 1). Each section is filled with 20 sterile carbon steel beads. The carbon steel beads are extremely uniform with minimal weight differences (55.22 ± 0.026 mg) and high surface area to volume ratio (25 mm–1) (Voordouw et al., 2016). The uniformity of the carbon steel beads plays an important role in illustrating localized corrosion and calculation of the corrosion rate distributions at different sections of the column. The beads were pre-treated with acid according to the NACE protocol SP0775- 2013 (NACE, 2013). Sections of the column were separated with glass beads (Ø = 0.3 cm, Glasgerätebau Ochs GmbH, Germany) or sand (0.09–0.20 mm particle size, DIN EN 60312-1:2017, Normen Sand, Germany). In addition, one pre-treated coupon was inserted at section 1, for surface analyses (99.5% Feo, 0.3% Mn, 0.08% C, 0.04% P, 0.8 cm × 0.8 cm × 0.1 cm, Goodfellow GmbH, Germany). Pore volume (PV) of the columns was calculated using the weight differences between the dry packed column and the anaerobic medium-flooded wet columns (PV = 32.6 ± 1.8 mL for sand and PV = 36.1 ± 2.4 mL for glass beads). Cultures (0.5 PV) were directly incubated into the media-flooded columns through the influent port (section 1; Figure 1). Columns were sealed and incubated at 30°C for 84 h or 7 days without flow. Post-incubation, fresh anaerobic ASW media were continuously injected into the columns. For D. alaskensis 16109 and D. ferrophilus D. ferrophilus IS5, media were additionally supplemented with 20 mM lactate and 4 mM sulfate or 4 mM sulfate only, respectively. All biological experiments were conducted in triplicates (abiotic controls were duplicated) at 30°C. The system flow rate was 0.048 mL/min or 60 mL/24 h, converting to ∼2 PV/day. All effluents from the columns were collected in individually sealed serum bottles (Figure 1) for methane measurements. Periodic sulfide measurements were conducted by collecting samples from individual sections of the column (Figure 1). At the end of the experiment, columns were taken apart by section and cleaned using NACE protocol SP0775- 2013 (Haroon et al., 2013; Pinnock et al., 2018). Beads were weighed before and after the experiment by section using a Sartorius analytical scale (Sartorius AG, Germany) to calculate the individual corrosion rate (CR). Additional modifications of the system can be achieved by using different materials, i.e., stainless steel, or a chemostat can be added to allow continuous injection of fresh cultures.
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FIGURE 1. Schematic overview of the flow through system. Column sections (1–6) and possible sampling points (stars) are identified.




Corrosion Rate Calculation and Surface Analyses

The general corrosion rates of individual bead and coupon from stationary and flow-through systems were calculated using the weight loss (ΔW in g) method. The corrosion rate CR (mm/yr) was calculated as:
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Where D is the density of the steel (7.85 g/cm3), A is the surface area of the coupon (1.6 cm2) or of the beads (0.178 cm2) and T is the operation time in hr. The factor 87,600 converts the measured corrosion rate from cm/hr to mm/yr.

Coupons extracted from the column were first fixated with 2.5% glutaraldehyde overnight at 4°C, followed by ethanol dehydration (30, 50, 70, 80, 90% and absolute). Coupons were dried with N2 gas and placed in vacuum chamber prior to SEM. Scanning electron microscope (SEM) images were acquired and analyzed using a Zeiss EVO MA10 microscope with a tungsten hairpin cathode. Images were obtained using an acceleration voltage of 7 kV.



RESULTS


Stationary Batch Culture Experiments

Stationary enrichments with iron coupons were used to compare corrosion rates with flow system. To confirm the growths of methanogen and SRB, methane and hydrogen sulfide concentrations were measured, respectively. Increased methane concentrations of Methanobacterium IM1 (highest 1.8 ± 0.38 mM; Supplementary Figure S1) confirmed the growths of all biological replicates. After 14 days, the aqueous hydrogen sulfide concentrations for D. alaskensis 16109 and D. ferrophilus IS5 cultures were 3.8 ± 0.98 and 0.95 ± 0.16 mM, respectively (Supplementary Figure S2). In the stationary batch culture experiments, the highest corrosion rate was observed for D. ferrophilus IS5, which was 0.35 ± 0.11 mm/yr, 3.6-fold higher than the flow system corrosion rate (Table 1). However, corrosion rates for D. alaskensis 16109 (0.034 ± 0.005 mm/yr) and Methanobacterium IM1 (0.15 ± 0.019 mm/yr) were significantly lower than that of the flow system. In particularly, the corrosion rate of D. alaskensis 16109 was only slightly higher than that of the abiotic control, which was 0.022 ± 0.002 mm/yr. Based on the results of the stationary cultures, D. ferrophilus IS5 is 10 times more corrosive than D. alaskensis 16109 and 2.3 times more corrosive than Methanobacterium IM1 (Table 1). However, distribution and determination of maximum/minimal corrosion rates could not be calculated (Table 1 and Supplementary Table S1).


TABLE 1. Comparison of corrosion rates and distribution between flow-through system (section 1 only) and stationary cultures. Sulfate reducing bacteria (D. alaskensis and D. ferrophilus IS5) are compared against methanogen (Methanobacterium IM1).

[image: Table 1]


Corrosion Rate Distributions of Sulfate-Reducing Bacteria in Multiport Flow Test Column

To compare the effect of flow on the corrosion rates of SRB, two sets of columns were established for D. alaskensis 16109 and D. ferrophilus IS5. Each column section contained 20 uniform carbon steel beads, and the sections were separated using glass beads of similar size. A set of abiotic control was established separately from the three biological replicates. Average general corrosion rates (CRavg) of control for D. alaskensis 16109 were low, ranging from 0.05 to 0.06 mm/yr between sections 1 to 6 (Table 1 and Supplementary Table S1). The standard deviations were also low (0.036 to 0.059 mm/yr), indicating even corrosion rate (Figure 2, Table 1, and Supplementary Table S1). D. alaskensis 16109 had relatively even CRavg between the different sections (Figure 2) as well, which were 0.1 ± 0.05 mm/yr (section 1), 0.01 ± 0.06 mm/yr (section 2), 0.08 ± 0.06 mm/yr (section 3), 0.07 ± 0.03 mm/yr (section 4), 0.07 ± 0.04 mm/yr (section 5) and 0.08 ± 0.04 mm/yr (section 6). Not all sections of D. alaskensis 16109 were statistically different from the control (sections 5 and 6), indicating abiotic corrosion unrelated to microbial activities. Sulfide production was observed in the columns (data now shown), maximum sulfide measured was 1.9 mM.


[image: image]

FIGURE 2. Corrosion rates distribution (mm/yr) of D. alaskensis 16109 (left) and D. ferrophilus (right) at pH 7.2 compared against abiotic control in flow-through system columns incubated for 3.5 days without flow. Columns were filled with glass bead as separation medium and operated for 14 days with flow. Corrosion rate distribution, median and outliers of three biological replicates are indicated.


A separate set of flow test columns was established for D. ferrophilus IS5. Similar to the previous set of abiotic controls, the CRavg ranged between 0.04 and 0.08 mm/yr, with minimal standard deviations between the different sections of the columns. Similar trend was observed with D. ferrophilus IS5, the highest CRavg was observed at the bottom of the column (0.1 ± 0.05 mm/yr; section 1), all other sections had similar corrosion rates between 0.07 and 0.08 mm/yr (Figure 2, right). Statistically, all sections of D. ferrophilus IS5 were significantly different than the abiotic control despite the low corrosion rates (Student’s t-test, Origin 2019, OriginLab, United States). Sulfide production was detected throughout the columns (data not shown), though the concentrations varied between different sections with a maximum of 0.98 mM. Iron coupon removed from the bottom section of the column showed a cluster of cells on the top layer of the corrosion product (Figure 5).

To further verify MIC by identifying local corrosion, beads were clustered based on their final weights. Beads were considered as fast corroding, if greater than 1% of their initial weight was corroded away. And they are considered as slow corroding if less than 1% of their initial weight was lost. Based on this assumption, all beads per section per treatment were grouped. For abiotic control, slow-corroding beads dominated all sections of the column (80–100%; Supplementary Table S1). With D. alaskensis 16109, section 1 (injection site) of the column having the highest number of fast-corroding beads (28%), which decreased to 8% at the effluent region (Supplementary Table S1). In comparison, D. ferrophilus IS5 had higher proportion of fast-corroding beads (13–35%) throughout the column (Supplementary Table S1). The highest number of fast-corroding beads was located at the injection region (35%), and the lowest in section 3 (13%). Interestingly, at the top section (section 6), 20% of the beads were still fast corroding, as opposed to the control (15%) and D. alaskensis 16109 (8%). In addition to the clustering of beads, a differential corrosion factor (DCF) was introduced (Pinnock et al., 2018), to compare corrosion rates of fast-corroding beads with slow-corroding beads. The highest DCF (CRfast/CRslow) for D. alaskensis 16109 and D. ferrophilus IS5 was 2.9 (Supplementary Table S1), which is lower than that of the abiotic control (3.6; Supplementary Table S1). Overall, the general corrosion rates between the two types of SRB were comparable. Comparing with the stationary cultures, the corrosion rate of D. alaskensis was tripled (section 1 only; doubled for other sections) while D. ferrophilus decreased by 3.6-fold.



Corrosion Rate Distribution of Methanogenic Archaea in Multiport Flow Test Column

In comparison, two separate sets of multiport flow test columns were established to compare corrosion rates of Methanobacterium IM1 with SRB. Both sets of the columns were triplicated and ran with two independent incubations to assess reproducibility. Corrosion rates of Methanobacterium IM1 set 1 had corrosion rates of 0.2 ± 0.09 mm/yr (section 1), 0.1 ± 0.08 mm/yr (section 2), 0.08 ± 0.07 mm/yr (section 3), 0.09 ± 0.07 mm/yr (section 4), 0.06 ± 0.04 (section 5) and 0.09 ± 0.06 mm/yr (section 6). The maximum corrosion rate (bead with the highest corrosion rate) of Methanobacterium IM1 was 0.38 mm/yr (Figures 3, 6D,E), which is higher than that of D. alaskensis 16109 (0.28 mm/yr; Figure 2), and control (0.12 mm/yr; Figure 3). Severe pitting was observed on the surface of corroded bead compared to the control (Figures 6A,D,E). The highest DCF (CRfast/CRslow) was observed at the bottom of the column (4.1; Table 1 and Supplementary Table S1), where 88% of the beads were classified as fast corroding. Interestingly, the proportion of fast-corroding beads decreased over the distance of the column for Methanobacterium IM1 (88 to 13%; Supplementary Table S1). This was further reflected on the corrosion rates, where majority of the beads had corrosion rates around 0.2 mm/yr at the bottom of the column and shifted to 0.07 mm/yr on the top (Figure 3, left). After 14 days of operation, the maximum methane production was 1.9 ± 1.0 mM (Figure 4). Interestingly, SEM image of the metal coupon showed cells clustered on sheets that are extending in between large corrosion products (Figure 5B).
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FIGURE 3. Corrosion rates distribution (mm/yr) of Methanobacterium IM1 set 1 (left) and Methanobacterium IM1 set 2 (right) at pH 7.2 compared against abiotic control in flow-through system columns incubated for 3.5 days without flow. Columns were filled with glass bead as separation medium and operated for 14 days with flow. Corrosion rate distribution, median and outliers of three biological replicates are indicated.



[image: image]

FIGURE 4. Methane production of Methanobacterium IM1 in flow-through system. Glass-packed Methanobacterium IM1 columns (set 1 and 2) are compared against sand-packed Methanobacterium IM1 column, each data point is the average of three replicates ± SD.
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FIGURE 5. Images of iron coupons extracted from bottom section of the column post-experiment. Coupons from IM1-incubated sand column (A), IM1-incubated glass column (B), and IS5-incubated glass column (C) are shown. Cell clusters are indicated by orange arrows and iron surface is indicated by white arrow.
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FIGURE 6. IM1-treated carbon steel beads extracted from the column post-experiment. Beads with 0.52 mm/yr corrosion rate (B,C) and 0.38 mm/yr corrosion rate (D,E) are shown in comparison to the control bead with no corrosion (A).


Corrosion rates of Methanobacterium IM1 set 2 showed highest CRavg at the bottom of the column (0.17 ± 0.08 mm/yr; section 1) as well. The CRavg decreased to 0.06 mm/yr in sections 3 and 4 and increased to 0.11 mm/yr in sections 5 and 6 (Supplementary Table S1). After 14 days of operation, the maximum methane production was 0.65 ± 0.35 mM (Figure 4). All sections of Methanobacterium IM1 were significantly different from the control, with a maximum corrosion rate of 0.38 mm/yr, which is 41% higher than the most corroded bead of D. ferrophilus IS5 (Figures 2, 3). At the influent region of the column, DCF was 3.6 and 78% of the beads were fast corroding (Table 1). High number of fast corroders was observed throughout the column for Methanobacterium IM1 set 2 (15–78%; Figure 3). Furthermore, the corrosion rates of beads did not cluster, as observed in set 1 (Figure 3) but were rather distributed (Figure 3). Part of the beads had corrosion rates above 0.2 mm/yr and the other quartile were around 0.1 mm/yr (Figure 3). In addition, section 5 and 6 of this set also had higher corrosion rates and were dominated by 50% of fast-corroding beads.



Real Environment Simulation Using Multiport Pipeline

To test conditions simulating natural sediments, sand was tested as filling material. Higher corrosion rates were observed in sand-packed columns compared to glass-packed columns (Figures 2, 3, 7). Under sand-packed conditions, the average corrosion rates of control ranged between 0.05 and 0.07 mm/yr (Supplementary Table S1). In comparison, the average corrosion rate of Methanobacterium IM1 in section 1 was 0.31 ± 0.14 mm/yr and a maximum of 0.52 mm/yr (Figures 6B,C, 7, right). Coupons extracted from section 1 of the Methanobacterium IM1 column showed microbial colonization close to the metal surface (Figure 5A) and pitting corrosion on the surface of the corroded beads (Figures 6B,C). The average Methanobacterium IM1 corrosion rates decreased over the distance of the column (Figure 7). At the top of the column, CRavg was only 0.04 ± 0.02 mm/yr (section 6; Figure 7), which is 7.75-folds less than section 1. The corrosion rates for all sections of the Methanobacterium IM1 columns were statistically significantly different from the abiotic control (p < 0.05, two-sample t-test, Origin 2019, OriginLab, United States). After 14 days of operation, the maximum methane measured was 8.2 ± 5.3 mM (Figure 4). The highest DCF of sand packed Methanobacterium IM1 column was observed at the bottom section of the column (6.4; Table 1 and Supplementary Table S1), which decreased to 0 in section 6. Interestingly, sections 1 (83%) and 2 (62%) of Methanobacterium IM1 columns were primarily dominated by fast-corroding beads (Supplementary Table S1), which decreased to 28% in section 3, then 5% in section 4 and reaching 0% in section 6 (Supplementary Table S1). The decrease in the number of fast-corroding beads and increase in slow-corroding beads indicate localized corrosion by Methanobacterium IM1, primarily at the injection site.
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FIGURE 7. Corrosion rates distribution (mm/yr) of D. alaskensis 16109 (left) and Methanobacterium IM1 (right) at pH 7.2 compared against abiotic control in flow system columns incubated for 7 days without flow with sand as a filling medium and operated for 14 days. Corrosion rate distribution, medium and outliers of three biological replicates are indicated.


For D. alaskensis 16109, the corrosion rates were relatively even throughout the column (Figure 7, left). The CRavg were 0.1 ± 0.06 mm/yr (section 1), 0.06 ± 0.05 mm/yr (section 2), 0.05 ± 0.03 mm/yr (section 3), 0.07 ± 0.05 mm/yr (section 4), 0.04 ± 0.03 mm/yr (section 5) and 0.08 ± 0.09 mm/yr (section 6; Figure 7). All sections except for section 3 were statistically significantly different from the control (p < 0.05, two-sample t-test, Origin 2019, OriginLab, United States). The CR of the most-corroded region in D. alaskensis 16109-treated columns (CRavg = 0.13 ± 0.063 mm/yr) were significantly lower than that of Methanobacterium IM1 (CRavg = 0.31 ± 0.14 mm/yr; t-value = 9.15, DF = 99, p-value = 7.95e-15; Student’s t-test, Origin 2019, OriginLab, United States). Interestingly, sections 5 and 6 had higher DCF (4.2) than section 1 (2.3), though section 1 was dominated by 55% of fast-corroding beads (Supplementary Table S1). Overall, Methanobacterium IM1 showed very high corrosion rates in sand-packed systems and more uneven CR distribution than D. alaskensis 16109.



DISCUSSION

Our flow system proved to be an effective corrosion monitoring tool by combining methanogen-induced corrosion with statistical analyses, resulting in high corrosion potential that is relevant for industry. Currently, the two most commonly used methods to measure MIC are electrochemical or static incubations using metal coupons. Despite the ease of operation, both methods are often static and can only replicate static industrial environments, i.e., closed storage tanks, neglecting all scenarios involving environmental fluctuations. Determination of corrosion rates for environmental samples is often conducted by incubating certain sizes and types of metal coupons in an anaerobic serum bottle. After certain incubation period, the differences in weight are used for corrosion rate calculation (Dexter et al., 1991; Park et al., 2011; Enning et al., 2012; Mand et al., 2016). The corrosion rates determined through this method are general corrosion rates, although pit depths can be measured on the coupons but regional corrosion rate is difficult to measure (Voordouw et al., 2016). To accurately determine a clear distribution of corrosion rates, uniform carbon steel ball bearings were introduced (Voordouw et al., 2016). The ball bearings are produced using industrial grade material, i.e., 1010 carbon steel, with high degree of similarity between each specimen (Voordouw et al., 2016). Based on our measurements, the weight between each ball bearing vary between 2.63 × 10–5g or 0.026 mg, an ideal candidate to measure corrosion rate distribution. The surface area to volume ratio for the ball bearings are like that of metal coupons, for example the surface to volume ratio of a 2.38 mm diameter bead has a surface area to volume ratio of 25, which is higher than 23, the surface area to volume ratio of a standard sized iron coupon (2 cm × 1 cm × 0.1 cm). However, the experimental procedure is significantly simplified due to the uniformity of the shape and size of the beads, allowing a large number of substrates to be analyzed statistically.

Flow-cell experiments for MIC have been reported numerous times previously for SRB (Stipaničev et al., 2013; Duncan et al., 2014; Pinnock et al., 2018). Most SRB flow cell experiments showed significant pitting corrosion or uneven corrosion rate distribution (Pinnock et al., 2018). However, it remains unclear which region of the flow cell has the highest corrosion as many of the studies reported do not distinguish corrosion rates spatially. Based on our results, average corrosion rates of D. alaskensis 16109 and D. ferrophilus IS5 were similar between the different sections of the column (Figures 2, 7). The maximum DCF (CRfast/CRslow) (Pinnock et al., 2018) calculated for D. alaskensis 16109 was 2.0 and 2.3 (section 1; Supplementary Table S1) for glass-packed and sand-packed columns, respectively. For D. ferrophilus IS5, this factor was 2.2 (section 1; Supplementary Table S1). Despite the differences in corrosion mechanism (Enning and Garrelfs, 2014; Jia et al., 2019), the corrosion factor and corrosion rates were comparable between the two SRB strains. One explanation for the low corrosion rates of SRB, is the availability of sulfate and passivation of FeS. Coupons extracted from D. ferrophilus columns showed SRB cells colonized the top layer of the coupon (Figure 5), where sulfate availability is the highest. Analyzes on a corroded pipe extracted from an oil field showed similar results, where high numbers of SRB were found on the top layer (Larsen et al., 2010). The lower DCF observed for SRB than abiotic control could be due to the formation of a passivating FeS layer, which can be caused by the low concentrations of measured sulfide (<1.9 mM). Several studies indicated the formation of a thin FeS layer will have a passivating effect on iron by reducing the rate of dissolution (Newman et al., 1991; Lee et al., 1995; Enning and Garrelfs, 2014). However, investigations on the corrosion products of SRB at different regions of the column are needed. Overall, high concentrations of sulfate at stationary conditions prove to be the ideal growth condition for SRB. Whereas, in low-sulfate flow conditions, substrate availability, mechanical stress and porosity are limiting factors for SRB cells.

On the contrary, iron-utilizing methanogenic cells clustered closely to the iron surface, since they are strictly dependent upon the evolution H2 on the metal surface (Larsen et al., 2010). The same pipe cut which showed an abundant number of SRB on the top layer, further demonstrated a high number of archaea cells close to the metal surface, creating a cellular gradient between methanogens and SRB (Larsen et al., 2010). Several corrosive strains of methanogens are classified in the family of Methanococcaceae (Mori et al., 2010; Tsurumaru et al., 2018), including M. maripaludis, which are known hydrogenotrophic methanogens that utilize elemental iron for methanogenesis through H2 formation (Tsurumaru et al., 2018). Members of the M. maripaludis such as KA1 and OS7 are capable of secreting extracellular hydrogenases that transfers electrons from the metal surface to form hydrogen for methanogenesis. However, it is known that Methanobacterium IM1 have higher affinity for elemental iron than for H2 (Beese-Vasbender et al., 2015; Kip et al., 2017; in ‘t Zandt et al., 2019). Though the specific mechanisms are still under investigation, it was speculated that Methanobacterium IM1 can tightly adhere to the metal surface, allowing cell-surface redox mediators to effectively transfer electrons (Beese-Vasbender et al., 2015). Currently, methanogens are defined as ‘corrosion protectors,’ with corrosion rates ranging between 0.02 and 0.065 mm/yr (Daniels et al., 1987; Mori et al., 2010; Liang et al., 2014; Mand et al., 2014; Okoro C. et al., 2016; Okoro C.C. et al., 2016) and production of non-conductive carbonate-based products, i.e., siderite (Mori et al., 2010; Kip et al., 2017; Barker et al., 2018) (Eq. 4). Under static conditions, the buildup of abiotic and biotic corrosion products, particularly siderite is more easily achieved than under flowing conditions (Barker et al., 2018). According to Eq. 5, the restriction to electron access is more likely under static conditions, explaining the reported lower corrosion rates. Under flow conditions, the average corrosion rates of Methanobacterium IM1 range between 0.2 and 0.3 mm/yr, with maximum corrosion rates above 0.5 mm/yr, which is 1.3 to 3 times higher than the corrosion rates obtained under static conditions (0.15 mm/yr; Table 1), and up to 25 times higher than reported methanogenic-corrosion rates. The highest corrosion rates of Methanobacterium IM1 were observed often at the incubation site (sections 1 and 2). The decreased corrosion rates in sections 4–6 could be explained with the build of corrosion products, which were carried away from the influent region. But additional investigations on the local conditions, i.e., redox potential and water chemistry, using microsensors are needed. Under environmental-fluctuating conditions, i.e., marine sediments or pipeline, scale precipitation and ion dissolution are dependent upon flow velocity. In one abiotic study, fluid turbulence caused formation of localized corrosion (Han et al., 2010), but the eventual buildup of siderite due to mass-transfer limits may slow down corrosion (Han et al., 2010). But it was shown that biofilm can influence mass-transfer, particularly for pitting corrosion (Taherzadeh et al., 2012; Xu et al., 2016). However, the corrosion products of Methanobacterium IM1 need further investigation, particularly at the different regions of the flow system. Overall, increased corrosion rates under flow conditions indicate enhanced growth for methanogens with high iron affinity.

Interestingly, increased average general corrosion rates were observed using sand as packing material compared to glass beads. Despite the similarity in pore volume between the two types of packing materials, corrosion rates in sand-packed columns were higher than that of glass packed columns, particularly for Methanobacterium IM1. The average corrosion rates of Methanobacterium IM1 section 1 in sand packed columns were 1.5 times than that of glass columns. Compared to glass beads, sand grains are more textured and denser, allowing enhanced microbial attachment. Furthermore, sand grains enhances the growth of microorganisms, it has been found that each sand grain can habit 105 cells (Probandt et al., 2018) with only 0.5 μm between each cell (Probandt et al., 2018). Sand grains can shield microorganism from mechanical sheer stress, while providing necessary porosity for substrate availability (Probandt et al., 2018). A comparison between incubation time was additionally conducted, where an incubation of 7 days, selected based on previous bioreactor studies (Callbeck et al., 2011; An et al., 2017; Chen et al., 2017), was compared with 3.5 days and 24 h. Results showed a linear relationship between incubation time and corrosion rate (Supplementary Figure S3), indicating a possible role of biofilm in the corrosion mechanism of methanogens that can be further amplified in sand-packed environments. Additionally, sand grains can further mimic environmental conditions in marine sediments, soil and oil reservoir. Currently, sand-packed reactors were used to investigate oil reservoir related studies, such as souring control and enhanced oil recovery (Gieg et al., 2011; Gassara et al., 2015; An et al., 2017; Suri et al., 2019) targeting SRB and nitrate-reducing bacteria. Bioreactor or studies under flow regarding methanogens have been largely neglected due to the difficulties maintaining an anaerobic system that allows methane measurements. However, to evaluate the potential of methanogen-induced MIC, certain environmental conditions must be established, for example Methanobacterium IM1 was originally isolated from the marine sediment. Though the evolutionary history of the strain remains unclear but based on our current results Methanobacterium IM1 has higher iron-utilizing efficiency in sand compared to static and glass-packed environments.



CONCLUSION

We have shown that standardized flow-tests should be incorporated as part of regular MIC monitoring, especially for methanogen-induced MIC. Different types of packing material, flow rates, influent solution, i.e., field water samples, and metals, offer great flexibility while providing a comprehensive corrosion profile. To further our understanding of microbial activities at the interface between cells and metal surface, microsensors and additional environmental parameters need to be applied, i.e., biocides. To increase the resolution of spatial-corrosion profiles, longer columns made of different materials can be used. Overall, by standardizing flow systems as part of regular laboratory experiments allows more accurate MIC measurements and development of effective mitigation strategies.
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Acidithiobacillus ferrooxidans, together with other microorganisms, has an important role on biohydrometallurgical processes. Such bacterium gets its energy from the oxidation of ferrous ion and reduced sulfur; in the first case, the accumulation of ferric ion as a product can cause its inhibition. It is known that the extracellular polymeric substances (EPS) may have an important role in the adaptation and tolerance to diverse inhibiting conditions. In the present study, it was tested how D-galactose can influence the production of extracellular polymeric substances (EPS) on At. ferrooxidans by evaluating at the same time its biooxidant activity and capacity to tolerate high concentrations of ferric ion. The visualization and quantification of EPS was done through a confocal laser scanning microscope (CLSM). The results show that at low cellular concentrations, the D-galactose inhibits the microbial growth and the biooxidation of ferrous ion; however, when the quantity of microorganisms is high enough, the inhibition is not present. By means of chemostat tests, several concentrations of D-galactose (0; 0.15; 0.25; and 0.35%) were evaluated, thus reaching the highest production of EPS when using 0.35% of this sugar. In cultures with such concentration of D-galactose, the tolerance of the bacterium was tested at high concentrations of ferric ion and it was compared with cultures in which sugar was not added. The results show that cultures with D-galactose reached a higher tolerance to ferric ion (48.15 ± 1.9 g L–1) compare to cultures without adding D-galactose (38.7 ± 0.47 g L–1 ferric ion). Also it was observed a higher amount of EPS on cells growing in the presence of D-galactose suggesting its influence on the greater tolerance of At. ferrooxidans to ferric ion. Therefore, according to the results, the bases of a strategy are considered to overproduce EPS by means of At. ferrooxidans in planktonic state, so that, it can be used as a pre-treatment to increase its resistance and tolerance to high concentrations of ferric ion and improve the efficiency of At. ferrooxidans when acting in biohydrometallurgical processes.
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GRAPHICAL ABSTRACT. Planktonic cells of At. ferrooxidans produce EPS only when grown in the presence of D-galactose as can be seen in the CLSM images. Cells having EPS on their surface can tolerate higher iron concentrations compare to cells without a layer of EPS surrounding them.




INTRODUCTION

Acidithiobacillus ferrooxidans is an acidophilic and chemolithoautotrophic bacterium that obtains its energy from the oxidation of ferrous ion and reduced sulfur compounds; and as a carbon source, it uses CO2 (Kelly and Wood, 2000). This microorganism is common in biotechnological processes such as bioleaching and biooxidation of minerals, in which there is accumulation of ferric ions (Fe3+) that results from the energy obtaining reactions of the cell. At. ferrooxidans can be inhibited by ferrous (Fe2+) and ferric (Fe3+) ions, being stronger the last one. Thus for example, it has been reported that for ferrous ion and for ferric ion the concentrations causing inhibition are greater than 30 and 20 g L–1, respectively (Lizama and Suzuki, 1989; Boon et al., 1999). It is known that Fe3+ inhibits microbial growth since it acts according to the mechanisms of competitive and non-competitive product inhibition (Nemati and Harrison, 2000) and causes low process productivity (Kawabe et al., 2003).

In recent studies, it has been reported that the use of monosaccharides induces the production of extracellular polymeric substances (EPS) in chemolithoautotrophic microorganisms (Bellenberg et al., 2012) without causing inhibition of microbial growth when they are sufficiently adapted to the substances (Aguirre et al., 2018). Thus, Barreto et al. (2005b) identified the functional presence of gal operon in At. ferrooxidans, which is mostly expressed in cells that have iron as an energy substrate in relation to those that have sulfur, and three precursors related to EPS biosynthesis in At. ferrooxidans − UDP-glucose, UDP-galactose, and dTDP-rhamnose - all of them synthesized from glucose-1-phosphate. Also, Barreto et al. (2005a), through bioinformatics studies, identified monosaccharide transporting proteins in At. ferrooxidans associated to the production of EPS, suggesting that D-galactose may fulfill the role of inducer in the formation of EPS on sessile bacteria.

Bellenberg et al. (2012) also reported increased biofilm formation on mineral in the presence of D-galactose and D-glucose and recently, Aguirre et al. (2018) showed that adding D-galactose in a culture of L. ferrooxidans increased the production of EPS. Apparently, the presence of these carbohydrates in small concentrations could be stimulating the production of EPS on planktonic and sessile cells.

Extracellular polymeric substances are one of the main components of biofilms. They are formed of proteins, sugars, lipids, nucleic acids and cell fragments whose composition and concentration may vary depending on microorganisms and environmental conditions (Wingender et al., 1999). The EPS fulfill different functions: reaction space for oxidation, forming an active and absorbing surface, favoring bacterial adhesion, helping the structural stabilization of the biofilm and forming a protective layer against biocides or other media inhibitors, among others (Wingender et al., 1999; Michel et al., 2009). EPS origin is mainly due to secretion processes and cell lysis, thus being accumulated on the surfaces of cells, or disseminated in the medium (Wingender et al., 1999). The production of EPS in microorganisms is usually a cellular response to harsh environmental conditions such as extreme temperatures, presence of metal ions, inhibitors, among others (Wenbin et al., 2011; Yu et al., 2013) and also, its production is one of the strategies in the process of adaptation of microorganisms (Geyik and Çeçen, 2015). The chemical composition of EPS changes depending on the physical-chemical conditions of the environment, reporting different compositions exuded by At. ferrooxidans when faced with pyrite, elemental sulfur or iron (Gehrke et al., 1998).

The presence of EPS in biohydrometallurgical processes would favor bacterial attachment to the mineral and its subsequent role in the formation of biofilm on minerals, increasing the chemical attack on the mineral, and therefore the efficiency of the process. Hence, the production of EPS in planktonic cells can generate cells with high attachment capacity (Saavedra et al., 2018) in addition to conferring protection against harsh conditions (Wenbin et al., 2011). There are studies where different processes have been carried out for the generation of EPS in planktonic cells; for example, Biosigma, a biomining development company, presented a patent where a strategy to increase the production of EPS is described; thus, by silencing genes through redirecting the source of carbon to the formation of EPS and not to the formation of biomass (Mass et al., 2015). Therefore, it is important to address the search for new strategies to increase the production of EPS in bacteria participating in biomining processes. In this regard, it is also necessary to know the role of microorganisms in the formation of EPS and their interaction among them, as in the case of L. ferrooxidans and At. thiooxidans that colonize a mineral faster when it is pre-colonized by At. ferrooxidans (Bellenberg et al., 2014); or the case of At. ferrooxidans which form biofilm on mineral substrates faster in the presence of Acidiphilium sp. thus obtaining a greater solubilization of the mineral (Yang et al., 2013).

It has been proven in other microorganisms that the presence of EPS increases resistance and tolerance to metal ions or other toxic agents (van Acker and Coenye, 2016). Yu et al. (2013) showed that, when EPS increases in At. ferrooxidans, it has a higher adsorption capacity of iron and copper; and therefore greater tolerance. Also, with other bacteria, it has been shown that EPS can increase tolerance to nanoparticles (Ouyang et al., 2017) and mercury (Cruz et al., 2017). The chemical or physicochemical interaction (adsorption) of EPS with metal ions and toxic compounds increases bacterial tolerance against toxic agents.

In this same sense, Tapia et al. (2013) indicate that the EPS exuded from At. ferrooxidans has the ability to associate with Fe2+ and Fe3+ ions. The binding of iron happens especially on the carboxyl groups of EPS forming complex oxalates of Fe2+ (FeC2O4) and Fe3+ (K3FeC6O12⋅3H2O) and other organic substances such as iron formate (C3H3FeO6⋅H2O); accumulating in the EPS 516.7 ± 23.4 mg Fe/g EPS approximately at an initial metal concentration of 2.0 g L–1 of FeTotal. Although the EPS does not represent a greater capacity for iron oxidation, a greater accumulation of Fe3+ can increase the bioleaching rate in minerals.

Therefore, the present work focuses on the evaluation of ferrous iron oxidation under conditions of EPS over production induced by D-galactose in planktonic cells of At. ferrooxidans at high ferric iron concentrations. The results of this study could be used as the basis for applying strategies to obtain planktonic microbial inoculums containing EPS and high capacity for ferric ion tolerance to be applied in heap and bioreactors, shifting the balance toward a greater number of cells attached to the particles, which would mean higher speed of solubilization.



METHODOLOGY


Microorganism and Culture Medium

Acidithiobacillus ferrooxidans DSMZ 11477 was used throughout this study. The cells were cultured in Kim medium (g L–1): KCl, 0.1; MgSO4⋅7H2O, 0.2; (NH4)H2PO4, 2.0; and supplemented with FeSO4⋅7H2O, 44; the pH was adjusted to 1.8 with H2SO4 10N (Kim et al., 2002). For cultures at other iron concentrations, the supplemented FeSO4⋅7H2O was varied; while, the other salts of the culture medium were maintained.



Evaluation of EPS Production by Adding D-Galactose

Microbial growth and iron biooxidation assays were carried out in batch cultures to determine how D-galactose can influence the growth of At. ferrooxidans. The tests were performed in 500 mL Erlenmeyer flasks with a culture volume of 200 mL. Kim culture medium enriched with 0.25% D-galactose was used. The pre-inoculum concentration was 106 cells mL–1. The flasks were incubated at 30°C and 200 rpm in a rotary incubator.

Reactor tests were performed, operating under the continuous culture mode (simple chemostat), to evaluate the production of EPS in At. ferrooxidans. In this modality, it was operated using Kim medium adding different concentrations of the D-galactose as inducer in the feed (0, 0.15, 0.25, and 0.35%).

The initial inoculum to carry out the experiments in the reactor was grown at 30°C, 200 rpm in 500 mL flasks with 100 mL of Kim medium supplemented with 44 g L–1 ferrous sulfate. The experiments were performed in a 1 L reactor with a working volume of 0.5 L, pH controlled at 1.8 by automatic addition of 10 N H2SO4 and a constant temperature of 30°C. The stirring was adjusted at 200 rpm, and the air flow to the reactor was 0.5 L min–1.

The chemostat operation was preceded by a batch culture. When ferrous ion (Fe2+) had been consumed about 3/4 of its initial concentration, the discontinuous mode was changed to continuous at a dilution rate (D) of 0.03 h–1. It was considered that the steady state had been reached after at least three hydraulic residence times (τ) with a variation in cell concentration between samples less than 10%. Four disturbances were made to the system and different stationary states were obtained which varied according to D-galactose feed concentrations (0.15, 0.25, and 0.35%). The samples were made in triplicate and the results are presented as averages and mean deviations.



Tolerance Tests to Ferric Ion (Fe3+)

Tolerance tests were performed in the absence and presence of D-galactose. The tolerance of At. ferrooxidans to ferric ion was determined in batch cultures. Cells were cultured in 500 mL Kim medium in a reactor of 1000 mL, at 30°C, initial pH of 1.8, 200 rpm and inoculum of 10% (v/v). The high concentrations of ferric ion were obtained by accumulation after adding consecutively a pulse equivalent to 9 g L–1 of ferrous ion after consumption in the previous culture stage, until observing a total inhibition of cells growth and ferrous ion oxidation. In the test with presence of D-galactose, the sugar was added with the first pulse of ferrous ion (second stage). The assays were done in triplicate. At each stage the volumetric productivity of ferric ion ([image: image]) and the accumulated specific productivity of ferric ion ([image: image]), were calculated.

[image: image]

Where: [Fe3+] is the ferric ion concentration (g L–1); t is the time (h); [No. cells] is the cell concentration (cells L–1); and Δ represents the increment of the variable at each stage.



Bacteria and EPS Visualization and Volume Quantification

The EPS were visualized using a confocal laser scanning microscope (CLSM). For each analysis, 1 mL of sample was taken and preserved with 2% glycerol at 5°C until processing. 10 μL of samples were fixed in glass slide during 10 min and then immersed in methanol for 10 min. Two fluorophores were used, labeling the cells nucleic acids with propidium iodide (PI) and EPS carbohydrates with wheat germ agglutinin (WGA). Each fluorophore was incubated with the sample for 2 h and visualized under appropriate laser excitation wavelengths and optical filters for specific detection of fluorophore signals (argon laser: 488 nm, 505–550 nm bandpass filter; helium neon laser: 543 and >560 nm longpass filter). The EPS volume was measured using ImageJ, an image processing software, allowing to quantify bio-volumes (μm3) and relative fluorescence of cells and EPS.



Analytical Methods

The total iron and ferrous iron were measured using the 1,10-phenanthroline colorimetric method; ferric ion was determined by the difference between the two values, as described previously (Muir and Andersen, 1977). The microbial concentration was determined by Petroff Hausser counting chamber, and the pH and ORP were measured with commercial electrodes.



RESULTS


Effect of D-Galactose Addition on Iron Biooxidation by At. ferrooxidans

Since D-galactose is not a substrate used in cultures of At. ferrooxidans, bacterial growth and iron oxidation kinetics were evaluated in the presence and absence of 0.25% D-galactose as shown in Figure 1.


[image: image]

FIGURE 1. Effect of D-galactose on growth (A) and biooxidation of iron (B) in a culture of At. ferrooxidans. Curves indicate absence (■) and presence (•) of 0.25% of D-galactose. The vertical bars correspond to the standard deviation (n = 3).


Acidithiobacillus ferrooxidans in the absence of D-galactose exhibited a specific maximum growth rate (μmax) of 0.11 h–1 in Kim medium; however, in the presence of D-galactose, it showed a lower μmax of 0.009 h–1 as can be appreciated from Figure 1A. Likewise, it is verified that the cell growth without D-galactose reached a cell concentration of approximately 2.2 × 108 cells mL–1; while those microorganisms subjected to D-galactose, barely reached 0.5 × 108 cells mL–1. According to Tuovinen and Kelly (1973), D-galactose can exert an inhibitory effect on the growth of At. ferrooxidans in an in vitro culture if these microorganisms are not previously adapted to this substance. However, it has been reported that in mining environments At. ferrooxidans is no stranger to the presence of carbohydrates. This is due to the presence of microbial consortia (heterotrophs and autotrophs), including bioleaching microorganisms (Bhattacharyya et al., 1991; Jia et al., 2019), which exude EPS in either planktonic or sessile state, releasing carbohydrates into the medium, including glucuronic acid (oxidized form of D-galactose) and glucose among its components, as reported by Gehrke et al. (1998), for the case of At. ferrooxidans. It may be the origin of organic components in mining environments and also from the oxidation of cell debris. In this regard, Liu et al. (2011) managed to obtain an increase in the efficiency of the bioleaching process, occurring when these two bacteria grew together, possibly due to a synergism in the production of carbohydrates by Acidiphilium sp. and the production of EPS by At. ferrooxidans. In this same sense, it has been reported that adding carbohydrates such as galactose or glucose to a culture medium with a high concentration of At. ferrooxidans and in the presence of mineral increases the rate of biofilm formation (Barreto et al., 2005a; Bellenberg et al., 2012). The results of biooxidation activity shown in Figure 1B are in agreement with the behavior of At. ferrooxidans observed in Figure 1A.

Considering the aforementioned, it was taken the strategy of adding D-galactose once the microbial population reached a high concentration. This is shown in Figure 2, where three culture conditions are presented. In the first, D-galactose was added at the beginning of the culture. The redox potential (ORP) increased around 50 mV, indicative of a low oxidation of ferrous iron. In the second, D-galactose was not added and adding the equivalent of 9 g L–1 of ferrous iron performed a second growth cycle. It was observed a typical oxidation behavior, reaching ORP close to 625 mV in both cycles. The fall of ORP between cycles was due to the change of the Fe3+/Fe2+ ratio. In the third, the culture started like the second one, but 0.25% of D-galactose was added at the beginning of the second cycle. The behavior of ORP from that point in the second and third cultures was quite similar, indicating that there is no inhibition in the biooxidative process of Fe2+ in the presence of D-galactose. This test demonstrated that At. ferrooxidans in the presence of D-galactose exhibits inhibition at low cell concentration and that it can be reversed at high cell concentration.


[image: image]

FIGURE 2. ORP variation in the presence and absence of D-galactose: D-galactose added from the beginning of the culture (•), D-galactose not added and two cycle culture (■), D-galactose added at the beginning of second cycle culture (•).


In this same sense, it has been shown that a high concentration of cells can overcome adverse conditions, probably because it encourages the cellular communication (Atkinson and Williams, 2009; Gao et al., 2020). At. ferrooxidans presents quorum sensing of type I (Zhang et al., 2018), and this communication allows cell-cell signaling through self-inducing molecules, allowing the regulation of different cell processes that are dependent on the density of the microbial population, including EPS production, adaptation and tolerance (Gao et al., 2020).



Determination of the Condition for the Production of EPS by At. ferrooxidans

Considering that one of the advantages of using chemostat is the evaluation of variables maintaining the constant metabolic state of microorganisms, the strategy of assessing the effect of D-galactose on oxidation and bacterial growth was carried out. The test was performed at a dilution rate (D) of 0.03 h–1, low enough in order to obtain a higher cell concentration considering the result shown in Figure 2. Therefore, for this test, each one of the concentrations of D-galactose (0.15, 0.25 and 0.35% w/v) was evaluated. The behaviors of iron concentration, bacterial density and ORP in each of the stationary states are shown in Figure 3.


[image: image]

FIGURE 3. At. ferrooxidans culture behavior at different concentrations of D-galactose. (A) Concentration of total iron (■), ferric ion (•), and ferrous ion (▲). (B) ORP (•) and bacterial density (▲). Chemostat operated at D = 0.03 h– 1, pH 1.8, and 30°C. Samples were taken at steady state conditions.


In Figure 3A, it is observed that at the different concentrations of D-galactose tested, iron concentration has a similar behavior, indicating that there is no inhibitory effect on the biooxidation activity of At. ferrooxidans. In Figure 3B, the ORP and bacterial density values are kept constant for D-galactose concentrations of 0.15 and 0.25%. However, at 0.35% there was a decrease in bacterial density, possibly due to a phenomenon of inhibition by the sugar on microbial growth, nevertheless its biooxidation activity was not modified. The latter may be due to the activation of metabolic pathways that favor biooxidation (Ruiz et al., 2008; Vu et al., 2009) and a possible redistribution of the energy obtained by At. ferrooxidans through ferrous ion oxidation, with respect to its use in the formation of biomass, some products and cell maintenance (Pirt, 1965).

In Figure 4, the CLSM images are shown in which the carbohydrates of EPS and nucleic acids of At. ferrooxidans are marked. The images come from samples obtained after reaching the steady state of the chemostat at different concentrations of D-galactose (0, 0.15, 0.25, and 0.35% w/v).


[image: image]

FIGURE 4. Images of CLSM of At. ferrooxidans. Bacteria, marked with propidium iodide, are observed (red) and EPS marked with WGA (green) in each stationary state obtained from continuous culture. D-galactose (A) 0%, (B) 0.15%, (C) 0.25%, (D) 0.35%. The bar corresponds to 10 μm. Relative fluorescence of At. ferrooxidans (E) and EPS (F,G) obtained from CLSM images.


As it is seen in Figure 4A, in the absence of D-galactose, it was not possible to visualize EPS unlike samples that were subjected to different concentrations of D-galactose. The conditions, in which generation of EPS was observed, were in the samples subjected to 0.15, 0.25 and 0.35% of D-galactose (Figures 4B–D). Although it is true that in each of the stationary states the iron oxidation was similar, the amount of EPS produced by the bacteria was different. This information was verified with the determination of the relative fluorescence to samples obtained at different concentrations of D-galactose. Figure 4G shows that the highest production of EPS occurs with the condition of 0.35% D-galactose. A similar study in Leptospirillum ferrooxidans, where it was tested with 0.15%, 0.25% and 0.35% of D-galactose, also showed a higher production of EPS while increasing D-galactose (Aguirre et al., 2018).

Figure 4E shows that the fluorescence of At. ferrooxidans slightly increased in the presence of D-galactose. Figures 4F,G show the relative fluorescence of the EPS generated by At. ferrooxidans, where it is noted that propidium iodide also marks the EPS (Figures 4B–D), probably due to the presence of nucleic acids forming the EPS. The presence of nucleic acids in EPS has been discussed by different authors; studies related to biofilm of Pseudomonas aeruginosa indicate that the nucleic acids in the EPS have an intercellular connector function (Allesen-Holm et al., 2006; Flemming et al., 2007; Yang et al., 2007). Also, studies by Gehrke et al. (1998), Kinzler et al. (2003) reported that the composition of EPS may vary depending on the presence of sulfur, iron and mineral substrate. The presence of nucleic acids in EPS, expelled as RNA messenger by the bacteria, has been observed in other microorganisms (Tahrioui et al., 2019).



Tolerance Tests to High Concentrations of Ferric Ion (Fe 3+)

Tolerance tests to high concentrations of ferric ion were carried out in the absence and presence of 0.35% D-galactose (best condition obtained in the previous section). The experience was based on the addition of consecutive pulses of equivalent 9 g L–1 of ferrous ion after consumption in the previous stage, until the biooxidation activity of At. ferrooxidans stopped completely. This strategy allowed the progressive increase of ferric ion concentration, eliminating the possible inhibition by ferrous ion.

The maximum tolerance of At. ferrooxidans to ferric ion in the absence of D-galactose was 38.7 ± 0.47 g L–1, and in the presence of 0.35% D-galactose was 48.15 ± 1.9 g L–1. The tolerance of At. ferrooxidans to ferric ion has been addressed by different researchers, reporting ferric ion tolerance concentrations lower than those found in this research, as in the case of Lizama and Suzuki (1989), Muzzio (2002), Kawabe et al. (2003), who reported that concentrations of 15, 18.3, and 20 g L–1 of exogenous ferric ion, respectively, exert a total inhibition on At. ferrooxidans.

At the tolerance tests, the volumetric productivity ([image: image]) and the accumulated specific productivity ([image: image]) of ferric ion were calculated with respect to the biomass produced, for each stage, which are shown in Figure 5.


[image: image]

FIGURE 5. Tolerance evaluation of At. ferrooxidans to high concentrations of accumulated ferric ion by adding ferrous ion pulses. (A) volumetric productivity ([image: image]) and (B) accumulated specific productivity ([image: image]) at each ferrous ion pulse in the absence (diagonal lines) and in the presence (horizontal lines) of D-galactose. (Samples number = 3). The length of time of each stage is show in Supplementary Table S1 (Supplementary Material).


From Figure 5A, it can be seen that the bacteria growing in the presence of 0.35% of D-galactose presented a higher volumetric productivity than the bacteria cultured in the absence of the sugar. In the first case the maximum productivity was obtained at the fifth stage (45 g L–1 of total iron) whereas in the second case it was only at the third stage (27 g L–1 of total iron). The better performance of the cells cultured in the presence of D-galactose is confirmed in Figure 5B that shows a marked difference of the specific biooxidation activity of At. ferrooxidans according to the presence or absence of the sugar in the culture medium.

Samples of At. ferrooxidans standing the respective maximum tolerance concentration of ferric ion cultivated in the presence and absence of D-galactose were analyzed by CLSM, as shown in Figure 6.


[image: image]

FIGURE 6. Images and bio-volumes of cells and EPS of At. ferrooxidans grown in the absence and presence of D-galactose standing maximum tolerance to ferric ion. (A) Images of CLSM of At. ferrooxidans in the absence of D-galactose and (B) in the presence of 0.35% of D-galactose. (C) Bio-volume of bacteria and EPS for individual cell obtained from images (A,B) in the absence (diagonal lines) and presence (horizontal lines) of D-galactose. The bar corresponds to 5 μm.


In general Figures 6A,B show the production of EPS in bacteria exposed to high concentrations of ferric ion. The EPS is observed individually, surrounding each cell, apparently in a homogeneous distribution. A higher volume of EPS is visualized in bacteria that were exposed to 0.35% D-galactose. This is corroborated by quantifying the bio-volume of the EPS (Figure 6C) where the cells cultured in the presence of 0.35% D-galactose has around 25% more EPS than cells cultured without D-galactose. In addition, it was observed that bacteria were larger than usual. Previous studies have reported the increase of bacterial EPS in stress situations, such as being subjected to high concentrations of copper (Yu et al., 2013). On the other hand, it is known that bacteria show morphological changes when they are in stressful situations (Young, 2006; Yu et al., 2013). This change in size of At. ferrooxidans was also observed by Barreto et al. (2005a) who attributed it to the overproduction of EPS.



CONCLUSION

In the range studied of D-galactose addition to the culture medium, the highest volume of EPS produced by At. ferrooxidans was obtained when using 0.35% of D-galactose. When no D-galactose was added, EPS formation was not observed.

The maximum tolerance to ferric ion concentration and consequent biooxidation activity of At. ferrooxidans was 24% higher for cells grown in the presence of 0.35% of D-galactose than those grown in the absence of the sugar. The cells with the higher maximum tolerance also had an EPS bio-volume 25% higher, correlating cellular EPS quantity with maximum tolerance to ferric ion concentration.

The inhibitory effect of D-galactose on At. ferrooxidans growth was overcome when adding the sugar to a culture of active cells amounting high cell density.

The presence of D-galactose in the culture medium increased the production and accumulation of EPS by At. ferrooxidans, being a determining factor for tolerance to high ferric ion concentrations.

This strategy could also be used (individually and in consortia) with other bacteria related to biohydrometallurgical processes such as L. ferrooxidans, L. ferriphillum and At. thiooxidans in order to understand its applicability in biomining processes.
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In arsenopyrite bioleaching, the interfacial reaction between mineral and cells is one of the most important factors. The energy of the interface is influenced by the mineralogical and microbiological characteristics. In this paper, the interfacial energy was calculated, and the surface of arsenopyrite during the bioleaching process was characterized by 3D laser microscopy, scanning electron microscopy with energy-dispersive X-ray spectroscopy, and X-ray photoelectron spectroscopy, in order to assess the dissolution and oxidation behavior of arsenopyrite during bioleaching. The results showed that the contact angles of arsenopyrite were 22 ± 2° when covered with biofilms, but the reaction surface of arsenopyrite turned 103 ± 2°. However, the angle was 45–50° when covered by passive layer, which was half as that of arsenopyrite surface. The interfacial energy of arsenopyrite without biofilms increased from 45 to 62 mJ/m2, while it decreased to 5 ± 1 mJ/m2 when covered by biofilms during the leaching process. The surface was separated into fresh surface, oxidized surface, and (corrosion) pits. The interfacial energy was influenced by the fresh and oxidized surfaces. Surface roughness increased from 0.03 ± 0.01 to 5.89 ± 1.97 μm, and dissolution volume increased from 6.31 ± 0.47 × 104 to 2.72 ± 0.49 × 106 μm3. The dissolution kinetics of arsenopyrite followed the model of Kt = lnX, and the dissolution mechanisms were mixed controlled: surface reaction control and diffusion through sulfur layer. On the surface of arsenopyrite crystal, the oxidation steps of each element can be described as: for Fe, Fe(II)–(AsS)→Fe(III)–(AsS)→Fe(III)–OH or Fe(III)–SO; for S, As–S(-1) or Fe–S(-1)→polysulfide S→intermediate S–O→sulfate; and for As, As–1–S→As0→As+1–O→As+3–O→As+5–O.

Keywords: dissolution kinetics, interfacial energy, XPS, bioleaching, hydrophobicity, passive layer


INTRODUCTION

Bioleaching is known as bio-hydrometallurgy or bio-mining and is widely applied to extract base metals and treat gold ore concentrates, where gold is associated with sulfide minerals (Schippers et al., 2013). This technique is applied to several plants in Africa, Australia, South America, and Asia (Fantauzzi et al., 2011). Arsenopyrite is the dominant arsenic-bearing sulfides in nature, which is usually covered on the gold (Ubaldini et al., 1997). The dissolution extent of arsenopyrite influences the gold recovery in the cyanidation process (Li et al., 2006). It is of great importance to understand the mechanism of arsenopyrite dissolution. The ligand of arsenopyrite is a dianion group, i.e., (AsS)2–, and ferrous ions are coordinated octahedrally by six anions. Each of the anions is tetrahedrally coordinated by three ferrous ions plus one other anion (Pratt et al., 1998). The surface characteristics of the mineral is critical in the bioleaching system, which controls the (bio)chemical reactions.

In bioleaching, the surfaces of arsenopyrite progress from fine cracks to pits, which progressively become wider and longer forming grooves, until the mineral is destroyed (Philippa and Carel, 2009). As a consequence of mineral bio-oxidation, sulfur, jarosites, iron oxy-hydrooxides, and scorodite are produced and cover the mineral surface (Glotch et al., 2006). The oxidized layer forms due to several possible reasons, including (Potysz et al., 2018): (i) silica gel formation, (ii) the precipitation of secondary phases, (iii) the presence of elemental sulfur or salts introduced to the solution and their deposition onto the solid, as well as (iv) the formation of intermediate compounds resulting from solid phase dissolution. All these phenomena, alone or in combination, contribute to a slowing of the dissolution process. It is therefore necessary to introduce additional adapting operations that can eliminate such factors that delay the leaching process (Potysz et al., 2018). Based on the biological and chemical characteristics, the interface between minerals and cells involves mineral surface, passive layer, and biofilm. Passive layer, densely covering the mineral surface, prevents the biochemical reactions in the bioleaching process. Many researchers focused on jarosite precipitation to increase the biochemical process (Leahy and Schwarz, 2009; Mukherjee et al., 2016). However, the mineral characteristics and dissolution kinetics under the passive layer is seldomly studied.

Surface analytical techniques such as scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS), confocal laser scanning microscopy (CLSM), X-ray photoelectron spectroscopy (XPS), and X-ray-induced Auger electron spectroscopy have been applied for this type of research. Mineral surfaces with different chemical components and roughness influence the interfacial energy. However, it is inaccurate to describe the interfacial reactions using the thermodynamic approach generally (Diao et al., 2014). In this paper, the surface of arsenopyrite was characterized in view of identifying the dissolution process and chemical compounds covering the surfaces. This study focused on bioleaching efficiency, especially on the surface characteristics during dissolution process of arsenopyrite. The dissolution of solid particles can be described as the escape of solute molecules from a solid surface and the diffusion of these molecules into the liquid phase (Hsu et al., 2009).



MINERAL AND METHODS


Mineral and Microorganism Preparation

The arsenopyrite sample was provided by a mining company in Inner Mongolia, China. Chemical analyses were carried out by atomic absorption spectrometry after nitrolysis, and the results showed that the sample contained 39.4% of arsenic, 33.4% of iron, and 20.9% of sulfur. The sample was cut into cuboids with the shape of 8 × 8 × 4 mm3 (Supplementary Figure S1). One side of the cuboid (8 × 8 mm2) was first polished with silicon carbide abrasive paper (120 cw for 30 s→400 cw for 1 min→600 cw for 3 min→800 cw for 3 min→1,500 cw for 5 min→3000 cw for 5 min→5000 cw for 10 min), then polished with a cloth for 0.5 h to produce a mirror-like surface and washed with ultrapure water before placing in a bioleaching assay. The mixed culture used in this study was provided by the Bioleaching Laboratory, School of Metallurgy, Northeastern University, China. The culture was designated as HQ0211 and contains mainly Acidiplasma, Acidithiobacillus, Leptospirillum, and Sulfobacillus (Tong et al., 2007).



Bio-Oxidization and Dissolution Experiments

The mixed culture was grown under aerobic conditions in 9 K medium with an initial pH of 1.8 at 45°C, as described by Song et al. (2015). The bioleaching experiments were performed in a 4.5 L bioleaching stirred tank reactor with 3 L mixed culture in which cell density reached ∼2.1 × 108 cells ml–1 (statistics by blood counting chamber). The initial pH was adjusted to 1.50 ± 0.05 using 63% H2SO4. During bioleaching, the solution and cell density were controlled by replacing the mixed culture regularly. For the bio-oxidation study, the interfacial energy and the surface characteristics of arsenopyrite were studied every 2 days.



Analysis Methods


Contact Angle Measurements

In this part, arsenopyrite covered with biofilms, arsenopyrite covered by passive layer, and the clean surfaces of arsenopyrite were measured. The arsenopyrite samples were taken out from the mixed culture and stored in a desiccator for 10 min. Then, the contact angles of the arsenopyrite surfaces covered by biofilms were measured using H2O. Later, the samples were cleaned by ultrasound for 30 min and kept in a desiccator for another 10 min in order to measure the contact angles covered by passive layer (Antoniou and Frank, 2005). Subsequently, the samples were washed with 1 M HCl and stored in a desiccator for another 10 min to analyze the contact angle of the reaction surface of arsenopyrite, as described by Yin et al. (2020). All the experiments were conducted in triplicate under the same conditions, and two to three areas on each sample were selected for measuring the contact angle.



Measurement of Surface Dissolution

After incubation in fresh media for several days aerobically, the samples were taken out every 2 days for analysis. Interfacial physical characterization was measured by laser microscope (LM) and OLYMPUS Stream software for 3D measurement (OLYMPUS OLS4100). The surface roughness, dissolution volume, distance, and depth of pits were analyzed by the software. In this part, 10–15 areas were measured, and the statistical data were used to reflect the surface physical characterization. A scanning electron microscope equipped with an energy-dispersive detector (SEM-EDS, SHIMADZU SSX-550) was used to examine the surface composition of the coupons.



Measurement of the Chemical Composition of Surface Films

The electronic structure was probed by X-ray photoemission spectroscopy (XPS) technique to analyze core levels distributions as well as valence bands (Sénémaud, 1996). It is determined by using appropriate calibration with respect to the C 1s level that is taken equal to 285.0 eV (Rocque et al., 2002). The samples were analyzed after washing by 1 M HCl. For comparison, the surface composition of a polished sample without exposure to the mixed culture was also analyzed. The results discussed were obtained from the study of the survey, As 3d and S 2p levels in the samples of bioleaching for 2, 6, and 10 days, respectively. XPS instrument was used with an ESCALAB 250Xi (Thermo Fisher Scientific, United States). The spectrometer was fitted with a monochromatized Al Kα X-ray source. Surveys of full range were collected using a 100 eV pass energy and a 1 eV step size. XPS studies of Fe 2p, S 2p, and As 3d core level regions were conducted at a pass energy of 10 eV and a step size of 0.05 eV.



Data Analysis

The contact angles were calculated by the horizontal fitting method. The interfacial energy was calculated to reflect the interfacial reactions and wetting behavior in bioleaching experiments. Young’s model (Eq. 1) provides a means to analyze interfacial tension between solid and liquid.
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where θ is the contact angle of an infinite system, which can be measured by sessile drop method, and γS, γL, and γSL are interfacial tension values for solid, liquid, and solid–liquid, respectively. The values are doubtful due to the arbitrariness of γSG and γSL. However, many researchers still apply this approach for calculating interfacial energy.

On the other hand, three wetting mechanisms exist: dissolutive wetting (Warren et al., 1998; Zhu et al., 2007), adsorption wetting (Saiz and Tomsia, 2006), and reaction wetting (Aksay et al., 1974). By combining Eqs 2–4, a solid–liquid interface model was developed (Ren et al., 2017), which is presented as Eq. (5). The equation was derived by Zhu Dingyi and designated as ZDY equation.
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where θ is the contact angle of infinite system, θ′ is the contact angle of finite system. σSL is the interfacial energy between solid and liquid, σLG is the interfacial energy between liquid and gas, and σSG is the interfacial energy between solid and gas. The interfacial energy between the sample and deionized water can be calculated after measuring the values of the interfacial energy between the measured liquid and atmosphere (σLG) and contact angle (θ).



RESULTS AND DISCUSSION


Contact Angle and Interfacial Energy Calculation

The surface thermodynamic approach is a macroscopic and physicochemical approach that interprets the state of mineral energy. The values for the contact angle and the interfacial energy of the interfaces measured by water during bioleaching are shown in Figure 1. The values showed that the surface was hydrophilic if covered by a biofilm, but the reaction surface of arsenopyrite turned to hydrophobicity.
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FIGURE 1. Variation of the contact angle (A) and interfacial energy values (B) of the initial arsenopyrite samples (0 day) and the arsenopyrite samples bioleached for 2, 6, 8, and 10 days. 1, arsenopyrite covered by biofilms, 2, arsenopyrite treated by ultrasonication for 30 min, 3, arsenopyrite washed with 1 M HCl. Bioleaching assays were done at an initial pH of 1.5 and with a cell density of 1.8 × 108 cells/mL at 45°C.


It was found that both contact angles and interfacial energy values for arsenopyrite were lower when covered by a biofilm than those without biofilms. The results coincide with the findings by Attia (1990) and Ohmura et al. (1993). Biofilm protects cells from environmental stress, such as desiccation, nutrient starvation, radiation, and/or oxidative stress (Flemming and Wingender, 2010). According to Zhang et al. (2018), the biofilm might indicate a role of coping with hydrostatic pressure stress and also shared the same components with leaching solution. This phenomenon explained why the contact angles were 22 ± 2° when covered by a biofilm, whereas the arsenopyrite surfaces exhibited hydrophobicity (90–105°) after acid washing. The cells may also act as a wetting agent to allow oxidation products, such as S0, to be dispersed in the medium, thereby allowing further oxidation (Dopson and Lindstrom, 1999). For those samples that were mainly treated by ultrasound, the contact angle initially increased from ∼77 to 100° but subsequently decreased from 98 to 45° on the eighth day. This is probably due to the presence of some oxidation by-products such as jarosite on the arsenopyrite surface (Márquez et al., 2012). The most hydrophobic surface appeared on the sixth day with the contact angle of 105° and an interfacial energy of 62 mJ/m2. Moreover, both contact angles and interfacial energy, for the samples after acid washing, increased at first and then decreased slightly. This might be due to that As and Fe ions were released from the arsenopyrite leaving a sulfur-rich surface (Mikhlin et al., 2006). The abiotic control groups showed that the contact angles for the samples before acid washing had a little decrease, but remained constant at ∼90° after the passive layer was removed. The interfacial energy between water and the arsenopyrite phases at each bioleaching time, calculated by applying the ZDY equation, shared the same order as contact angle.

For the arsenopyrite covered by passive layer, the contact angles and interfacial energy were attributed to the passive layer covering the surface of arsenopyrite. This indicated that the passive layer started to influence the interfacial energy after 4 days of the bioleaching process, and this effect increased significantly after 6 days. The clean arsenopyrite surface of the sixth day were the most energetic due to high electron donating characteristic (Gu et al., 2008). The electron donating characteristic can be influenced by the anisotropy of crystalline bodies in connection with their chemical compounds, surface roughness, and internal structure (Laporte, 1994). Here, we only focused on chemical compounds and surface roughness, since the contact angles were measured macroscopically. Further work should be done to measure these characteristics on the arsenopyrite surface, to analyze the arsenopyrite dissolution for bioleaching applications.



Morphology of Arsenopyrite Surface

The changes in surface morphology of the arsenopyrite during bioleaching are shown in Figure 2. Arsenopyrite surfaces were appreciably influenced by the mixed culture. Based on SEM-EDS, the surface was identified and separated into fresh surface, oxidized surface, and corrosion surface. Besides, from the CLSM images (Figure 2), pits can be found on the surface after bioleaching for 6 days. For the samples without passive layer, the area of pits on arsenopyrite surface was larger than that of the passive layer covered samples (Supplementary Figure S2).
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FIGURE 2. SEM and CLSM images of initial arsenopyrite (a), arsenopyrite bioleached for 2 days (b), 4 days (c), 6 days (d), 8 days (e) and 10 days (f) and the passive layer on the surface of the samples on sixth (g), eighth (h), and tenth (i) day at 45°C with initial cell density of 1.8 × 108 cells/mL, pH of 1.5.


For the surfaces covered by jarosite and some oxidation products, the dissolution process still proceeded under the passive layer. In Figure 2B, it can be seen that the arsenopyrite surface was oxidized, and irregular lines and small gray points appeared on the surface. The non-homogeneous surface may be the result of low crystallinity of arsenopyrite (Márquez et al., 2012), and the overall sulfide mineral dissolution may be dominated by surface reactions with Fe3+ in the early stage of bioleaching (Edwards et al., 2001). On the fourth day, the streaks at the surface of the arsenopyrite became rougher than that of the second day accompanied by a few shallow pits, appearing as black in SEM images (Medved et al., 2004). The surface became increasingly rough with many wrinkle-shaped gullies appeared on it. On the eighth day, the interface became rougher, and many deep pits were detectable. The amount and area of the pits on the 10th day were larger than on the 8th day. The detailed information for arsenopyrite surfaces is shown in Table 1.


TABLE 1. Characteristics of arsenopyrite surfaces during bioleaching (pH 1.5, 45°C with an initial cell density of 1.8 × 108 cells/ml).

[image: Table 1]As is shown in Table 1, all measured parameters increased exponentially during exposure. At the end of bioleaching, the surface roughness of clean arsenopyrite amounted to 5.9 ± 2.0 μm, and values for the distance and depth of pits at the end of bioleaching were ∼230 and ∼108 μm, respectively. The dissolved volume of arsenopyrite was ∼2.7 × 106 μm3 at the end of bioleaching. The surface roughness of arsenopyrite increased from 0.03 ± 0.01 μm to 5.9 ± 2.0 μm. The most significant increase appeared on the 10th day, which was as much as six times higher than that of the 8th day. For the passive layer controlled samples, the surface roughness, pit depth, and dissolution volume were 12.39, 210.95 μm, and 6.1 × 106 μm3, respectively. It means that passive layer had little effect on the depth of corrosion pit, while the dissolved volume was significantly affected. From the data obtained here, the passive layer affected the dissolution volume but had no significant effects on pit depth. As a result, the exposure probability of gold would be influenced by passive layer, but the corrosion depth of arsenopyrite would not be affected in bioleaching, theoretically. This shares the same opinion with Jones et al. (2003) that the overlayer did not prevent continued alteration of arsenopyrite.

The weight contents of Fe, As, and S at different areas were determined by EDS (Supplementary Table S1). From these data, it became clear that sulfur was enriched in the pits within the first 4 days of the bioleaching process, and it was also accumulated on the surface. The values of Fe/As/S ranged from 0.0185 to 0.1099. The EDS data changed remarkably during bioleaching and reflected the oxidization process roughly. For the fresh and oxidized surfaces, the maximum value appeared on the sixth day, which corresponds to the highest interfacial energy. This clearly indicates that the interfacial energy is influenced by the fresh and oxidized surfaces. It also explains why the interfacial energy increased during bioleaching. Since the ratio of Fe, As, and S can be used to describe the oxidization of the arsenopyrite (Zhang et al., 2019), the detailed chemical states of the surface during dissolution process are still necessary to be revealed.



XPS Study of Arsenopyrite

According to the morphology results obtained, the dissolution extent of arsenopyrite increased almost 10 times from 6th to 10th day. The deepest pits of the samples on 2nd, 6th, and 10th day were analyzed to reveal the surface chemical compositions influenced by bioleaching.

The high-resolution spectra for iron, arsenic, and sulfur species were recorded. The survey (full range) XPS spectra of the arsenopyrite samples are presented in Supplementary Figure S3. The spectra were corrected by shifting all peaks to the adventitious C 1s spectral component binding energy set to 284.8 eV. The O 1s peak may be related to air contamination and/or surface oxidation during bioleaching. The peak of N might result from the remaining cell products, and its content was 1.66–2.48 wt%. The peak intensity of Fe, As, and S changed considerably during bioleaching. According to Yin et al. (2016), Fe–(AsS) is easier to be oxidized than As–S, it is necessary to analyze the valence and bonding situations of these elements to reflect the oxidation tendency. The interfacial energy can reflect the oxidation tendency, and this explained why the interfacial energy increased during bioleaching, since the Fe–(AsS) bonds are easier to be oxidized than As–S bonds (Yin et al., 2016).


Fe 2p Spectra

Fe in the dichalcogenides is in low spin state, and a single photoemission peak should result in the Fe 2p spectrum (although spin–orbit split) (Harmer and Nesbitt, 2004). The Fe 2p conventional XPS spectra of the arsenopyrite during the course of bioleaching together with the original samples were recorded and put together in Figure 3. The conventional Fe 2p spectra of the arsenopyrite surface at the beginning of the bioleaching varied from those at the middle and later period. The binding energy of Fe 2p3/2 peaks are located at ∼707.2, 710.5, 711.4, 712.4, 713.5, 714.8, and 719.2 eV, representing Fe(II)–(AsS), Fe(III)–(AsS), Fe(III)–OH, and Fe(III)–SO, respectively.
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FIGURE 3. XPS Fe 2p spectra of arsenopyrite before (A) and after bioleaching with mixed culture for 2 days (B), 6 days (C), and 10 days (D) at 45∘C and initial pH 1.5. (Short dots – the experimental data. Fits to data – black The curves in red, blue, green, and purple present the spin-orbit split peaks of Fe(II) –(AsS), Fe(III) –(AsS), Fe(III) –OH, and Fe(III) –SO)


The narrow peak detected at ∼707.2 eV in the Fe 2p spectra was due to singlet Fe(II) in arsenopyrite phase (Mikhlin et al., 2006). Fe(II)–(AsS) and Fe(III)–(AsS) were the main chemical states in the sample before bioleaching, weighing 27.42 and 72.58 at%, respectively. This means that a large amount of arsenopyrite had been oxidized by the action of air. This may because the oxidation sequence is Fe > As = S in abiotic oxidation (Zhu et al., 2014; Deng et al., 2018). Nesbitt et al. (1995) characterized the surface of arsenopyrite oxidized in air; Fe(II)–(As–S) and Fe(III)–(As–S) were found on the surface. Interestingly, Fe(III)–(As–S) was detected on the surface of arsenopyrite before bioleaching, and the sample that was bioleached for 6 days. Fe(III)–OH can be detected on the surface bioleached for 2, 6, and 10 days, weighing 87, 71.5, and 61.98 at%. For the samples that were bioleached for 6 and 10 days, Fe(III)–OH contained two binding energies located at 711.68 and 712.84 eV. Fe(III)–SO was detected on the arsenopyrite surfaces after bioleaching for 6 days. At the end of the bioleaching process, Fe(III)–OH and Fe(III)–SO were the main iron-containing compounds with atomic percentages of 61.98 and 33.06%, respectively. The oxidation steps of Fe can be described as Fe(II)–(AsS)→Fe(III)–(AsS)→Fe(III)–OH, or Fe(III)–SO. This oxidation step corresponds with that of Corkhill et al. (2008) in the presence of L. ferrooxidans. However, the difference is that the mixed culture used in this experiment increased the bioleaching efficiency by decreasing the transfer step of Fe(II)–(AsS)→Fe(III)–(AsS).



S 2p Spectra

Figure 4 presents the conventional S 2p spectra of the arsenopyrite surface before bioleaching and after bioleaching for 2, 6, and 10 days. They displayed strong bulk signal representing 5–29% S on the surface. S 2p signals resulted from the spin-orbit signal of S atoms from bulk dimers. The binding energy of S 2p3/2 peaks were located at ∼159.4, 162.3, 162.5, 163.5, 164.7, and 168.5 eV, representing Fe–S, As–S, S0, polysulfide, intermediate S–O species, and sulfate, respectively (Mikhlin et al., 2006; Zhu et al., 2014).
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FIGURE 4. XPS S 2p spectra of arsenopyrite before (A) and after bioleaching with mixed culture for 2 days (B), 6 days (C), and 10 days (D) at 45∘C and initial pH 1.5. Short dots present the experiment data. Fits to data and the background are in black and dark yellow curves. The curves in red, blue, green, olive, pink, and purple present the spin-orbit split peaks of Sn2–, As–S, SO42–, intermediate S–O, mono-sulfides, and Fe–S.


Before bioleaching, As(-1)–S contained 22.23 wt%, and at the end of the bioleaching, only 10.62 wt% was detected. Besides, it should be noticed that the peak position of S 2p moved to a position where binding energy increased. The peak shifts were especially significant for As–S and sulfate. For the As–S, the binding energy increased from 162.08 eV (initial sample, 22.23 wt%) to 162.43 eV (10 days, 10.62 wt%). The binding energy of the initial sample was ∼0.4 eV lower than that of the other two samples. It showed that, for the samples that were treated for 2 and 10 days, the electron density of S atoms might be slightly lower than that of the S atoms of the initial arsenopyrite. Thus, As–S bonds were greater than in the initial samples, consequently the increased binding energy. On the other hand, sulfate could be detected in all samples, with binding energies of 168.17 (13.86 wt%), 168.38 (16.17 wt%), 168.62 (40.63 wt%), and 168.76 (25.86 wt%) eV. The increase by 0.59 eV during the bioleaching implies that the S–O bonds of sulfate were more stable with the process of bioleaching. However, the chemical states of S were complex at the end of the bioleaching, which indicated that at the end of the process, the surfaces were bio-corroded by the microorganisms and the oxidization products were accumulated in the pits.

In the original arsenopyrite, Fe, As, and S atoms are combined as Fe(II)–(As–S) or Fe(II)–(S–As). Since S is more electronegative than both Fe and As, the S atom reacts with one As atom or three Fe atoms when an Fe–S or As–S bond is broken (Gupta and Sen, 1974). Polysulfide existed in the initial samples (26.58 wt%) and in the samples treated for 2 days (60.62 wt%) and 6 days (51.61 wt%). The content increase in polysulfide implied that it was produced during bioleaching. Besides, polysulfide disappeared at the end of bioleaching, meaning that at the end of bioleaching, it was oxidized to S–O (intermediate S–O or sulfate). S0 was only detected on the surface bioleaching for 2 days (12.16 wt%). The oxidation step of the sulfur moiety can be described as Fe–S and/or As–S→polysulfide or S0→intermediate S–O→sulfate. Corkhill and Vaughan (2009) pointed out that it is still unclear whether the accumulation of S0 will prevent further oxidation of the arsenopyrite surface. In this study, S0 was detected, while further oxidation was not affected, most likely due to presence of sulfur oxidizers, e.g., Acidithiobacillus and Sulfobacillus (Rohwerder et al., 2003). Besides, the existence of polysulfide S resulted in the surface hydrophobicity and increased interfacial energy, which led to increase in microbial attachment and biofilms formation.



As 3d Spectra of Arsenopyrite During Bioleaching

The As 3d conventional XPS spectra for arsenopyrite are shown in Figure 5. The signal from As atoms in the bulk phase of arsenopyrite surface was appreciably different due to bio-oxidation. The binding energies for As 3d peaks were located at ∼41.3, 42.5, 43.5, 44.5, and 45.6 eV, which represent As–S, As(0), As(I)–O, As(III)–O, and As(V)–O, respectively.
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FIGURE 5. XPS As 3d spectra of arsenopyrite before (A) and after bioleaching for 2 days (B), 6 days (C), and 10 days (D) at 45°C with initial pH 1.5. Short dots present the experiment data. Fits to data and the background are in black and dark yellow curves. The curves in red, blue, green, olive, and purple present the spin-orbit split peaks of As–S, As(III)–S, and As(V)–O.


The As 3d signals of the arsenopyrite surface after bioleaching for 2 and 6 days were more complex than those of the initial and last samples. This reflects the increased in vibrational strengthening or discording. For the arsenopyrite before bioleaching, the bulk As 3d peak was 41.08 eV (As–S bond, 39.53 wt%), together with another two peaks located at 43.40 (32.16 wt%) and 44.57 eV (28.31 wt%), which were significantly higher than that excepted for As in arsenopyrite (40.7, 41.2, and 42.1 eV) (Richardson and Vaughan, 1989; Nesbitt and Muir, 1998; Fantauzzi et al., 2011). This shows that the samples were already oxidized during surface preparation, which was reflected by the detection of Fe(III)–(AsS). For the sample that was bioleached for 2 days, the main chemical states of As were As(0) (33.97 wt%) and As(III)–O (29.29 wt%), accompanied by As(V)–O (20.15 wt%). For the sample exposed for 6 days, the bulk peaks represented As(III)–O with 20.97 wt%, As(V)–O with 32.39 wt%, and As–S with 33.66 wt%, accompanied by a minor peak of As(I)–O (12.99 wt%). For the samples bioleached for 10 days, the bulk peaks were As(III)–O with 59.36 wt% and As(V)–O with 24.26 wt%, together with a minor peak of As–S with 15.98 wt%. According to the modified Auger parameter α’, the chemical state of arsenic is similar to arsenic in scorodite (FeAsO4.2H2O), a hydrated iron(III) arsenate (Wagner et al., 1979; Moretti, 1998; Fantauzzi et al., 2006).

The main differences between the samples during bioleaching are that the signals of As 3d with low binding energies, e.g., the disappearance of the As(I)–O, and the weakening of the As–S peaks. The sensitive As 3d spectra varied with the increasing binding energies, implying that the surface has been reconstructed during the bioleaching. The binding energy and the weight content of As(V)–O (45.74 eV) of the sixth day were the highest during bioleaching; it may be the result of the dissolution of arsenopyrite. It is also possible that some other intermediate steps were also involved, such as As(II) and As(IV) (Corkhill et al., 2008). However, from the XPS spectra of the arsenopyrite interface during this bioleaching, the arsenic oxidation step can be described as: As–1–S→As0→As+1–O→As+3–O→As+5–O.



Dissolution Kinetics

The depth profiles and dissolution kinetics models of the pits during bioleaching are shown in Figure 6. There were one to six pits in every 2,500 μm2, but because the dissolution was inhomogeneous, the pit closest to the mean value was chosen to analyze the dissolution process. Figure 6A shows that the sample was smooth, and almost no sign of pit was detected on the second day with the distance of 11.25 μm and the depth of ∼0.3 μm. On the fourth day, a little sign of pits was detectable with the distance of 21.25 μm and depth of ∼3 μm. The surface became rougher, and the pits became deeper over bioleaching time, and the pits increased significantly after the sixth day. Since cells attached and propagated on the surfaces of the arsenopyrite (Ramírez-Aldaba et al., 2017), biofilms accumulated and the bio-oxidation ability increased. As shown in Table 1, the width of these pits increased from ∼11 to 229 μm. The depth of pits proliferated with time, ranging from ∼75 to 143 μm at the end of bioleaching process. Consequently, the bio-oxidation or dissolution reactions occurred rapidly beneath the biofilm (Parthipan et al., 2017).


[image: image]

FIGURE 6. The profile of the pits (A) in arsenopyrite slice and plot of Kt versus time for arsenopyrite dissolution (x = time) (B) after bioleaching for 2, 4, 6, 8, and 10 days with mixed culture at pH 1.5, 45°C with an initial cell density of 1.8 × 108 cells/mL. The arsenopyrite slices were washed with 1 M HCl measurement. The curves were measured by a laser microscope and analyzed with a OLYMPUS Stream software for 3D measurement.


The ratio of the distance to depth of the pits decreased from 29.42 to 2.12. It means that the depth increased faster than its distance. The significant increase in the values of distance and depth of pits also appeared in the samples bioleaching for 10 days. All the indices indicated that the dissolution process occurred at different rates.

Surface roughness, dissolution volume, and information of pits are the important parameters to reveal the dissolution process. In Figure 6B, the fitting function and correlation coefficients are also shown in the plot. The results indicated that all dissolution indices via bioleaching time can be described as follows:

[image: image]

The dissolution kinetics follow the model in Eq. (7):

[image: image]

It should be noted that the kinetics model is similar to the model proposed by Sokiæ et al. (2009). The difference might have arisen from the difference of objects and physical quantities. In this study, the surface chemical composition of arsenopyrite was measured instead of the concentrations of ions. Sokiæ et al. (2009) proposed that the dissolution mechanism was surface reaction controlled in the initial stage, and later, it was controlled by lixiviant diffusion through a sulfur layer. However, in this study, elemental sulfur was only detected on the surface treated for 2 days, but later, the surface was covered by Fe(III)–OH and scorodite. But based on the dissolution volume and information of pits, arsenopyrite dissolution was controlled by the surface reaction.



CONCLUSION

Based on the dissolution and oxidation behaviors of arsenopyrite during bioleaching, the following conclusions can be drawn:

1. In the course of bioleaching, the surface become hydrophilic with the contact angles of 22 ± 2°, if the samples were covered by biofilms. However, the reaction surface was hydrophobic, and the contact angle increased to ∼100° with the interfacial energy of ∼60 mJ/m2.

2. The surface roughness, pit distance, pit depth, and dissolution volume of arsenopyrite increased exponentially, and the dissolution kinetics follows Kt = lnX. The dissolution mechanism is surface reaction controlled.

3. The oxidation steps of Fe, S, and As in arsenopyrite bio-oxidation can be described as follows: For Fe, Fe(II)–(AsS) oxidized to Fe(III)–(AsS) before bioleaching. The Fe(III)–(AsS) cleaved and formed Fe(III)–OH and finally bond with –SO during bio-oxidation. On the other hand, S in the original samples existed as (AsS)2– or bonded with Fe. In addition, polysulfide and S0 was formed during bio-oxidation and then oxidized to intermediate S–O, which ultimately oxidized to stable sulfate. For As, in the initial samples, it existed as (AsS)2– or As+1–O. During bioleaching, they were oxidized to As0, As+1–O, and As+3–O. At the end of the bioleaching process, it existed as As+5–O.
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A novel strain of an iron- and sulfur-oxidizing bacterium was isolated from a natural biotope at Kashen copper ore (Martakert Province, Republic of Artsakh). The strain is able to grow and oxidize ferrous ions in the range of pH 1.4–2.6 with optimal pH 2.0. The optimal temperature for growth is 35°C. Acidithiobacillus sp. Ksh has shown the highest activity for pyrite oxidation among other strains. It also demonstrated high activity in oxidation for copper and copper-gold bearing ores (Armenia). The isolate Acidithiobacillus sp. Ksh was identified as Acidithiobacillus ferrooxidans based on phylogenetic and physiological studies. Comparative studies of EPS production by cells grown on ferrous ions or pyrite were carried out. The chemical composition of capsular and colloidal EPS produced by Acidithiobacillus (At.) ferrooxidans Ksh were revealed to be proteins and carbohydrates. Exosaccharide produced by At. ferrooxidans Ksh is present mainly as polysaccharide in contrast to Leptospirillum (L.) ferriphilum CC, which is oligosaccharide. The structural difference of colloidal particles of these polysaccharides was due to the degree of hydration of the saccharide molecules.

Keywords: iron oxidizing bacteria, bioleaching, copper and copper gold-bearing ore, EPS, colloidal exopolysaccharide


INTRODUCTION

Metal bioleaching technology is the use of sulfur- and/or iron-oxidizing bacteria and archaea to extract valuable metals from metal sulfides (MS). The current well-accepted mechanism for MS oxidation is the indirect “contact” leaching (Sand et al., 2001; Vera et al., 2013). Microbial interactions with MS including microbial adhesion on MS and biofilm development are of both fundamental and practical importance (Vera et al., 2013; Li et al., 2020).

Microorganisms usually grow in biofilm lifestyle. Biofilms are a dynamic and 3-D structure of microbial cells embedded in a self-excreted matrix (Costerton et al., 1995; Sutherland, 2001). The matrix represents compounds of extracellular polymeric substances (EPS) which include carbohydrates, proteins, lipids, eDNA, etc. (Flemming et al., 2007; Limoli et al., 2015). Biofilms and EPS mediate adhesion of cells onto substrates or material surfaces, and protect cells from harsh conditions, e.g., desiccation or oxidative stress (Karamanev, 1991; Yu et al., 2008; Bellenberg et al., 2019).

MS oxidation is achieved by ferric ions complexed by EPS:

[image: image]

This theory is proven by the fact that the higher amount of ferric ions occurs in EPS of Acidithiobacillus (At.) ferrooxidans cells the higher the oxidation rate of pyrite is (Kinzler et al., 2003; Sand and Gehrke, 2006). Thus, MS bioleaching takes place in the biofilm microenvironment – between cells and the MS surfaces filled with EPS. Biofilm formation starts with the adhesion of bacteria to a substrate surface. Adhering to the surface of MS, microorganisms produce EPS, which mediate microbial adhesion on MS and achieve firm attachment (Sand and Gehrke, 2006; Schippers, 2007). It is considered that bacterial recognition of mineral surfaces takes place by chemotaxis (Rodriguez et al., 2003). Sensing the existence of a ferrous ion gradient near the surface mineral, bacteria move along the increase of the gradient. The adhesion is often selective and depends on crystal lattice properties of minerals (Myerson and Kline, 1983; Sanhueza et al., 1999). Thus, it has been revealed that At. ferrooxidans selectively adheres to the surface of pyrite (FeS2) or chalcopyrite (CuFeS2) (Ohmura et al., 1993; Crundwell, 2003; Harneit et al., 2006). It has also been shown that cultures pre-grown on MS attach to pyrite more efficiently than cultures pre-grown on ferrous ions (Africa et al., 2013). Cells of Sulfobacillus (Sb.) thermosulfidooxidans pre-grown on pyrite or elemental sulfur prefer to attach to pyrite rather than chalcopyrite (Li et al., 2019).

Another mechanism for biofilm formation is the so-called quorum-sensing system, which implements connection between bacteria by extracellular chemical signals (Rivas et al., 2007; Mamani et al., 2016). EPS are categorized as colloidal (loosely bound) and capsular (tightly bound) compounds (Sheng et al., 2010). Iron and sulfur oxidizing bacteria are able to synthesize both capsular polysaccharides and extracellular colloidal oligo- and polysaccharides (Vardanyan et al., 2019). It has been shown that the EPS composition changes upon growth substrates and growth conditions. EPS of Sb. thermosulfidooxidans contain huge amounts of humic acids apart from polysaccharides and proteins (Li and Sand, 2017). Cells of Leptospirillum (L.) ferrooxidansT, produced increased amounts of total EPS with increasing amount of substrates (galactose or ferrous ions). Cultures pre-grown on galactose produced more sticky EPS than those on ferrous ions (Aguirre et al., 2018). A strategy of overproduction of EPS by a galactose pre-treatment to increase microbial resistance and tolerance to high concentrations of ferric ion and improve the efficiency of At. ferrooxidans in biohydrometallurgical processes was proposed (Saavedra et al., 2020). Moderate thermophiles grown on chalcopyrite produced EPS composed of polysaccharides, lipids, proteins and ferric ions (Zeng et al., 2010). Carbohydrates dominated EPS composition of mixed acidophiles in continuously operated bioleaching systems (Govender and Gericke, 2011). EPS of cells of At. ferrooxidans R1 contained mostly neutral sugars and lipids (Gehrke et al., 1998). EPS production is species and strain specific. Detailed analyses of EPS produced by extremophiles, e.g., acidophilic bioleaching microorganisms, are still largely missing (Flemming and Wingender, 2010; Zhang et al., 2016).

The aim of this work was to study the chemical composition of EPS plus formation and characteristics of exopolysaccharides excreted by a new iron-oxidizing bacterium Acidithiobacillus sp. Ksh.



MATERIALS AND METHODS


Strains and Cultivation

The strain of an iron-oxidizing chemolithotrophic bacterium Ksh was isolated from the natural biotope of Kashen copper ore (Martakert Province, Republic of Artsakh). The pH of sampling site was about 2.5 and temperature 15°C. To obtain an enrichment culture of iron- and sulfur-oxidizing bacteria, Mackintosh (Mac) medium (Mackintosh, 1978) containing 4.9 g/L ferrous ions as a source of energy was inoculated with acid mine drainage water and cultivated at 30°C and 37°C for 1–2 weeks.

The enrichment culture was used to isolate a pure culture of iron-oxidizing bacteria. The Manning (Manning, 1975) solid medium was used to obtain single colonies, which were transferred to the liquid Mac medium for further identification.



Microscopic Studies

Gram staining was performed by the Hooker method (Gerhardt et al., 1981). Cell morphology was studied with light microscope (Leica DM500) and by scanning electron microscopy.



Optimal pH and Temperature for Growth

To determine the optimal temperature for growth the iron-oxidizing activity of cells was assayed from 25 to 45°C in Mac medium. The optimal pH for iron oxidizing activity was studied in the range of pH from 1.1 to 2.9 (HANNA Instruments Inc., United Kingdom). The maximum specific growth rate (μmax) was determined using the Monod equation:

[image: image]

where N is number of cells, t is time. The doubling time (g) was determined by the equation:

[image: image]



Strain Identification

DNA was extracted using the protocol previously reported (Aljanabi and Martinez, 1997). 16S rRNA amplification was conducted according to the method previously described (Vardanyan et al., 2017). Extraction and purification of the PCR-product from the agarose gel were done using ZymocleanTM Gel DNA Recovery Kit (ZYMO RESEARCH). The purified PCR products of approximately 1400 bp were used for sequencing (MACROGEN, South Korea).

Releated 16S rRNA genes were downloaded from NCBI and were compared online by BLAST (NCBI). The phylogenetic trees were constructed by using MEGA (version 6.06) and Neighbor-joining method.



Bioleaching of Metal Sulfides

Selected strains were grown on Mac medium containing Ferrous ions as substrate (Johnson et al., 2005). Cells in logarithmic phase were harvested by centrifugation (8000 rpm, 10 min), washed with acidified Mac medium for further use. Pyrite (FeS2), or copper ore (sulfide) containing 23.9% Cu, 29.2% Fe, 39.6% S (Martakert Province, Republic of Artsakh) both ground to 45–63 μm were placed into 250 mL Erlenmeyer flasks containing 50 mL of Mac medium. Initial pH and cell concentration were 2.0 and ∼108 cells/mL. Bioleaching assays were carried out at 30 or 35°C and shaking (180 rpm/min). Sampling was performed at 24 h intervals. pH, dissolved ferric and ferrous ions in the medium were analyzed by titration with EDTA. Total concentrations of copper and iron were measured by atomic absorption spectrometry (AAS 1N, Germany). The experiments were performed in triplicate. The data were analyzed statistically by Excel using student t-test.



EPS Extraction

Cells of Acidithiobacillus sp. Ksh grown in Mac medium (4.9 g/L ferrous ions or 10% pyrite) at 35°C were collected by centrifugation (8000 rpm, 10 min) at room temperature, washed and resuspended in 10 mL sterile Mac medium for EPS extraction as previously described (Castro et al., 2014). Ferric ions in the extracted EPS solution were precipitated by adding NaOH till pH 7.5–8.0. The precipitates were removed by centrifugation and the concentration of the supernatant was performed in a rotary evaporator at 40°C to 20% of the initial volume, the polysaccharides were separated using the method previously described (Markosyan et al., 2019).



Determination of EPS Composition

Carbohydrate content was determined by the protocol of Dubois (Dubois et al., 1956). The content of protein was determined according to Bradford (1976). Uronic acids were quantified by the protocol of Blumenkrantz and Asboe-Hansen (1973). The content of proteins, carbohydrates, and uronic acids in EPS areexpressed in μg/mL culture medium. The exopolysaccharide was hydrolyzed in 2 M HCl at 100°C for 2 h and then analyzed by HPLC (on the Shimadzu 2010 C analyzer, column Ultron PS-80-H, 2 × 250 mm, mobile phase 0.1 mM acetate buffer/accetoniteile 1:5, pH 5.8, gradient flow rate 1–0 mL/min) according to the protocol previously described (Markosyan et al., 2019). Measurements were performed by Refratometric Index (RI). For elucidation of the changes in the size of colloidal formations, the degree of their hydration was studied using analytical program Lab VIEW-15 and WISION (Badalyan and Astanyan, 2016; Margaryan et al., 2016). The results were transformed in accordance with the NOVA3.5PC program.



RESULTS AND DISCUSSION


Strain Characterization and Identification

The new iron- and sulfur- oxidizing bacterium Ksh was obtained from the natural biotope (acid mine drainage) of Kashen copper ore. It has been deposited in the Republican Centre for Deposition of Microorganisms of the National Academy of Sciences and Ministry of Education and Science of Armenia under the number MDC7056. Cells are Gram-negative and motile, often occurring as single cells, if grown on elemental sulfur, ferrous ions or pyrite. As shown in Supplementary Figure S1, cells are rod-shaped with a length of 0.7–2 μm.

The main physiological properties were studied. The optimal temperature for growth was 35°C (Figure 1A). Growth of the strain on ferrous ions is possible in the range of pH 1.1–2.9 with an optimal pH 2.0 (Figure 1B). At. ferrooxidans Ksh showed autotrophy and its growth was inhibited in the presence of yeast extract (data not shown). The maximum specific growth value was 0.38 h–1 at an ferrous ion concentration of 100 mM. Doubling time for the growth of At. ferrooxidans Ksh was 1.8 h.
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FIGURE 1. Influence of temperature (A) and pH (B) on oxidation of ferrous ions by Acidithiobacillus sp. Ksh.


The 16S rRNA gene sequence of Acidithiobacillus sp. Ksh was deposited in GenBank (No. MN539150). Phylogenetic analysis showed that Acidithiobacillus sp. Ksh is affiliated to At. ferrooxidans (Supplementary Figure S2). The strain shares similar properties in morphology and physiology with the At. ferrooxidans type strain ATCC 23270. However, certain differences between strains Acidithiobacillus sp. Ksh and the type strain exist. e.g., optimum growth temperature of Acidithiobacillus sp. Ksh is 35°C and of the type strain 30°C.



Bioleaching of Ores

Comparative activities of Acidithiobacillus sp. Ksh and that of the type strain of iron-oxidizing bacteria (Vardanyan et al., 2015) for pyrite oxidation are presented in Figure 2. As seen from the data, Acidithiobacillus sp. Tz and L. ferriphilum CC showed similar activities for pyrite oxidation. Acidithiobacillus sp. Dr and Acidithiobacillus sp. 15 were inferior to the above-mentioned strains. The new isolated strain At. ferooxidans Ksh had the highest activity for pyrite oxidation. Its pyrite oxidation activity exceeded those of Acidithiobacillus sp. Tz and L. ferriphilum CC about 2.1–2.3 and 2.4–3.0 times, respectively (Figure 2). At. ferrooxidans Ksh accelerated the oxidation of pyrite by approximately 5.3 times over an abiotic oxidation at 10% pulp density (PD) (Supplementary Figure S3).


[image: image]

FIGURE 2. Bioleaching of pyrite by isolated iron-oxidizing bacteria Acidithiobacillus sp. Tz, Dr, 15, Ksh and Leptospirillum sp. CC (pulp density 4%, temperature 30°C, pH 2).


Biooxidation of copper ore by At. ferrooxidans Ksh is presented in Figure 3. Data indicate that extraction of copper and iron from copper ore by At. ferrooxidans Ksh increased about 7–8 and 3 times, respectively, in comparison with the abiotic oxidation.


[image: image]

FIGURE 3. Bioleaching of iron (1, 2) and copper (3, 4) from a copper ore without bacteria (1, 3) and by At. ferrooxidans Ksh (2, 4) (pulp density 10%, temperature 35°C).




EPS Analysis

As shown in Table 1, the total EPS amounted to 38 μg/L for cells grown on ferrous ions. In contrast, pyrite-grown cells produced 2335 μg/L EPS. Thus, cells of At. ferrooxidans Ksh excrete much more EPS when cultivated on pyrite, if compared to cells cultivated on ferrous ions. This phenomenon is in agreement with the previous reports (Gehrke et al., 1998; Vardanyan et al., 2019).


TABLE 1. EPS composition (μg/L) of At. ferrooxidans Ksh grown on ferrous ions and pyrite.

[image: Table 1]Table 1 shows that the amount of carbohydrates in capsular EPS when cells were cultivated on ferrous ions was considerably greater than that in colloidal EPS. By contrast, colloidal EPS contained higher amounts of protein in comparison with capsular EPS. When cultivated on pyrite, cells generally produced higher amounts of protein than those of carbohydrates, for both capsular and colloidal fractions. Uronic acid in both cases was not detected or below the detection limit (BDL).



Monosaccharides

HPLC studies have revealed the presence of the following sugars: glucose, fructose and xylose in colloidal exopolysaccharides (Figure 4). Glucose and xylose had been detected also in the EPS of At. ferrooxidans R1 (Gehrke et al., 1998).
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FIGURE 4. Chemical composition of colloidal polysaccharides of At. ferrooxidans Ksh (1 – glucose, 2 – fructose, 3 – xylose) analyzed by HPLC.


Study of colloidal particles of exopolysaccharides by optical polarized microscopy indicate that they have high degree of crystallization. This is also shown by micrometric studies of optical images of colloidal particles (Figure 5). The histogram shows that oligosaccharides have a high degree of crystallization. The size of colloidal particles of the exopolysaccharides changes exponentially starting with 10 μm (Figure 5A), while in case of L. ferriphilum CC it does not change regularly (Markosyan et al., 2019). The perimeters and area of these particles also change exponentially (Figures 5B,C), ensuring the stability of their shape parameters determined by a = S/p2, S is the area, P is the perimeter.


[image: image]

FIGURE 5. Histogram of the average sizes of colloidal particles of exopolysaccharide (A), histogram of the perimeters of colloidal particles of a polysaccharide (B), histogram of the area of colloidal particles of a polysaccharide (C), histogram of the micrometry of colloidal particles of exopolysaccharides (D), histogram of the micrometry of colloidal particles of a diluted solution of a polysaccharide (E).


The studies also reveal that the degree of crystallization of colloidal particles (Figure 5E) decreased with dilution (five times) of the polysaccharide solution. This is obvious from the results of micrometry of colloidal formations (Figure 5A). Therefore, the half width of the histogram is almost 1.5 times greater (28.5 μm) than before dilution. There is no clear maximum indicating that the degree of crystallization of colloidal formation decreased (Figure 5D). This may be due to the fact that in parallel with the decrease in the perimeters of colloidal particles the degree of their hydration also decreases.

The histogram of the average size of colloidal particles is represented as an exponentially reduced function (Figure 6A), whereas the histogram of the perimeter is closer to a Gaussian distribution (Figure 6B), which in turn is a consequence of the different degree of hydration. It is also shown that in parallel with the reduction of the perimeters of colloidal particles, their degree of hydration also decreases.


[image: image]

FIGURE 6. Histogram of the sizes of colloidal particles of diluted solutions of exopolysaccharides (A), histogram of the perimeters of colloidal particles of diluted solutions of exopolysaccharides (B).


Based on the experimental data, it can be assumed that there are differences between the size and structure of the colloidal particles of polysaccharides produced by different microorganisms (Markosyan et al., 2019). To clarify the reasons for the differences in the sizes of colloidal particles, NMR studies of exosaccharides produced by L. ferriphilum CC and At. ferrooxidans Ksh were performed (with D2O, 1H with BRUCER, Avance 400 Neo TopSpin 4.0, Latvia). The degree of hydration of the oligosaccharide of L. ferriphilum CC in the colloidal formation detected by NMR was studied. The data indicate structural differences for colloidal exopolysaccharides produced by these strains (Figures 7A,B). The differences are caused by the fact that the exosaccharide produced by L. ferriphilum CC is mainly an oligosaccharide, while that of Ksh is mainly a polysaccharide and depends on cultivation conditions. It was revealed that hydration of colloidal particles, especially its high level, was caused by sodium ions located in the center of colloidal particles resulting from the dissociation of salt contained in the medium for the isolation of polysaccharides (Figures 8, 9).


[image: image]

FIGURE 7. NMR spectra: (A) oligosaccharide produced by L. ferriphilum CC, (B) exopolysaccharide produced by At. ferrooxidans Ksh.



[image: image]

FIGURE 8. Electronic spectra of oligosaccharide and equipotential of the surfaces of colloidal formation of At. ferrooxidans Ksh obtained by semi-empirical quantum modeling with 3D option (A), 2D option (B).



[image: image]

FIGURE 9. Computer models of the hydrated polysaccharide of At. ferooxidans Ksh in the presence of salt (A) and without salt (B), obtained by using semi-empirical and quantum mechanical modeling.


Studies have shown that the hydration of the exopolysaccharides in colloidal formation occurs in three layers. The first layer closest to an oligosaccharide molecule has a pentagonal structure and resembles ice of the second type (Badalyan and Grigoryan, 2006).

As shown in Figure 9, the next hydration layer is connected by hydrogen bonds with the first layer, and depends on the thickness of the water layer, gradually and subsequently acquires the structure of free water. The third hydration layer is represented by free water and does not participate in the formation of colloidal particles. For this reason the increase in concentration of oligosaccharide produced by L. ferriphilum CC does not lead to an increase of the particle size, but rather contributes to the formation of new, identical particles. This is in contrast to the polysaccharide produced by Ksh. Ions resulting from the dissociation of salt in the solution change only the conformation of the polysaccharide molecule. In this case a low level of hydration of saccharide is observed. An increase in polysaccharide concentration (0.07%) does not lead to an increase in the number of particles, but contributes to an increase in their size. In order to elucidate the changes caused by three-layer hydration of saccharides in colloidal formations, the equipotential surfaces of electric fields as well as the electronic spectra of these oligosaccharide particles were studied by computer modeling using the indicated programs. Studies of the equipotential surfaces of colloidal formations (according to the 3D option) showed that the lines were concentrated around the oligosaccharide molecule and easily interacted with molecules of surrounding water or ions (Figures 8A,B). As a result, water molecules located close to the surface of the saccharides bind strongly to them, forming the so-called “frozen structures” (Badalyan and Grigoryan, 2006). The electronic states of the oligosaccharide molecule shown in Figure 9A according to 3D option also contribute to this. Similar studies of diluted solutions (0.07%) showed that the equipotential surfaces of the electric fields of colloidal formations, although relatively not dense (Figure 9B), extended to relatively large distances from the molecule. As a result, they easily bind to salt ions, providing a relatively high level of hydration. Due to this effect of salt ions the increase of colloidal particles occurs.

Thus, the formation and properties of colloidal particles of these saccharides are significantly different. In the case of an oligosaccharide the increase in its concentration does not lead to an increase in the size of colloidal particles but contributes to the formation of new identical particles. Besides, the degree of hydration of oligosaccharide is much higher compared with the polysaccharide, which in turn determines the nature of the formation of colloidal particles. It was also shown that the hydration of saccharide molecules occurred in three layers and a significant role is played by the salt ions in the medium.



CONCLUSION AND SIGNIFICANCE

The newly isolated At. ferrooxidans Ksh strain from a natural biotope at Kashen copper-molybdenum ore (Armenia) demonstrated high activity for oxidation of copper and copper-gold bearing ores. The extraction of copper and iron from a copper ore by At. ferrooxidans Ksh reached 4.8 and 3.6 g/L respectively. Further studies have shown that the cells of At. ferrooxidans Ksh produce much higher amounts of total EPS, if grown on pyrite, compared to the ones grown on ferrous ions.

The capsular EPS contain higher amounts of carbohydrates, while colloidal EPS contain more protein compared with capsular EPS. In case of pyrite as substrate, the amount of protein is generally higher than that of carbohydrates for both, capsular and colloidal EPS. Uronic acids in both cases were not observed.

Exosaccharide produced by At. ferrooxidans Ksh is present mainly as polysaccharide in contrast to L. ferriphilum CC, which is an oligosaccharide. In case of the polysaccharide of At. ferrooxidans Ksh an increase in concentration leads to an increase in size. It was revealed that the structural difference of colloidal particles of the mentioned oligosaccharide and polysaccharide was due to the degree of hydration of their molecules.
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Biocides are widely used for the mitigation of microbial contamination, especially in the field of the aviation fuel industry. However, the long-term use of biocide has raised the concerns regarding the environmental contamination and microbial drug resistance. In this study, the effect of a mixture of D-amino acids (D-tyrosine and D-methionine) on the enhancement of the bactericidal effect of 5-Chloro-2-Methyl-4-isothiazolin-3-one/2-Methyl-2H-isothiazole-3-one (CMIT/MIT) against corrosive Vibrio harveyi biofilm was evaluated. The results revealed that D-Tyr and D-Met alone can enhance the biocidal efficacy of CMIT/MIT, while the treatment of 5 ppm CMIT/MIT, 1 ppm D-Tyr and 100 ppm D-Met showed the best efficacy comparable to that of 25 ppm CMIT/MIT alone. The triple combination treatment successfully prevented the establishment of the corrosive V. harveyi biofilm and effectively removed the mature V. harveyi biofilm. These conclusions were confirmed by the results of sessile cell counts, images obtained by scanning electron microscope and confocal laser scanning microscope, and the ATP test kit.

Keywords: D-amino acid, D-tyrosine, D-methionine, Vibrio harveyi, biocide


INTRODUCTION

The problem of microbial contamination of aircraft fuel tanks has been noticed by the international aviation industry for several decades (Skribachilin et al., 1993; Passman, 2013). There are many reports about microbial contamination of aircraft fuel tanks (Rajasekar and Ting, 2010; Passman, 2013). In 1958, the crash of an American Air Force bomber was due to the blockage of the fuel filter system by microbial biofilms (Rauch et al., 2006). International aviation accidents occur every year due to the microbial contamination of fuel system (Kosseva and Stanchev, 1994; McNamara et al., 2005; Cole and Paterson, 2009). To solve this issue, biocides have been widely used to control the microbial contamination in the field of aviation fuel systems (Bücker et al., 2014). Among the diversified biocides, 5-Chloro-2-Methyl-4-isothiazolin-3-one/2-Methyl-2H-isothiazole-3-one (CMIT/MIT) is commonly used in the fuel systems because of its broad spectrum and excellent compatibilities with surfactants and emulsifiers (Passman, 2013; Zimmer et al., 2013). However, many concerns regarding environmental contamination and microbial drug resistance caused by overuse and abuse of biocides have been raised (Russell, 2003). In view of this, the exploration of environmentally friendly methods for biofilm control and mitigation is desired.

In the natural environments, microbes prefer to aggregate together, forming biofilms rather than staying in planktonic forms. Sessile cells are encapsulated in the secreted extracellular polymeric substances (EPSs) which are mainly composed of extracellular nucleic acids, proteins and polysaccharides. The diffusion of antimicrobial agents were significantly prevented because of the biosurfacants and bioemulsifiers secreted into the EPSs (Billings et al., 2013; Abdallah et al., 2014). Moreover, the microbial metabolisms were also slowed down for the cells embedded in the biofilms, which decreased the absorption rates of antimicrobial agents (Wentland et al., 1996; Singh et al., 2017). Many stress resistance genes were also upregulated, accelerating the degradation and efflux pumping of antimicrobial agents. These reasons caused the dosage of antimicrobial agents used for mitigating biofilms 10–1000 fold higher than that used for killing planktonic bacteria (Gao et al., 2011; Sanchez et al., 2014). Consequently, the development of biocide enhancers that can improve the antimicrobial efficiency is of great importance in reducing usage and dosage of antimicrobial agents.

In recent years, D-amino acids have been noticed as biocide enhancers and played vital roles in the control and decomposition of microbial biofilms (Kolodkin-Gal et al., 2010; Sanchez et al., 2013; Ramon-Perez et al., 2014; Ampornaramveth et al., 2018). Since D-amino acids are widely distributed in nature and are degradable by many biological species, they are regarded as green and reliable biocide enhancers (Xu et al., 2012, 2014; Gittens et al., 2013; Li et al., 2016; Jia et al., 2017b). It has been reported that D-methionine can enhance the bactericidal efficacy of tetrakis hydroxymethyl phosphonium against Desulfovibrio vulgaris biofilm (Xu et al., 2014). Besides, D-tyrosine and D-Met have been proved to enhance the bactericidal efficacy of alkyldimethylbenzylammonium chloride against D. vulgaris biofilm (Jia et al., 2017a). Consequently, the expandation of D-amino acids as biocide enhancers in fuel systems for biofilm control and mitigation should possess a crucial application potential, which has not been reported yet.

In previous reports, it has been found that Vibrio harveyi may contaminate the aircraft fuel system (Ji-Dong et al., 1998; Passman, 2013), but there is no report about the corrosivity of Vibrio harveyi to the best of our knowledge. Herein, we firstly confirmed the corrosivity of V. harveyi, a common contamination microorganism, against the aluminum alloy 2024 (AA2024) which is a kind of typical materials used for fuel tank. Then, the effect of D-amino acids on the enhancement of the bactericidal effect of CMIT/MIT against V. harveyi biofilm was evaluated. The present work aimed to confirm the biocide enhancer role of the mixture of two D-amino acids, which can convert the difficult-to-kill biofilm into the planktonic counterparts, achieving removal of V. harveyi biofilm at a low dosage of CMIT/MIT.



MATERIALS AND METHODS


Bacterium, Culture Medium, and Chemicals

The V. harveyi strain (CGMCC 1.1601) was purchased from China General Microbiological Culture Collection Center. 2216E culture medium was used to cultivate the bacterial strain, which was purchased from Qingdao Hope Bio-technology Co. (Qingdao, China). The main components of 2216E medium were (g/L): 1.8 CaCl2, 19.45 NaCl, 3.24 Na2SO4, 0.16 Na2CO3, 0.034 SrCl2, 0.08 KBr, 5.98 MgCl2, 0.08 SrBr2, 0.022 H3BO3, 0.0024 NaF, 0.004 Na2SiO3, 0.55 KCl, 0.0016 NH4NO3, 0.008 NaH2PO4, 5.0 peptone, 1.0 yeast extract and 0.1 ferric citrate. The bacterium was incubated at 28°C for cultivation, immersion test, and electrochemical test. V. harveyi was cultured in 2216E medium at 28°C for 12 h. The 2216E medium was used to simulate the worst-case scenario of microbial contamination.

D-Tyr, D-Met, and CMIT/MIT were purchased from Sigma-Aldrich (St. Louis, MO, United States). D-amino acids were filter-sterilized with a 0.22 μm membrane before use. The aluminum alloy 2024 (AA2024) coupons, with an exposed surface area of 1.0 cm × 1.0 cm, were abraded using different grades of silicon carbide papers (240, 400, and 600 grits), cleaned with absolute ethanol, air-dried, and sterilized under UV lights for 20 min before being immersed in the culture medium. The experiment test matrix is listed as follow: (A) no treatment (control), (B) 1 ppm D-Tyr, (C) 100 ppm D-Met, (D) 5 ppm CMIT/MIT, (E) 5 ppm CMIT/MIT + 1 ppm D-Tyr, (F) 5 ppm CMIT/MIT + 100 ppm D-Met, (G) 5 ppm CMIT/MIT + 1 ppm D-Tyr + 100 ppm D-Met, and (H) 25 ppm CMIT/MIT. All the experiments were performed in triplicate to guarantee the reproducibility.



Electrochemical Analyses

The three-electrode system connected with a electrochemical workstation (Reference 600, Gamry Instruments, Inc., United States) was used to perform the electrochemical measurements. The three-electrode system contained a platinum sheet as the counter electrode, a saturated calomel electrode (SCE) as the reference electrode, an AA2024 coupon as the working electrode, and a 500 mL glass cell filled with 200 mL 2216E medium. V. harveyi at a concentration of approximately 106 cells/mL was inoculated. The electrochemical cells were incubated at 28°C in an water bath. Linear polarization resistance (LPR) was measured by scanning −5 mV to +5 mV vs. EOCP at 0.33 mV s–1 every day, and the potentiodynamic polarization was performed at the end of immersion for 7 days.



Biofilm Prevention Test

Three AA2024 coupons were put in 200 mL conical flasks containing 100 mL culture media. Different treatment chemicals at different concentrations were added into the culture medium. The inoculated concentration of V. harveyi was approximately 106 cells/mL. The flasks were incubated at 28°C for 3 days before the coupons were taken out for cell enumeration analysis.



Biofilm Removal Test

The AA2024 coupons were incubated with V. harveyi in 200 mL conical flasks containing 100 mL culture media for 3 days to form mature biofilms. After that, the coupons were taken out and rinsed in 0.9% NaCl solution to remove the loose planktonic cells. Then, they were transferred into a 24-well plate containing 2 mL of culture medium with different treatment chemicals, and further incubated at 28°C for 24 h. After that, the coupons were taken out for cell enumeration analysis.



Cell Enumeration Analysis

To determine the amount of sessile cells of V. harveyi on the AA2024 surfaces, the coupons were placed in a 10 mL centrifuge tube containing 3 mL of sterilized 0.9% NaCl solution, and vortexed for 30 s to detach the sessile cells. Then, 100 μL of the suspension liquid was plated onto a 2216E agar plate (Bartram et al., 2004; Zhao et al., 2016). The plates were incubated at 28°C for 12 h before enumeration. The following equation was used to calculate the antibacterial rate.

[image: image]



Biofilm Observation

After biofilm prevention and removal tests, the biofilms on the coupon surfaces were analyzed using a scanning electron microscope (SEM, Model JSM-6390, JEOL, Tokyo, Japan). The coupons were immersed in 4% (w/w) glutaraldehyde for 4 h to fix the biofilms, and dehydrated using a serial of alcohol solutions (50, 60, 70, 80, 90, 95, and 100% v/v) each for 10 min. Then, the surfaces were sputter-coated with a layer of gold to enhance the surface conductivity before observation.

To analyze the viability of sessile cells in the biofilms, coupons were gently washed with 0.9% NaCl to remove the planktonic cells, stained by a Live/Dead Bacterial Viability Kit (L7012, Life Technologies, Grand Island, NY, United States) for 20 min, and observed using a confocal laser scanning microscope (CLSM, LSM 710, Zeiss, Germany). The live cells were stained by SYTO 9 and shown as green dots at an excitation wavelength of 488 nm. The dead cells were stained by propidium iodide (PI) and shown as red dots at wavelength of 559 nm (Lou et al., 2016).



ATP Analysis of the V. harveyi Biofilm on the Coupon Surfaces

The V. harveyi biofilms on the coupon surfaces of AA2024 were wiped using a ATP test paper, and analyzed with a ATP tester (UPF10-ATP, You Pu, China). The luminous value in the same detection range is directly related to the amount of ATP, which determines the quantity of the sessile cells (Wang et al., 2013).



EPS Staining

The EPSs in the biofilms were quantified using CLSM. The extracellular DNAs, proteins, and polysaccharides in the V. harveyi biofilms were stained by 4′,6-diamidino-2-phenylindole (DAPI), Alexa 633 conjugated concanavalin A (ConA-Alexa 633), and SYPRO tangerine, sequentially (Wagner et al., 2009). The excitation and absorption wavelengths for DAPI, ConA-Alexa 633, and SYPRO tangerine were 358/461 nm, 632/647 nm, and 490/640 nm, respectively.



RESULTS


V. harveyi Biofilm Accelerated the Corrosion of AA2024

LPR measurement is a non-destructive electrochemical method, and has been widely used in the study of microbiologically influenced corrosion. Figure 1A demonstrates the variation of polarization resistance (Rp) during the 7-day immersion in different culture media. Since the Rp value is inversely proportional to the corrosion rate, the presence of V. harveyi significantly decreased the Rp values of AA2024, indicating the accelerated corrosion of AA2024 coupons caused by V. harveyi biofilm.
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FIGURE 1. Electrochemical test: (A) Variation of Rp values during 7-day immersion, (B) Potentiodynamic polarization curves of AA2024 coupons after 7-day immersion.


At the end of 7-day immersion in different culture media, potentiodynamic polarization were performed as shown in Figure 1B. The corresponding corrosion parameters were obtained using Tafel fitting analysis and the results are listed in Table 1. The corrosion current density (icorr) in the presence of V. harveyi increased significantly to 137.6 ± 11.3 nA cm–2, which was approximately 5 times higher than that in the abiotic medium. The corrosion potential (Ecorr) shifted toward negative direction in the presence of V. harveyi, which might result from the oxygen consumption by V. harveyi metabolism. The potentiodynamic polarization results further confirmed that corrosion of AA2024 was accelerated by V. harveyi biofilm.


TABLE 1. Electrochemical parameters obtained from potentiodynamic polarization curves of AA2024 after 7-day immersion.
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Synergistic Effect of D-Amino Acids and CMIT/MIT Prevented the Formation of V. harveyi Biofilm

To evaluate the influence of D-amino acids on the prevention of V. harveyi biofilm on AA2024 samples, the biofilm prevention test was carried out with different treatment chemicals for 3 days. Figure 2 shows the SEM images of V. harveyi sessile cells after treatment with different chemicals for 3 days. Dense biofilms were formed on the surface of AA2024 after incubation for 3 days without any chemical treatment (Figure 2A). Figures 2B,C show that the surfaces of AA2024 were covered with abundant sessile cells, indicating that the treatment of D-amino acids alone did not prevent adhesion and formation of V. harveyi biofilm. By contrast, less sessile cells attached on AA2024 coupon after treatment with 5 ppm CMIT/MIT (Figure 2D), demonstrating that the biocide decreased the attachment and formation of V. harveyi to a certain extent. Interestingly, only a few sessile cells were detected on the AA2024 coupon surface with dual combination of 5 ppm CMIT/MIT with 1 ppm D-Tyr or 100 ppm D-Met (Figures 2E,F). The treatment with a mixture of 5 ppm CMIT/MIT, 1 ppm D-Tyr and 100 ppm D-Met showed the best efficacy against the attachment and formation of V. harveyi biofilm (Figure 2G) which was similar to that obtained with treatment of CMIT/MIT alone at 25 ppm (Figure 2H).
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FIGURE 2. SEM images of sessile cells after 3-day biofilm prevention tests: (A) no treatment (control), (B) 1 ppm D-Tyr, (C) 100 ppm D-Met, (D) 5 ppm CMIT/MIT, (E) 5 ppm CMIT/MIT + 1 ppm D-Tyr, (F) 5 ppm CMIT/MIT + 100 ppm D-Met, (G) 5 ppm CMIT/MIT + 1 ppm D-Tyr + 100 ppm D-Met, and (H) 25 ppm CMIT/MIT. Red arrows indicate the bacterial cells attached on AA2024 surfaces.


The data of sessile cell enumeration confirmed the SEM observations (Figure 3). The number of sessile cells on the AA2024 coupon surfaces in the presence of 1 ppm D-Tyr and 100 ppm D-Met alone was not reduced. When treated with 5 ppm CMIT/MIT, the number of sessile cells was decreased over 50%, from 960 to 400 cfu/cm2. Moreover, the combination of 1 ppm D-Tyr or 100 ppm D-Met with 5 ppm CMIT/MIT was found to be more effective than the treatment with biocide alone. The best inhibition effect was achieved by the triple combination of 1 ppm D-Tyr, 100 ppm D-Met and 5 ppm CMIT/MIT with a maximum reduction of 76% of the sessile cells. D-amino acids enhanced the antibacterial rate of CMIT/MIT, and with the help of the mixture of 1 ppm D-Tyr and 100 ppm D-Met, the antibacterial rate of 5 ppm CMIT/MIT was basically equivalent to that achieved by 25 ppm CMIT/MIT.
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FIGURE 3. Sessile cell counts after 3-day biofilm prevention test: (A) sessile cell number and (B) antibacterial rate. Standard deviations were from three independent experiments. ∗∗∗P < 0.001. There was no significant difference between group G and H (P > 0.05).


As illustrated in Figure 4, the ATP amounts on the AA2024 surface were also obtained to evaluate the efficacy of different treatments. When treated with 5 ppm CMIT/MIT alone, the amount of ATP on the surface of AA2024 was 40 fmol/cm2. However, only 8 fmol/cm2 ATP was detected on the surface of the AA2024 treated with the triple combination of 1 ppm D-Tyr, 100 ppm D-Met and 5 ppm CMIT/MIT. Again, the prevention effect of the triple combination mixture was similarly identical to that obtained with the concentration of 25 ppm CMIT/MIT (Figure 4).


[image: image]

FIGURE 4. The amount of ATP on the AA2024 coupon surfaces after 3-day biofilm prevention test: (A) ATP and (B) antibacterial rate. Standard deviations were from three independent experiments. ***P < 0.001. There was no significant difference between group G and H (P > 0.05).


The synergistic effect of D-amino acids and CMIT/MIT were also confirmed by Live/Dead staining. Large number of live sessile cells and thick biofilms were observed on the coupon surfaces without treatment (Figure 5A) and treatment with D-Tyr and D-Met alone (Figures 5B,C). Dead cells were observed when 5 ppm CMIT/MIT was treated (Figure 5D). The combination of 100 ppmD-Met with 5 ppm CMIT/MIT achieved a better bactericidal effect compared with the combination of 1ppm D-Tyr and 5 ppm CMIT/MIT (Figures 5E,F). As expected, when the biofilms were treated with 100 ppm D-Met, 1ppm D-Tyr and 5 ppm CMIT/MIT, only a small amount of live cells was observed (Figure 5G), which was almost equivalent to that of using 25 ppm CMIT/MIT (Figure 5H).
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FIGURE 5. CLSM images of sessile cells after 3-day biofilm prevention test: (A) no treatment (control), (B) 1 ppm D-Tyr, (C) 100 ppm D-Met, (D) 5 ppm CMIT/MIT, (E) 5 ppm CMIT/MIT + 1 ppm D-Tyr, (F) 5 ppm CMIT/MIT + 100 ppm D-Met, (G) 5 ppm CMIT/MIT + 1 ppm D-Tyr + 100 ppm D-Met, and (H) 25 ppm CMIT/MIT.


The staining of extracellular DNAs, proteins and polysaccharides (green) in the biofilms treated with different chemicals are shown in Figure 6. Large amounts of DNAs, proteins and polysaccharides were detected in the untreated group, which were similar with the groups treated with 1 ppm D-Tyr and 100 ppm D-Met alone (Figures 6A–C). Whereas, the coupons treated with 5 ppm CMIT/MIT and 1 ppm D-Tyr (or 100 ppm D-Met) showed relatively less amount of EPSs compared to that treated with 5 ppm CMIT/MIT alone (Figures 6D–F). As expected, when the coupons were treated with the mixtures of D-amino acids (100 ppm D-Met and 1 ppm D-Tyr) and 5 ppm biocides CMIT/MIT, only small amount of EPSs were observed on the coupon surfaces (Figure 6G), which was similar to the that of using 25 ppm CMIT/MIT (Figure 6H).
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FIGURE 6. EPS staining after biofilm prevention test: (A) no treatment (control), (B) 1 ppm D-Tyr, (C) 100 ppm D-Met, (D) 5 ppm CMIT/MIT, (E) 5 ppm CMIT/MIT + 1 ppm D-Tyr, (F) 5 ppm CMIT + 100 ppm D-Met, (G) 5 ppm CMIT/MIT + 1 ppm D-Tyr + 100 ppm D-Met, and (H) 25 ppm CMIT/MIT. Blue, red and green dots represent extracellular DNAs, proteins, and polysaccharides, respectively.




Synergistic Effect of D-Amino Acids and CMIT/MIT Facilitated the Removal of Mature V. harveyi Biofilm

SEM images of sessile cells on AA2024 coupon surfaces after 1-day biofilm removal treatment are shown in Figure 7. For the untreated coupons and coupons treated with 100 ppm D-Met or 1 ppm D-Tyr alone, a large quantity of sessile cells were detected (Figures 7A–C). However, when the coupons were treated by combination of 5 ppm CMIT/MIT with 100 ppm D-Met (Figure 7F) or 1 ppm D-Tyr (Figure 7E), the amount of sessile cells was reduced significantly, compared to that treated by 5 ppm CMIT/MIT alone (Figure 7D). When the sessile cells were treated with the triple combination of 5 ppm CMIT/MIT, 100 ppm D-Met, and 1 ppm D-Tyr (Figure 7G), few sessile cells were observed on the coupon surface, achieving the removal efficacy equivalent to the treatment with 25 ppm CMIT/MIT (Figure 7H).
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FIGURE 7. SEM images of sessile cells after the 1-day biofilm removal test: (A) no treatment (control), (B) 1 ppm D-Tyr, (C) 100 ppm D-Met, (D) 5 ppm CMIT/MIT, (E) 5 ppm CMIT/MIT + 1 ppm D-Tyr, (F) 5 ppm CMIT + 100 ppm D-Met, (G) 5 ppm CMIT/MIT + 1 ppm D-Tyr + 100 ppm D-Met, and (H) 25 ppm CMIT/MIT. Red arrows indicate the bacterial cells attached on AA2024 surfaces.


Figure 8 shows a synergistic effect between D-amino acids and CMIT/MIT on the mitigation of V. harveyi biofilms. Without chemical treatment, 970 cfu/cm2 sessile cells on the coupon surface were observed, and 100 ppm D-Met and 1 ppm D-Tyr alone could hardly remove the sessile cells from the coupon surface (Figures 8, groups A to C). When 5 ppm CMIT/MIT was applied, 410 cfu/cm2 sessile cells were detected on the coupon surface, indicating that more than half of the sessile cells were removed. With the combination of D-amino acid (whether 100 ppm D-Met or 1 ppm D-Tyr) and 5-ppm CMIT/MIT, less sessile cells were detected on the coupon surfaces. With the triple combination of 100 ppmD-Met, 1 ppm D-Tyr and 5 ppm CMIT/MIT, the sessile cells on the coupon surface decreased to 250 cfu/cm2, which was almost the same as that achieved using 25 ppm CMIT/MIT. Furthermore, the ATP amounts on the coupon surfaces were also determined to reflect the quantity of the biofilm on the coupon surfaces after different treatments (Figure 9). As expected, the lowest ATP level (6 fmol/cm2) was detected for the treatment with 100 ppmD-Met, 1 ppm D-Tyr and 5 ppm CMIT/MIT (Figure 9, group G).
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FIGURE 8. Sessile cell counts on the AA2024 coupon surfaces after 1-day biofilm removal test: (A) sessile cell number and (B) antibacterial rate. Standard deviations were from three independent experiments. ***P < 0.001. There was no significant difference between group G and H (P > 0.05).
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FIGURE 9. The amount of ATP on the AA2024 coupon surfaces after 1-day biofilm removal test: (A) ATP and (B) antibacterial rate. Standard deviations were from three independent experiments. ***P < 0.001. There was no significant difference in group G and H (P > 0.05).


The sessile cell counts were supported by the Live/Dead staining results as demonstrated in Figure 10. For the untreated coupons and coupons treated with 100 ppm D-Met or 1 ppm D-Tyr alone, a large number of live sessile cells was observed (Figures 10A–C). Much more sessile cells on AA2024 coupon surfaces were killed when treated with the combination of 5 ppm CMIT/MIT and 1 ppm D-Tyr (or 100 ppm D-Met) compared with biocide treatment alone (Figures 10E,F). When 5 ppm CMIT/MIT, 100 ppm D-Met and 1 ppm D-Tyr were used together, the least live sessile cells were observed, which was similar to that of using 25 ppm CMIT/MIT (Figures 10G,H).
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FIGURE 10. CLSM images of sessile cells after 1-day biofilm removal test: (A) no treatment (control), (B) 1 ppm D-Tyr, (C) 100 ppm D-Met, (D) 5 ppm CMIT/MIT, (E) 5 ppm CMIT/MIT + 1 ppm D-Tyr, (F) 5 ppm CMIT/MIT + 100 ppm D-Met, (G) 5 ppm CMIT/MIT + 1 ppm D-Tyr + 100 ppm D-Met, and (H) 25 ppm CMIT/MIT.


The synergistic effect of D-amino acids and CMIT/MIT on the removal of mature V. harveyi bifilm was further confirmed by EPS staining (Figure 11). It can be seen that the untreated coupons and coupons treated with 100 ppm D-Met (or 1 ppm D-Tyr) were abundant with sessile cells and EPSs (Figures 11A–C). When 5 ppm biocide CMIT/MIT was used, and the amount of EPSs decreased significantly. After treatment with the combination of 5 ppm CMIT/MIT and 1 ppm D-Tyr (Figure 11E) or 100 ppmD-Met (Figure 11F), the amount of EPSs on the coupon surfaces was much less than that treated with 5 ppm CMIT/MIT alone (Figure 11D). When treating with the combination of 5 ppm CMIT/MIT, 100 ppmD-Met, and 1 ppm D-Tyr (Figure 11G), the most efficient removal of V. harveyi biofilm was achieved, which was similar to that of using 25 ppm CMIT/MIT (Figure 11H).


[image: image]

FIGURE 11. EPS staining after 1-day biofilm removal test: (A) no treatment (control), (B) 1 ppm D-Tyr, (C) 100 ppm D-Met, (D) 5 ppm CMIT/MIT, (E) 5 ppm CMIT/MIT + 1 ppm D-Tyr, (F) 5 ppm CMIT/MIT + 100 ppm D-Met, (G) 5 ppm CMIT/MIT + 1 ppm D-Tyr + 100 ppm D-Met, and (H) 25 ppm CMIT/MIT. Blue, red, and green dots represent extracellular DNAs, proteins, and polysaccharides, respectively.




DISCUSSION

V. harveyi is commonly found in the aircraft fuel tank, causing microbial contamination. According to the obtained electrochemical data, we first confirmed the accelerated corrosion caused by V. harveyi.

It is well known that the biofilms attached on the metal surfaces rather than the planktonic counterparts are responsible for microbiologically influenced corrosion (MIC) (Xu et al., 2016). The metabolic activity of the sessile cells embedded in biofilms causes the change of electrochemical parameters (such as pH, oxygen, and ionic strength) underneath the biofilms, resulting in the accelerated corrosion of metal materials. Moreover, recent progress in MIC confirmed that the extracellular electron transfer (EET) between the metal matrix and the biofilm played the dominant role in the corrosion process caused by electroactive biofilms (Jia et al., 2019; Dong et al., 2020). In this study, electrochemical tests were performed to evaluate the corrosion behavior of AA 2024 in the presence of V. harveyi. The decrease of polarization resistance (Figure 1A) and increase of corrosion current density (Table 1) demonstrated that V. harveyi biofilm accelerated the corrosion of AA 2024. Further work is desired to investigate mechanism of MIC caused by V. harveyi.

Microbial contamination of the aircraft fuel system has been long recognized and considered as a thorny problem in assuring the service safety of aircraft (Raikos et al., 2011). Repeated treatment with biocides is frequently resorted to control and mitigate the attached biofilms. However, more efficient methods are still desirable to reduce the dosage and overuse of biocides. The triple combination of 1 ppm D-Tyr and 100 ppmD-Met significantly increased the efficacy of 5 ppm CMIT/MIT in both prevention and removal of V. harveyi biofilms, considerably reducing the biocide dosage.

Currently, the dispersal mechanisms of D-amino acids have not been fully understood, however, several possible mechanisms have been proposed. Kolodkin-Gal et al. (2010) believed that the D-alanine terminus in peptidoglycans might be replaced with D-amino acids, causing structural change which prevented the binding of protein onto the cell wall and caused the disassembly of bacterial biofilms. Since peptidoglycans are the basic components of most bacterial cell walls, D-amino acids are effective toward a wide-spectrum of bacterial biofilms. D-amino acids are able to disperse and disassemble the biofilm, but they are not biocidal, which was verified in this work and previous report (Xu et al., 2014). It is well known that biofilms are more tenacious to treat than its planktonic counterparts. Thus, D-amino acids can act as a biofilm disassembly signal, converting the sessile cells into planktonic cells which are easier to be killed in the bulk fluid. With the help of biocides, D-amino acids can work as excellent biocide enhancers. In the study, it is found that the mixture of D-Tyr and D-Met can convent the difficult-to-kill biofilms into easy-to-eradicate planktonic cells, so that D-amino acids enhance the biocidal efficacy of CMIT/MIT against V. harveyi. In view of this, we proposed the schematic illustration for the synergistic effect between D-amino acids and CMIT/MIT (Figure 12). The synergistic effect between D-amino acids and biocide improved the efficacy of antimicrobial agents, resulting in a similar biocidal efficacy identical to a much higher biocide concentration.


[image: image]

FIGURE 12. Schematic illustration of the synergy between D-amino acids and biocide.


Previously, Ramon-Perez et al. (2014) demonstrated the remarkable differences of different Staphylococcus epidermidis strains in sensitivities and resistances toward different D-amino acids. It has been shown that D-Tyr, D-Leu, D-Try and D-Met were able to inhibit the formation of Bacillus subtilis and Pseudomonas aeruginosa biofilms (Kolodkin-Gal et al., 2010). In contrast, the formation of Staphylococcus aureus SC01 biofilm was not affected by those D-amino acids, but hampered by D-Phe, D-Pro, and D-Tyr (Hochbaum et al., 2011). These results suggested that the compositions of biofilms varied among different bacteria. Consequently, it is important to use D-amino acids mixtures to achieve excellent efficacy. Our results here show that the formation prevention and removal of V. harveyi biofilms were both impeded by a mixture of D-Met and D-Tyr. Meanwhile the combination of D-Met and D-Tyr further improved the biocidal efficacy of CMIT/MIT against V. harveyi biofilm. It is possible that the V. harveyi biofilm is also susceptible toward other untested D-amino acids or their mixtures.



CONCLUSION

We first reported that the V. harveyi biofilm can cause MIC of AA2024. D-Met and D-Tyr can increase the biocidal effect of CMIT/MIT against the V. harveyi biofilm individually, while a mixture of 100 ppm D-Met and 1 ppm D-Tyr significantly enhanced the antibacterial efficacy of 5 ppm CMIT/MIT, resulting in an identical effect to that obtained with the concentration of 25 ppm CMIT/MIT. D-amino acids possess potent biofilm disassembly properties as a green and efficient biocide enhancer in aviation fuel system. Optimization of more D-amino acids mixtures with better biofilm dispersal ability and broader spectrum is desired.
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Biomining applies microorganisms to extract valuable metals from usually sulfidic ores. However, acidophilic iron (Fe)-oxidizing bacteria tend to be sensitive to chloride ions which may be present in biomining operations. This study investigates the bioleaching of pyrite (FeS2), as well as the attachment to FeS2 by Sulfobacillus thermosulfidooxidans DSM 9293T in the presence of elevated sodium chloride (NaCl) concentrations. The bacteria were still able to oxidize iron in the presence of up to 0.6M NaCl (35 g/L), and the addition of NaCl in concentrations up to 0.2M (~12 g/L) did not inhibit iron oxidation and growth of S. thermosulfidooxidans in leaching cultures within the first 7 days. However, after approximately 7 days of incubation, ferrous iron (Fe2+) concentrations were gradually increased in leaching assays with NaCl, indicating that iron oxidation activity over time was reduced in those assays. Although the inhibition by 0.1M NaCl (~6 g/L) of bacterial growth and iron oxidation activity was not evident at the beginning of the experiment, over extended leaching duration NaCl was likely to have an inhibitory effect. Thus, after 36 days of the experiment, bioleaching of FeS2 with 0.1M NaCl was reduced significantly in comparison to control assays without NaCl. Pyrite dissolution decreased with the increase of NaCl. Nevertheless, pyrite bioleaching by S. thermosulfidooxidans was still possible at NaCl concentrations as high as 0.4M (~23 g/L NaCl). Besides, cell attachment in the presence of different concentrations of NaCl was investigated. Cells of S. thermosulfidooxidans attached heterogeneously on pyrite surfaces regardless of NaCl concentration. Noticeably, bacteria were able to adhere to pyrite surfaces in the presence of NaCl as high as 0.4M. Although NaCl addition inhibited iron oxidation activity and bioleaching of FeS2, the presence of 0.2M seemed to enhance bacterial attachment of S. thermosulfidooxidans on pyrite surfaces in comparison to attachment without NaCl.

Keywords: Sulfobacillus thermosulfidooxidans, pyrite bioleaching, bacterial attachment, chloride tolerance, microbial iron oxidation


INTRODUCTION

Biomining applies sulfur‐ and iron (Fe)-oxidizing microorganisms to extract valuable metals usually from low-grade sulfidic ores and concentrates via bioleaching or biooxidation (Rawlings, 2002). Gold processing, recovery of copper, or coal desulfurization used this technology widely (Konishi et al., 1993; Bosecker, 1997). Nowadays, biomining is increasingly applied to process ores of copper, nickel, cobalt, zinc, and uranium (Johnson, 2014; Schippers et al., 2014).

Acidophilic iron‐ and/or sulfur-oxidizing microorganisms play a key role in both natural and industrial processes of sulfide leaching. Iron-oxidizing bacteria, for instance, catalyze ferrous iron (Fe2+) oxidation, with ferric iron (Fe3+) being regenerated up to ~106 times faster than by chemical autoxidation in acidic environments (Lacey and Lawson, 1970). Thereby, they increase metal dissolution rates considerably. Under environmental acidic conditions, there is a wide range of acidophilic microorganisms capable of oxidizing Fe2+ and therefore potentially applicable for biomining (Hedrich et al., 2011). However, acidophilic leaching microorganisms are commonly sensitive to chloride ions (Shiers et al., 2005). Acidithiobacillus ferrooxidansT, for example, the most widely studied bacterium in bioleaching, tolerates only 6 g/L (~100 mM) sodium chloride (NaCl; Dopson et al., 2017). Biooxidation of Fe2+ by a Leptospirillum ferriphilum-dominated culture was completely inhibited by 12 g/L chloride (Gahan et al., 2010). Several studies have indicated mechanisms of chloride toxicity in acidophilic bacteria, such as osmotic imbalance, cytoplasmic acidification, and oxidative stress induction (Alexander et al., 1987; Suzuki et al., 1999; Slonczewski et al., 2009; Rivera-Araya et al., 2019). The influx of chloride ions and protons into bacterial cells lowers cytoplasmic pH, disrupts pH homeostasis, and consequently causes cell death for A. ferrooxidans and Acidithiobacillus thiooxidans (Suzuki et al., 1999). Additionally, chloride tolerance levels were also found to be varied between different domains, genera, or species of acidophilic bacteria (Rea et al., 2015) but commonly, chloride tolerance concentrations are far below seawater levels (Zammit et al., 2012). Rivera-Araya et al. (2017) pointed out that L. ferriphilumT is more tolerant to NaCl than A. ferrooxidansT, with minimum inhibitory concentrations of NaCl being 225 mM (~13 g/L) and 150 mM (~9 g/L), respectively.

While in several studies reasons for the inhibitory effect of chloride on bioleaching organisms have been investigated, almost nothing is known about the effect of chloride on attachment of Fe‐ or sulfur-oxidizing microorganisms to sulfidic minerals. Bacterial attachment is an important step for bioleaching due to the formation of a reaction space between metal sulfide surfaces and bacterial cells (Vera et al., 2013; Bellenberg et al., 2014). A number of researchers have investigated biofilm formation of leaching microorganisms (Rodríguez et al., 2003; Africa et al., 2010; Florian et al., 2011; Bellenberg et al., 2014; Li et al., 2018; Zhang et al., 2019). Attachment and biofilm formation are primarily regulated by quorum sensing and the second messenger cyclic diguanylate c-di-GMP with genes involved in early biofilm formation and c-di-GMP metabolism being identified or upregulated in attached cells of acidophilic bacteria such as A. ferrooxidans and A. thiooxidans (Mamani et al., 2016; Díaz et al., 2018). Extracellular polymeric substances (EPSs) are known to mediate microbial attachment and biofilm formation, and the synthesis of EPS is stimulated by attachment (Vandevivere and Kirchman, 1993). The bacterial self-produced EPS primarily consist of polysaccharides, proteins, lipids, and DNA (Flemming and Wingender, 2010) with the amount and composition of the EPS varying according to the growth substrates (Gehrke et al., 2001). In case of A. ferrooxidans, for example, the complexed iron (III) ions are present in the EPS of pyrite (FeS2)-grown cells but not in that of elemental sulfur-grown cells (Gehrke et al., 1998). Despite these insights into attachment and biofilm formation, the effect of chloride on them obviously was not an issue. Whereas, one might expect an inhibitory effect of chloride on attachment, a biofilm could also be triggered as cell response to stress conditions and thus improve bacterial adaptation to unfavorable circumstances (Bellenberg et al., 2019; Bremer and Krämer, 2019). In fact, microorganisms growing in biofilms are more resistant to extreme environments than planktonic counterparts (Hall-Stoodley et al., 2004). Lee et al. (2014) observed that NaCl addition resulted in an increased biofilm formation and overexpressed biofilm-related genes in Staphylococcus aureus.

Chloride ions may be present in leaching liquors through the dissolution of gangue materials or from using saline or seawater, etc., and the concentration will be increased by the recycling of the raffinate connected to evaporation of water from the heaps (Bobadilla-Fazzini et al., 2017; Cisternas and Gálvez, 2017). Due to the sensitivity of leaching microorganisms to chloride, bioleaching operations are challenged, especially in those areas where rocks contain high chloride concentrations and where freshwater is scarce such as in Northern Chile or Western Australia. On the other hand, advantages of chemical leaching in the presence of high chloride concentrations have been reported. They include increased solubility and leaching rates (Winand, 1991; Dutrizac, 1992). Positive effects of chloride addition on bioleaching of chalcopyrite (CuFeS2) have also been recorded. Thus, Bevilaqua et al. (2013) observed an enhancement of copper dissolution from CuFeS2 using A. ferrooxidans and the addition of 100 mM NaCl (~6 g/L). In the presence of 3 g/L chloride, chalcopyrite leaching by S. thermosulfidooxidans Cutipay was clearly improved (Bobadilla-Fazzini et al., 2014). However, chloride concentrations that proved to be beneficial for bioleaching were very low and the effect of chloride could vary between different metal sulfides (Deveci et al., 2008; Huynh et al., 2019). Therefore, to enable bioleaching in presence of relatively high chloride concentrations and to enable the use of seawater in the mining industry, efforts to search for highly chloride-tolerant leaching microorganisms and studies on bioleaching of metal sulfides in presence of chloride have been made over the past decades (Alexander et al., 1987; Deveci et al., 2008; Gahan et al., 2009; Zammit et al., 2012; Huynh et al., 2017; Norris et al., 2020). Of special interest in this context are bacteria which do not only tolerate chloride but also need the presence of NaCl for growth like Acidihalobacter properus or the recently proposed Acidihalobacter aeolianus and Acidihalobacter ferrooxydans (Khaleque et al., 2019).

Pyrite is the most abundant metal sulfide mineral. Though the economic value of FeS2 itself is small, FeS2 is frequently associated with gold and many valuable metal sulfides, such as CuFeS2, sphalerite (ZnS), and galena (PbS; Chandra and Gerson, 2010). Microbiologically accelerated oxidation of FeS2 is not only of environmental concern but it also has economic importance. Microbial pyrite oxidation in active or abandoned coal and metal mines is responsible for acid mine drainage, a serious water pollution problem (Baker and Banfield, 2003). In commercial processes, by generating acidic ferric sulfate solution, pyrite oxidation enhances copper and uranium recovery from ores and wastes (Bruynesteyn, 1989; Bosecker, 1997). Microbial leaching of FeS2 has been shown to have potential applications for coal cleaning (Olson and Brinckman, 1986) and has been applied as an important pretreatment step for gold extraction (Kaksonen et al., 2014c). Bioleaching of FeS2 with a mixed culture dominated by L. ferriphilum, Acidithiobacillus caldus, Acidimicrobium sp. and Sulfobacillus sp., was inhibited by NaCl concentration as low as 4 g/L (Gahan et al., 2009). The presence of 7 or 20 g/L NaCl resulted in an extended lag phase preceding pyrite dissolution (Zammit et al., 2012). Moreover, in the same study, the authors showed that only S. thermosulfidooxidans, an Acidihalobacter (Thiobacillus) prosperus-like strain, and an Acidiphilum-like strain were detected from the inoculum after 14 days of bioleaching in the presence of 7 or 20 g/L NaCl (Zammit et al., 2012). Noticeably, Khaleque et al. (2018) indicated the possibility of pyrite bioleaching at a chloride concentration of 30 g/L NaCl using halotolerant acidophilic microorganisms such as A. aeolianus (prosperus) DSM 14174 or A. ferrooxydans DSM 14175.

Compared to many other acidophilic metal-oxidizing bacteria, commonly found in acidic, sulfur-rich environments and bioleaching operations, S. thermosulfidooxidans can tolerate relatively high chloride concentrations (Zammit et al., 2012). Furthermore, S. thermosulfidooxidans can oxidize not only Fe2+ but also inorganic sulfur compounds (ISC) (Karavaiko et al., 2005). Having the ability to oxidize Fe2+ and ISC makes S. thermosulfidooxidans a favorable bacterium for heap bioleaching as oxidation of ISC helps to remove excess sulfur compounds and generate the necessary acidity (Dopson and Lindstrom, 1999; Dopson et al., 2009). An earlier study indicated that a chloride concentration of 200 mM inhibited bioleaching of sphalerite by S. thermosulfidooxidans but not of CuFeS2 (Huynh et al., 2019). Additionally, albeit several studies have been performed on cell attachment of S. thermosulfidooxidans to sulfides (Sampson et al., 2000; Ghauri et al., 2007; Li et al., 2016), no investigation on the attachment of S. thermosulfidooxidans in the presence of chloride is available. Therefore, this study aims to extend our previous work (Huynh et al., 2019) and investigates if chloride inhibits pyrite bioleaching by S. thermosulfidooxidans. In addition to pyrite bioleaching, this study examines the attachment of S. thermosulfobacillus cells on pyrite surfaces in the presence of chloride.



MATERIALS AND METHODS


Bacteria and Growth Conditions

S. thermosulfidooxidans DSM 9293T, a Gram-positive Fe/sulfur-oxidizing bacterium, was used in this study. Bacterial cells were grown in Mackintosh basal salt solution (Mac medium) pH 1.8 (Mackintosh, 1978) with 0.02% yeast extract and 50 mM Fe2+ (supplied as FeSO4·7H2O). Mac medium pH 1.8 and yeast extract were autoclaved separately at 120°C for 20 min, while the ferrous sulfate (FeSO4) was sterilized by filtration (0.22 μm, Millipore). Cultures were incubated at 45°C under constant shaking at 120 rpm.



Pyrite Preparation

Pyrite concentrate with a grain size of 50–100 μm was used (Baia Mare, Romania). The composition of the pyrite concentrate was determined using X-ray powder diffraction analysis, and elemental concentrations were measured by ICP-MS with rhodium and rhenium as internal standards (Wiche and Heilmeier, 2016) after microwave digestion of the pyrite concentrate with nitric acid and hydrochloric acid. The pyrite concentrate contained 84.3% pyrite, 8.1% quartz, 7.6% szomolnokite (FeSO4·H2O), and ~50 mg Fe/100 mg pyrite concentrate.

The preparation of FeS2 was done, as described by Schippers et al. (1999). Briefly, pyrite grains were boiled in 6M HCl for 30 min and then washed with deionized water until the pH was back to neutral. Afterward, grains were stirred in acetone for 30 min in order to remove soluble sulfur compounds. Pyrite samples were kept in a fume hood at room temperature for 12–24 h to evaporate acetone residues. The washed pyrite was stored under nitrogen atmosphere and sterilized dry for 24 h at 120°C.



Pyrite Bioleaching in the Presence of Sodium Chloride

Bioleaching experiments were carried out in 250-ml baffled Erlenmeyer flasks. Each flask contained 100 ml Mac medium pH 1.8 with a defined NaCl concentration, 0.02% yeast extract, 30 mM Fe2+, 5% (w/v) of the washed pyrite concentrate, and 10% (v/v) inoculum of S. thermosulfidooxidans pre-culture. NaCl concentrations were 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 1M. Incubations were performed at 45°C in a shaking incubator at 120 rpm.

Sampling was done periodically (at days 0, 1, 2, 3, 7, 22, 23, and 36) for monitoring of pH (WTW Sentix 21) and redox potential (vs. Ag/AgCl with 3M KCl; WTW Sentix oxidation-reduction potential, ORP). Leachate samples were also taken for enumeration of planktonic bacteria using a Thoma bacteria counting chamber at 200x magnification. Iron oxidation and pyrite dissolution were followed by determination of the Fe2+ iron and total iron concentrations over time by using the Ferrozine method (Braunschweig et al., 2012). The rate of bioleaching was determined from the slope of a curve plotting soluble total iron vs. time using the linear regression function “lm ()” in R (R version 3.6.3) and was reported as mg/L dissolved Fe per hour. Besides, at the end of the experiment (day 36), the bioleached residues were dissolved in 6M HCl for complete dissolution of secondary Fe precipitates while the FeS2 remained undissolved. The dissolved precipitates in the residues were then measured for iron concentrations and the iron concentrations in the assays with different amounts of added NaCl were compared. The experiment was done in triplicate and data were presented as means ± SD.

In addition, chemical leaching of FeS2 without bacteria by Fe3+ in the presence of NaCl was also performed. The experiment was carried out in 250-ml baffled Erlenmeyer flasks containing 100 ml Mac medium pH 1.8 with a defined NaCl concentration (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, or 1M). Iron addition was in the concentration of either ~40 mM Fe3+ (supplied as Fe2(SO4)3·xH2O) or 20 mM Fe3+ and 30 mM Fe2+ (supplied as FeSO4·7H2O). Incubations were at 45°C in a shaking incubator at 120 rpm. Samples were taken periodically for determination of iron, pH, and redox potential. The experiments were done in duplicate.



Bacterial Attachment in the Presence of NaCl

Experiments on bacterial attachment to pyrite grains were carried out in duplicate and performed in 100-ml Erlenmeyer flasks. Each flask was filled with 20 ml Mac medium pH 1.8 containing a specified NaCl concentration and 1 g pyrite grains (50–100 μm), and it was inoculated with S. thermosulfidooxidans to an initial concentration of 108 cells/ml. Cells of S. thermosulfidooxidans grown on iron in absence of NaCl (Mac medium pH 1.8, 0.02% yeast extract, and 50 mM Fe2+) were harvested by centrifugation at 10,000 rpm for 15 min and washed twice with Mac medium pH 1.8 before inoculation. NaCl concentrations were 0, 0.2, and 0.4M. No exogenous iron was added into the inoculated flasks to avoid the occurrence of iron precipitation due to biooxidation of Fe2+. The cultures were shaken at 120 rpm in a rotary shaker at 45°C. Samples of FeS2 were taken after 18 h of incubation for attachment visualization and quantification of sessile cells.


Microscopy Sample Preparation

Pyrite grains were first gently rinsed three times with sterile-filtered water and cells on pyrite surfaces were fixed with 2.5% glutaraldehyde for 1 h. Afterward, pyrite grains were rinsed three times with sterile water and stained in 6 μM SYTO 9 (Invitrogen) for 15 min. Stained pyrite grains were then gently washed another three times with sterile-filtered water to remove unbound dye before visualization. Direct light exposure was avoided (modified after Li et al., 2016; Schieferbein et al., 2017).



Visualization and Image Analysis

The cell attachment on pyrite surfaces was visualized by confocal laser-scanning microscopy (CLSM) using an upright Zeiss LSM 800. Stained mineral grains were mounted on diagnostic glass slides (8-well, 6.7 mm; Thermo Scientific) without cover lip and were recorded as stack images using the non-immersion objective EC Epiplan-Apochromat 50x/0.95 HD DIC M27. Laser excitation wavelength was 488 nm, and emission wavelengths were at 525 nm, respectively. The pyrite surface was visualized by CLSM in reflection mode. The ZEN Blue 2.6 (Carl Zeiss GmbH) imaging software was used for data acquisition and the images were displayed in ortho view with maximum intensity projection and exported as JPEG format. Areas of attached cells and pyrite grains were determined from 7–8 images per each condition using ImageJ. Bacterial attachment on pyrite surfaces was estimated based on the percentage of cell area vs. pyrite surface area. Statistical analysis was carried out by a Kruskal-Wallis test, a non-parametric alternative to the one-way ANOVA test, and pairwise comparisons between different NaCl concentrations were done using the Wilcoxon test.




Quantification of Sessile Cells by Quantitative PCR


DNA Preparation

Samples of FeS2 from the bacterial attachment experiment in the presence of NaCl (as described above) were also used for DNA extraction. Briefly, liquids were carefully removed from flasks and pyrite samples were air-dried for at least 1 h. Exactly 0.8 g of pyrite grains was weighed to a 1.5-ml Eppendorf tube and 50 μl of 10 mg/ml lysozyme solution was added into the pyrite-containing tube. The content of the tubes was gently mixed and then incubated for 30 min at 37°C for cell lysis. Afterward, DNA extraction was performed using a DNeasy UltraClean Microbial Kit (Qiagen) as per manufacturer’s description.



PCR Primers and qPCR Analysis

A specific section of the gyrase B gene from S. thermosulfidooxidans, of which it contains one copy, was amplified using the primers sulfo_gyrB_fwd (5'-CGGCGATTGTTTCGGTTAAAT-3') and sulfo_gyrB_rev (5'-CCATCGGCGGTAATTCCTTC-3') and cloned into pSC-A-amp/kan (StrataClone PCR cloning kit; Agilent). Plasmids were purified with the GeneJET Plasmid Miniprep Kit (Thermo Scientific) and quantified using a NanoDrop_ND-1000 spectrophotometer (NanoDrop Technologies). A calculator from the URI Genomics & Sequencing Center1 was used to determine the copy number of the plasmid. Then, the prepared plasmid was diluted serially from 108 to 103 copies/μl and quantitative PCR (qPCR) was performed in the Rotor-Gene 3000 (Corbett Research) to generate a calibration curve of Ct (threshold cycle) vs. the number of gene copies. The extracted DNA from attached cells of S. thermosulfidooxidans was amplified by qPCR using a reaction mixture containing 5 μl PowerUp SYBR Green Master Mix (Applied Biosystems), 0.625 μl of 10 μM primer sulfo_gyrB_for and 1.25 μl of 10 μM primer sulfo_gyrB_rev, 1 μl template DNA, and water added to a total volume of 10 μl. The qPCR program was performed as follows: 55°C for 1 min, 95°C for 5 min, and 40 cycles of 95°C for 10 s, 60°C for 20 s, and 72°C for 20 s. Each DNA extract was measured in triplicate. Different extents of cell adhesion on mineral surfaces at various NaCl concentrations were indirectly compared based on the number of gene copies/(μl template DNA) found under each condition in the DNA isolated from the attached cells.





RESULTS


Bioleaching of Pyrite in the Presence of Sodium Chloride

In tests on pyrite bioleaching with cells of S. thermosulfidooxidans at various concentrations of NaCl, it was shown that the addition of NaCl reduced pyrite dissolution. The highest bioleaching performance was obtained without NaCl, with nearly 7 g/l Fe (~28%) being leached after 23 days (Figures 1A,B). The inhibitory effect of NaCl on bioleaching of FeS2 was observed already at a NaCl concentration as low as 0.1M when only around 85% of the total dissolved Fe of the leaching without NaCl was reached. Bioleaching with 0.2 and 0.3M NaCl gave 66 and 50%, respectively, of the total Fe dissolved in the absence of NaCl. The yield of pyrite bioleaching with 0.5M was as low as the bioleaching in the presence of 0.6M NaCl. Pyrite leaching was completely inhibited by the addition of 1M NaCl. After 23 days of leaching, regardless of the NaCl concentration, almost no further leaching activity occurred. Not only the degree of pyrite leaching but also the pyrite dissolution rate was significantly reduced in the presence of NaCl. The higher NaCl concentrations showed lower pyrite dissolution rates. Under the conditions investigated, the highest pyrite dissolution rate (13 mg Fe/L/h) was obtained in the absence of NaCl, followed by the 0.1M NaCl (Figures 1A,B and Table 1). In chemical leaching assays, a plateau was reached earlier and at a lower iron concentration. NaCl concentrations showed almost no effect on the rate of pyrite dissolution while lower concentration of iron (III) obviously resulted in the lower dissolution of FeS2 (Figure 2).
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FIGURE 1. Effect of sodium chloride (NaCl) on: (A,B) total iron concentration, (C,D) changes in the ferrous ion (Fe2+) concentration, and (E,F) planktonic cell numbers as a function of time during the bioleaching of pyrite (FeS2) using Sulfobacillus thermosulfidooxidans. Concentrations of NaCl were 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 1M. The control assay contained medium without addition of NaCl. The data represent the mean of three replicates ± standard deviation.




TABLE 1. Dissolution rate (mgL−1 h−1) for pyrite bioleaching by S. thermosulfidooxidans with varying concentrations of sodium chloride.
[image: Table1]
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FIGURE 2. Chemical oxidation of FeS2 in the presence of NaCl by ferric iron (Fe3+) concentrations of ~20 mM Fe3+ and 30 mM Fe2+ (solid line, A,B) or ~40 mM Fe3+ (dash line, C,D). NaCl concentrations were 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 1M. The data represent the mean of duplicate experiments ± deviations from the means.


As shown in Figures 1C,D, within the first 7 days of the experiment, Fe2+ oxidation was not significantly inhibited by NaCl concentrations lower than 0.3M while a clear decline in biological oxidation was recorded in the presence of NaCl concentrations higher than 0.3M. The initially added external Fe2+ was completely oxidized within 1 day in assays without NaCl, with 0.1 and 0.2M NaCl, whereas in assays with 0.3M NaCl complete Fe2+ oxidation required ca. one additional day. More than 3 days were necessary for complete Fe2+ oxidation in the presence of 0.4 and 0.5M NaCl. At 0.6M NaCl after a lag phase of roughly 2 days, only partial Fe2+ oxidation occurred. Iron oxidation activity of S. thermosulfidooxidans was completely suppressed at 1M NaCl.

Regarding changes in numbers of planktonic cells during bioleaching duration, an increase in NaCl concentration above 0.1M led to a decrease in planktonic cell counts (Figures 1E,F). After an initial rise within the first 2 days, planktonic cell counts dropped drastically and remained relatively low in assays with addition of 0.1–0.3M NaCl over duration of the experiment. A similar pattern was observed without NaCl. However, in this case, planktonic cells continued to develop after 22 days. At NaCl concentrations of 0.4 and 0.5M, very little growth was observed at day 2, followed by a loss in planktonic cells by day 4 and low concentrations until the end of the experiment. No planktonic cell growth was detected in the presence of 0.6 and 1M NaCl.

Since in the presence of 0.1–0.2M NaCl, S. thermosulfidooxidans was still able to oxidize Fe2+ to Fe3+ with a considerable rate, it reached high ORP values. In the presence of 0, 0.1, and 0.2M NaCl, ORP increased from approximately 450 mV to ca. 610 mV within 3 days (Supplementary Figure S1). The addition of 0.3M caused a slight decrease in ORP development compared to ORP in assays with NaCl concentration <0.3M. After addition of NaCl concentrations >0.3M, the ORP in the first few days rose even less. After day 3, in the absence of NaCl, the ORP remained high at approximately 620 mV until day 22 and then dropped to around 540 mV. A decline of ORP after the initial increase was also observed in the presence of NaCl. The pH value in the absence and presence of up to 0.5M NaCl increased at beginning of the experiment and started to decrease after 2 days of leaching experiment. Above 0.5M NaCl, there was no increase but just some decrease of the pH (Supplementary Figure S1). For chemical leaching of FeS2 by Fe3+, at all investigated concentrations of NaCl ORP and pH experienced a significant decrease at day 2, followed by a gradual decrease until Fe3+ was completely reduced to Fe2+ (Supplementary Figure S2).

At the end of the experiment (day 36), the leaching solution was removed and the precipitate was dissolved with 6M HCl and the iron concentration was measured. Considering the absolute amounts of precipitated iron divided by the culture volumes, in the absence of NaCl, approximately 0.5 g/L Fe had been precipitated, while the addition of 0.1–0.6M NaCl had resulted in even higher iron precipitation. As shown in Figure 3, the assays with addition of 0.4 and 0.5M NaCl had the highest iron concentration in the precipitate (~1.5 g/L), followed by 0.3M NaCl with ~1 g/L Fe, while cultures with 1M NaCl had the lowest (~<0.1 g/L).
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FIGURE 3. Effect of NaCl on iron concentration in the leaching precipitates (bar graph) and leaching efficiency (line graph) after 36 days of pyrite bioleaching by S. thermosulfidooxidans. NaCl concentrations were 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 1M. The error bars represent the standard deviation of the three replicates.




Bacterial Attachment on Pyrite Surfaces in the Presence of NaCl

As shown in Figure 4, cells of S. thermosulfidooxidans attached unevenly on pyrite surfaces, some of the areas on a grain or some grains were very well colonized, whereas other areas or grains remained free of attached bacteria. Moreover, it was observed that more cells attached at surface defects than at smooth surfaces. A good colonization of cells on FeS2 was detected in both the absence of NaCl and the presence of 0.2M NaCl. Pyrite grains incubated with cells of S. thermosulfidooxidans and 0.4M NaCl also showed a presence of attached cells.
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FIGURE 4. Confocal laser scanning microscopy (CLSM) of pyrite-attached cells of S. thermosulfidooxidans after 18 h exposure to 0M (A), 0.2M (B), and 0.4M NaCl (C). Attached cells were stained directly on the pyrite grains using the nucleic-acid dye Syto 9. The size bar measures 50 μm.


In addition to illustration of attachment by visualization, attempts were made to quantify attachment of cells to FeS2 by image analysis using ImageJ and by qPCR targeting the gyrB gene of attached S. thermosulfidooxidans cells (Figure 5). As shown in the boxplots (Figure 5A), in the absence of NaCl for most of the pyrite minerals, the bacteria covered areas between 3 and 10%, but on some grains just 2.5 and or even 14%. The boxplot for attachment with 0.2M NaCl shows that under this condition, the bacteria covered between 3.5 and 15% of the pyrite surface with half of the pyrite minerals having a bacterial area coverage between 8 and 14%. By contrast, a lower bacterial attachment was observed in the presence of 0.4M NaCl with most of pyrite surfaces being covered by only 5–6%. Thus, while the variation between replicates was big, the addition of NaCl, especially 0.2M NaCl seems to have resulted in differences in attachment of S. thermosulfidooxidans with median area coverage being ~6.1, 12, and 5.8% in the absence of NaCl, the presence of 0.2M, and the presence of 0.4M NaCl, respectively.
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FIGURE 5. Comparison of attachment on pyrite grains by S. thermosulfidooxidans at NaCl concentrations of 0, 0.2, and 0.4M. (A) The area of FeS2 covered by cells was quantified directly from CLSM images using ImageJ, with the box, the horizontal line, and the point (◆) inside the box representing the middle 50%, the median, and the mean of the distribution of the area of coverage, respectively. The minimum (lower end of vertical line), the maximum (upper end of vertical line), and the 25% (lower end of the box) and 75% (upper end of the box) percentiles of area of coverage are also indicated in the boxplot diagram. Statistical analysis was carried out by Kruskal-Wallis and Wilcoxon tests. (B) As an indicator for the number of attached cells, the gyrB gene was amplified by quantitative PCR (qPCR) with DNA extracted from cells attached to the pyrite grains. Attachment tests were done in duplicate and qPCR was done in triplicate for each DNA template. Values displayed are the average of triplicated qPCR results for each DNA sample ± standard error.


Additionally, the effect of NaCl on pyrite attachment of S. thermosulfidooxidans was indirectly quantified by qPCR based on the copy numbers of the gyrB gene obtained from DNA of attached cells (Figure 5B). Although there was a large variation between the replicate assays among the three conditions compared, assays with the presence of 0.2M NaCl seemed to have the highest attachment of cells with 3.8·103 or 9.7·103 gyrB gene copies/(μl template DNA; Figure 5B). In contrast, we found only 2.1·103 or 2.7·103 gyrB gene copies/(μl template DNA) in samples without exposure to NaCl and less than 1·102 gyrB gene copies/(μl template DNA) were present in samples exposed to 0.4M NaCl.




DISCUSSION


Bioleaching of Pyrite in the Presence of Sodium Chloride

S. thermosulfidooxidans is more tolerant to NaCl than many other acidophilic iron-oxidizing bacteria used in the mining industry (Zammit et al., 2012; Rea et al., 2015), which make it potentially useful for bioleaching in saline environments. The presence of sodium chloride inhibited bioleaching of sphalerite by S. thermosulfidooxidans while bioleaching of CuFeS2 was not affected (Huynh et al., 2019). To extend our previous work (Huynh et al., 2019), bioleaching of FeS2 by S. thermosulfidooxidans with elevated NaCl concentrations was investigated. Although bacteria used for the pyrite bioleaching in this present study differed from the study of Gahan et al. (2010), our study also found that the presence of chloride in pyrite leaching solutions severely affects the leaching yields. The finding indicates that chloride presence inhibits pyrite bioleaching by S. thermosulfidooxidans. Nevertheless, the concentrations of NaCl that inhibited bioleaching of FeS2 by S. thermosulfidooxidans were much higher than the concentrations that inhibited pyrite bioleaching by a L. ferriphilum-dominated culture, as reported by Gahan et al. (2010). S. thermosulfidooxidans was still able to bioleach pyrite at 0.4M NaCl (~23 g/L) which is already 80% of the concentration of chloride in seawater (~19.4g/L or 0.55M).


Gahan et al. (2009) proposed that the lower pyrite leaching yields must be attributed to the toxicity of chloride on microorganisms and to the precipitation of jarosite. The increase of pH together with the generation of Fe3+ during the first 3 days of the experiment could have promoted the precipitation of Fe3+ ion. As seen, Fe3+ precipitation was enhanced with increasing NaCl concentration up to 0.4M NaCl (Figure 3). This could also be the reason for the decrease in pyrite bioleaching by S. thermosulfidooxidans at NaCl concentrations higher than 0.3M, especially since jarosite formation requires the presence of monovalent cations, which would be supplied by the sodium ions. Also, the co-precipitation with important ions for bacterial growth such as phosphate (Nazari et al., 2014) might affect bioleaching during a long operation period.

Iron oxidation of S. thermosulfidooxidans was not significantly inhibited within the first 7 days of exposure to ≤0.2M (~12 g/L) NaCl. In contrast, a clear inhibitory effect of chloride on S. thermosulfidooxidans was observed at NaCl concentrations of 0.3–1M (17–58 g/L). A previous study (Huynh et al., 2019) had shown that S. thermosulfidooxidans could not oxidize Fe2+ completely in the presence of 0.5M NaCl (29 g/L) and 0.6M NaCl (35 g/L). However, the present study found an improvement of Fe2+ oxidation upon exposure to a similar NaCl concentration. Cells exposed to 0.5M NaCl could oxidize Fe2+ fully over the first 2–3 days of the leaching study and Fe2+ oxidation still occurred in the presence of 0.6M NaCl, albeit no complete oxidation was observed. Also, though numbers of planktonic cells decreased due to inhibition of growth and/or precipitation, the cells remained active with respect to iron oxidation for several days. This suggests that the presence of FeS2 could possibly have improved Fe2+ oxidation of S. thermosulfidooxidans at an early stage of the oxidation period. Nevertheless, iron oxidation activity of S. thermosulfidooxidans was reduced with increasing incubation time characterized by an increase in Fe2+ concentration between days 7 and 36 of the leaching experiment. It is currently widely accepted that bacteria oxidize FeS2 via the thiosulfate mechanism (Sand et al., 1995, 2001; Schippers and Sand, 1999). Bacteria accelerate pyrite oxidation by regenerating Fe3+ which oxidizes FeS2 in an abiotic reaction and consequently is reduced back to Fe2+. The accumulation of Fe2+ in leaching solutions, hence, is evidence for insufficient or absent bacterial iron oxidation activity. This trend was especially obvious in the bioleaching assays with elevated NaCl concentrations and up to 0.6M NaCl it looks like the higher the NaCl concentration, the more Fe2+ concentration was obtained in the bioleaching solution at the end of the experiment.

High ferric iron/ferrous iron ratios or high redox potentials favor pyrite oxidation and at or below 650 mV (vs. standard hydrogen electrode, ~430 mV Ag/AgCl) bacteria have limited impact on pyrite dissolution (Liu et al., 2017; Borilova et al., 2018). High chloride concentrations inhibit iron oxidation activities of S. thermosulfidooxidans, consequently reduce redox potential and therefore prohibit pyrite dissolution. The Fe2+ oxidation activity was reduced over the time course of the experiment with and without NaCl being present. Iron oxidation activity in the presence of NaCl, however, was inhibited earlier than in the absence of NaCl. S. thermosulfidooxidans are not able to fix CO2 efficiently when grow with air (Clark and Norris, 1996; Tsaplina et al., 2000) and oxidize iron poorly under autotrophic conditions (Tsaplina et al., 2000). Supplied yeast extract (0.02%) is considered to act as carbon source for iron-oxidizing heterotrophic bacteria (Bacelar-Nicolau and Johnson, 1999) and it may also be a source of vitamins, like vitamin B12, which can act against oxidative stress to which iron oxidizers are exposed especially in presence of NaCl (Ferrer et al., 2016; Rivera-Araya et al., 2019). Yeast extract can be exhausted over time and this may lower iron oxidation activities of S. thermosulfidooxidans. It can be speculated that the concurrence of the carbon source exhaustion and NaCl stress results in a more severe inhibitory effect on growth and iron oxidation even at a concentration as low as 0.1M, and therefore could lessen pyrite bioleaching by S. thermosulfidooxidans after 20 days of leaching duration.

In addition, during pyrite oxidation, a wide range of sulfur compounds can be formed as intermediates such as thiosulfate (S2O32−) and tetrathionate (S4O62−; Schippers et al., 1996; Schippers and Sand, 1999; Vera et al., 2013). These reduced forms of sulfur are substrates for S. thermosulfidooxidans as it can oxidize not only iron but also sulfur compounds (Karavaiko et al., 2005). Several studies have reported that iron oxidation is more sensitive than sulfur oxidation to inhibitory effects by chloride and salt (Harahuc et al., 2000; Bonnefoy et al., 2018). Therefore, exposure to chloride possibly affects the preference for substrate utilization of S. thermosulfidooxidans, so that sulfur compounds may be preferred over Fe2+. This may lead to additional accumulation of Fe2+ and oxidation of the reduced sulfur compounds may increment the extent of acidity. The formation of jarosites also additionally acidifies leaching solutions (Kaksonen et al., 2014a,b). As seen, after an initial increase, pH values gradually dropped to approximately 1.4 in assays with up to 0.5M NaCl (Supplementary Figure S1). The decrease of pH values enhances the toxic effect of chloride on S. thermosulfidooxidans (data unpublished; Falagán and Johnson, 2018). Under such pyrite leaching conditions, the inhibition for bacterial growth possibly would become greater and as a result Fe2+ oxidation activity of S. thermosulfidooxidans could also be increasingly inhibited.

Overall, iron oxidation activity of S. thermosulfidooxidans seems to be lower over a long duration of pyrite leaching and the extent of the reduction depends on NaCl concentrations. Pyrite bioleaching is strongly correlated to iron oxidation activity while during the pyrite-dissolution process iron is no longer the only substrate available for S. thermosulfidooxidans and carbon sources can also become limiting. Therefore, to improve pyrite bioleaching with NaCl by S. thermosulfidooxidans, it is essential to have further investigations on the effect of NaCl on substrate utilization of S. thermosulfidooxidans during pyrite bioleaching.



Effect of NaCl on Pyrite Colonization by S. thermosulfidooxidans

Attachment and biofilm formation are important not only for bioleaching of metal sulfides but also for microorganisms to survive environmental stresses. NaCl negatively affects cell growth and Fe2+ oxidation activity of leaching microorganisms, including S. thermosulfidooxidans. However, details on the bacterial attachment in the presence of NaCl have not been investigated yet. Our study focuses on attachment of cells on pyrite grains at 18 h incubation. The 18 h incubation was chosen for the attachment study due to the low attachment ability of S. thermosulfidooxidans to FeS2 on the one hand, as well as to the occurrence of cell detachment over long periods (e.g., after 48 h) of incubation on the other (Becker et al., 2011; Li et al., 2016). Unlike A. ferrooxidans, where maximum attachment may be obtained within 5–10 min, S. thermosulfidooxidans requires days for cell attachment (data not shown; Harneit et al., 2006; Li et al., 2016). Many studies evaluated the attachment of cells by indirect determination of planktonic cell numbers (Porro et al., 1997; Rodríguez et al., 2003; Vardanyan et al., 2019). Exposure to high NaCl concentrations can cause cell death, reduce the number of planktonic cells in suspension and thus it possibly results in overestimation of adhesion cell numbers by such indirect determination. Therefore, by visualization of cell attachment using CLSM, by quantification of attachment area using ImageJ, and by quantitative PCR of attached cells, we attempted to recognize attachment directly as well as to compare the extent of adhesion on pyrite grains of cells exposed to different NaCl concentrations.

Attachment of bacteria to sulfide surfaces is attributed to electrostatic interactions, by which positively charged cells attach to the negatively charged pyrite surface (Blake et al., 1994; Vera et al., 2013). Our observations on attachment of S. thermosulfidooxidans on FeS2 are in good agreement with Li et al. (2016) and Becker et al. (2011) who reported that the cells of S. thermosulfidooxidans were distributed heterogeneously on pyrite surfaces. A similar distribution of cells was observed in the absence of NaCl and with 0.2 or 0.4M NaCl. Cells seemed to adhere preferably at areas around the cracks or defects of the mineral surface (Figure 4). This phenomenon has previously been found to be typical of attachment and biofilm formation of leaching bacteria, colonizing imperfect areas of minerals better than the more perfect areas (Sanhueza et al., 1999; Sand et al., 2001). As reported in a previous study (Huynh et al., 2019), the cell viability of S. thermosulfidooxidans was not significantly restricted after exposure to 0.2M NaCl for 18 h. In the present CLSM study, 0.2M NaCl also did not show an inhibitory effect on attachment of S. thermosulfidooxidans.

The qPCR results displayed higher copy numbers of gyrB/(μl template DNA) for DNA extracted from attached cells with presence of 0.2M NaCl than from cells with the absence of NaCl or 0.4M NaCl. This result appears to be substantiated by a relatively good correlation between the qPCR results and attachment results obtained from CLSM image analysis. Therefore, it can be postulated that NaCl concentration of 0.2M is likely to enhance cell attachment of S. thermosulfidooxidans on FeS2. The qPCR results indicated that the number of sessile cells after the exposure to 0.4M NaCl was reduced to approximately 94% of the sessile cells in the absence of NaCl. A correlation between pyrite dissolution and initial attachment was not evident in the study. Despite having a similar or to some extent less attachment on FeS2 without NaCl than attachment with 0.2M NaCl, pyrite dissolution showed the highest yield in the absence of NaCl. Obviously, the limiting factor in the present case is not the attachment but the iron oxidation. It is likely that the inhibition of microbial Fe2+ oxidation by high chloride concentrations, as visible in the Fe2+ accumulation, is responsible for lowering pyrite bioleaching.

The occurrence of attachment in the presence of NaCl possibly implies that attachment might play more important roles for salt stress responses than for bioleaching of FeS2. In fact, bacterial attachment initiates biofilm formation which could be induced as a stress response. It is generally acknowledged that growth as biofilm can be considered a stress response mechanism: thus, the biofilm mode of growth allows bacteria to increase proliferation, promote survival and propagation of the cells (Jefferson, 2004). Philips et al. (2017) reported NaCl stress-induced biofilm formation of Clostridium ljungdahlii, and copper stress-promoted biofilm formation was observed in S. aureus (Baker et al., 2010). Proteomic evidence showed that in comparison to planktonic iron-grown cells, pyrite-grown biofilm cells of A. ferrooxidans have enhanced oxidative stress responses and metabolic adaptation to oxidative stress (Bellenberg et al., 2019). Moreover, bacteria in biofilms exhibit phenotypical differences from free cells; ATP levels, for instance, were found to be higher in attached cells than in planktonic cells of A. ferrooxidans grown on elemental sulfur (Tao and Dongwei, 2014). Therefore, it can be speculated that attachment of S. thermosulfidooxidans to FeS2 may be part of the stress responses upon exposure to NaCl, a hypothesis which needs to be further investigated.
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Biohydrometallurgy is believed to be a promising future study field for the recovery of lead (Pb) from ores/concentrates since the pyrometallurgical/hydrometallurgical processes have been largely applied to recover Pb to date, which operates at high temperature and generates volatile Pb matters that are hazardous and carcinogenic to human health. Hence, the main purpose of this study was to investigate the biohydrometallurgical extraction of Pb from the Indonesian galena concentrate through bioleaching using an iron- and sulfur-oxidizing mixotrophic bacterium (identified as Citrobacter sp.). The bioleaching experiments were conducted in shake flasks containing the modified LB broth medium supplemented with galena concentrate with a particle size of d80 = 75 μm at room temperature. Both semi-direct and direct bioleaching methods were employed in this study. The bacterium was able to extract lead (Pb) from galena concentrate with high selectivity to Cu and Zn (0.99 and 0.86, respectively). The highest extraction level of 90 g lead dissolved/kg galena concentrate was achieved using direct bioleaching method at bioleaching conditions of 2% w/v pulp density, 5 g/L FeCl3, 50 g/L NaCl, 20 g/L molasses and a rotation speed of 180 rpm at room temperature (25°C). The addition of FeCl3, NaCl, and molasses increased the lead leaching efficiencies, which were also evidenced by the FTIR, XRD, and SEM-EDS analyses. From industrial and commercial standpoints, the selective bioleaching represented in this study may be beneficial to the development of lead leaching from sulfide minerals, since insoluble anglesite (PbSO4) precipitates are formed during ferric sulfate oxidation, thus making the recovery of lead through bioleaching unpractical.

Keywords: semi-direct bioleaching, direct bioleaching, galena, lead (Pb), an iron- and sulfur-oxidizing mixotrophic bacterium


INTRODUCTION

Recently, the extraction of lead (Pb) from sulfide ores relies on pyrometallurgical smelting processes and combined pyro/hydrometallurgical methods that are the high energy consumption and cause severe environmental pollution problems due to the emission of both SO2 and volatile lead matters. Hydrometallurgical routes of leaching lead concentrates have been developed progressively by testing a number of solvents to overcome such problems (Greet and Smart, 2002; Aydoğan et al., 2007; Long et al., 2009; Wu et al., 2014). However, the chemical solvents used are reported to have a very low solubility of lead, a high corrosiveness, and very high toxicity, and a significantly high temperature (65–85°C) is required to achieve a high lead recovery as listed in Table 1 (Warren et al., 1987; Pashkov et al., 2002; Aydoğan et al., 2007; Qin et al., 2009; Zárate-Gutiérrez et al., 2010, 2015; Baba and Adekola, 2013; Wu et al., 2014; Anugrah et al., 2017; Allen and Igboayaka, 2019).


TABLE 1. Previous studies on leaching lead (Pb) from pure galena, galena concentrates, and high-grade Pb-Zn bearing ores.
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Therefore, bioleaching of lead concentrates as a biohydrometallurgical method has emerged as a possible solution for overcoming the aforementioned problems since the bioleaching is a low-cost, environmentally friendly method. Of the bacterial genera and species, Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans (chemolithotrophs) have been employed frequently for bioleaching sulfide ores (Garcia Jr. et al., 1995; Da Silva et al., 2003; Da Silva, 2004). However, the bioleaching of galena (PbS) has been poorly studied, since the complete oxidation of galena leads to insoluble anglesite (PbSO4) that thus precludes the recovery of lead from bioleaching and ferric sulfate leaching through conventional solvent extraction/electrowinning routes (Da Silva et al., 2003; Da Silva, 2004). Moreover, several studies demonstrated that the elevated lead bioleaching/leaching efficiencies were achieved in the presence of NaCl (Warren et al., 1987; Liao and Deng, 2004; Ye et al., 2017), FeCl3 (Dutrizac, 1986; Kim et al., 1986; Warren et al., 1987; Dutrizac and Chen, 1990; Long et al., 2009), and ferric (Fe3+) ions (Pashkov et al., 2002). Hence, the present study investigated the use of a local mixotrophic bacterium (identified as Citrobacter sp.) capable of oxidizing iron and sulfur as well as producing biosurfactants, including EPS (extracellular polymeric substances) in extracting lead from galena concentrate to enhance lead recovery. Compared to previous studies on galena (PbS) bioleaching and high-grade Pb ores bioleaching summarized in Table 2 (Bang et al., 1995; Garcia Jr. et al., 1995; Da Silva et al., 2003; Da Silva, 2004; Pacholewska, 2004; Jiang et al., 2008; Baba et al., 2011; Mejía et al., 2012; Ghassa et al., 2014), the present study is different from previous studies and more beneficial from metallurgical standpoints as follows: (1) the bacterium Citrobacter sp. employed in this study belongs to mixotrophic group capable of utilizing both organic and inorganic compounds for energy and carbon sources, thus making much easier for industrial applications since bacterial carbon sources can be derived from any organic wastes abundant in Indonesia and many other tropical countries; (2) the lead bioleaching in this study only employs a pure bacterial culture (herein Citrobacter sp.) that is able to oxidize both iron and sulfur as well as proliferate at high NaCl concentration and highly resistant to toxic metals, while previous studies mostly utilize a mixed culture of chemolithoautotrophs dominated by Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans and Leptospirillum ferrooxidans that are very sensitive to organic compounds; (3) The lead bioleaching in this study takes place at room temperature (25°C) and the pH range of 3.5–4.6 that are more advantageous to energy-saving lead leaching process and the reduced usage of expensive anti-corrosive materials; (4) Medium used in this study contains NaCl, which elevates lead bioleaching efficiencies where NaCl can be replaced with seawater that is commonly used in many metallurgy and mining industries, thus providing a cost-effective lead leaching technology; (5) By using this local mixotrophic bacterium Citrobacter sp., the lead bioleaching from the galena concentrate is selective to Cu and Zn, thereby providing a selective lead leaching process that is profitable for subsequent Cu and Zn leaching processes since Pb (PbS) in association with CuFeS2 and ZnS always makes passivation layers that hinder Cu and Zn dissolution; (6) The bacterium Citrobacter sp. also produces biosurfactants (including EPS) that are useful for maintaining Fe3+ solubilization at pH > 4.0.


TABLE 2. Previous studies and the current study on bioleaching lead (Pb) from pure galena, galena concentrates, and high-grade Pb-Zn bearing ores.

[image: Table 2]Therefore, the specific aims of the current study were: (1) to investigate biohydrometallurgical leaching process of Indonesian galena concentrates (the main composition of PbS, CuFeS2, and ZnS) by the local mixotrophic bacterium Citrobacter sp. at room temperature (25°C) by employing two different bioleaching methods (i.e., semi-direct and direct bioleaching) and utilizing the LB medium supplemented with FeCl3, NaCl and molasses to minimize the formation of PbSO4 precipitates, which had the low solubility of lead within a sulfate system, (2) to evaluate the effect of different molasses concentrations on lead bioleaching efficiency since the bacterium Citrobacter sp. produced high amounts of biosurfactants by consuming organic carbon (herein molasses), and (3) to assess the effect of different NaCl and FeCl3 concentrations on lead bioleaching efficiency since the presence of NaCl and FeCl3 enhanced lead recovery. The findings of this study may provide further insights into the bioleaching of galena that is rarely studied due to insoluble anglesite formation and the toxicity of high lead content in galena to microbes. For our knowledge, this is the first report on the selective bioleaching of lead sulfide ores (herein galena concentrate) from Indonesia that is always associated with sphalerite and chalcopyrite using the local mixotrophic bacterium Citrobacter sp. in molasses-supplemented medium containing high NaCl concentration, which thus has potential industrial application since most of the metallurgy and mining industries use seawater in their mineral processing operations.



MATERIALS AND METHODS


Bacterium and Growth Medium

A local mixotrophic bacterium used in this study was isolated from an Indonesian mine site (designated SKC2), which has the ability to oxidize iron and sulfur and produce extracellular polymeric substances (EPS) (Mubarok et al., 2017). Based on the 16S rRNA sequencing analysis, this bacterium was identified as Citrobacter sp. (98.45% similarity). The LB broth medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl) was used for both semi-direct and direct bioleaching experiments since the preliminary experiments in screening the appropriate medium for lead bioleaching with this bacterium showed the higher lead extraction than the modified Fe-broth medium [0.5 g/L MgSO4.7H2O, 3 g/L (NH4)2SO4, 0.5 g/L K2HPO4, 0.1 g/L KCl, 0.5 g/L tryptone, 5 g/L Na2S2O3.5H2O, and 1 g/L FeSO4.7H2O]. In addition, molasses was obtained from a sugar company, Padalarang, West Java, Indonesia.



Galena Concentrate

The galena concentrate employed in this study was kindly provided by an Indonesian mining company in Bogor, West Java, Indonesia (06°29′ S and 106°33′ E), with a particle size of d80 = 75 μm. ED-XRF analysis of the concentrate determined its chemical composition, as summarized in Table 3. X-ray powder diffractometry (XRD) analysis showed its mineralogical composition in which galena was predominant in the concentrate sample with a low amount of other minerals such as chalcopyrite and sphalerite (data not shown).


TABLE 3. Elemental composition of Indonesian galena concentrate used in this study.
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Experimental Procedure

Two leaching experiments were performed in this study: (1) semi-direct bioleaching experiments, and (2) direct bioleaching experiments. Bioleaching experiments were conducted in duplicate in sterile 300 ml Erlenmeyer flasks containing 150 ml of bacterial growth medium (LB medium) under aerobic conditions. The growth medium was then supplemented with various concentrations of FeCl3 (5, 15, and 25 g/L FeCl3), NaCl (30 and 50 g/L NaCl) and molasses (10, 20, and 30 g/L molasses) at various pulp densities (2 and 5% w/v) of the galena concentrate, and the pH was adjusted to 4.0 with HCl. Molasses was supplemented to enable the bacterium Citrobacter sp. to generate large amounts of biosurfactants (including EPS), thus being capable of preventing ferric (Fe3+) ions and PbSO4 precipitation. Bacterial inoculum (15% v/v) was subsequently introduced into bioleaching suspension, and the cultures were then incubated for 7 days at room temperature (25°C) with shaking at 180 rpm. Periodically, the pH of the suspension was measured using a pH meter (Lutron PE-03), while the redox potential (Eh) of the suspension was measured using an ORP electrode with Ag/AgCl reference (Lutron ORP-14). The solution (5 ml) was removed daily for measuring dissolved metal concentration by using atomic absorption spectrophotometer (AAS; Shimadzu AA-6300, Japan). The percentage of metal extraction (Pb, Cu, and Zn) and selectivity for lead leaching by iron- and sulfur-oxidizing mixotrophic bacterium to Cu (SCu) and to Zn (SZn) were calculated using the equations as described in our earlier work (Chaerun et al., 2017). After 7 days of bioleaching, separate sets of samples (i.e., the galena concentrate residues resulting from the experiments which led to the highest lead extraction for both semi-direct and direct bioleaching experiments) were made up and prepared for analysis by X-ray powder diffraction analysis (XRD; Rigaku Smartlab), Fourier transform infrared (FTIR Prestige 21, Shimadzu, Japan) and scanning electron microscopy equipped with energy dispersive spectroscopy (SEM-EDS; JEOL JSM-J6510 A). Samples were washed three times with deionized water before being observed by FTIR and XRD, while XRD measurement was carried out using Cu-Kα radiation, generated at 40 kV and 30 mA, using the 2θ/θ method at a scan speed of 2o/min. For SEM-EDS observation, samples were fixed with 2.5% v/v glutaraldehyde in 5 mM phosphate buffer at pH 7.0 for 24 h at 4°C, washed twice with 5 mM phosphate buffer, dehydrated in a graded series of acetone (25, 50, 75, and 100%) for 15 min, 15 min, 15 min, and 24 h, respectively.

For semi-direct bioleaching experiments, the galena concentrate was introduced into the culture medium after 3 days of incubation. For direct bioleaching experiments, the concentrate was introduced into the medium at the onset of the experiments. In comparison, the abiotic control leaching experiments were also conducted to ensure the bacterial participation in lead bioleaching processes, which were identical to those for semi-direct and direct bioleaching experiments, except that the bacterium was not added. The data are presented as the averages obtained from the duplicate experiments, and error bars represent standard deviation. Also, biosurfactant production by the mixotrophic bacterium during its bacterial growth for 48 h was assayed by measuring the emulsifying activity index (EI, %) following the work of Berg et al. (1990) with modification (Chaerun et al., 2018). This assay was conducted to confirm the role of the generated biosurfactants (including EPS as high-molecular-weight biosurfactants) in promoting lead bioleaching efficiencies. Briefly, the sample (2 mL) of the bacterial culture broth was mixed with 5 mL of TM buffer, which contained 20 mmol Tris-HCl buffer (pH 7.0) and 10 mmol MgSO4.7H2O per liter of deionized water, followed by addition of 1 mL coconut oil. After the mixture was vortexed for 3 min and incubated at room temperature for 1 min, the first turbidity (A1) of the aqueous phase was measured at 600 nm. Subsequently, after the mixture was incubated at room temperature for 60–90 min, the second turbidity (A2) of the aqueous phase was measured. Emulsifying activity index (EI, %) was then expressed in Eq. (1).
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RESULTS AND DISCUSSION


Semi-Direct Bioleaching

Semi-direct bioleaching experiments were conducted by adding various concentrations of FeCl3 (5 and 25 g/L), NaCl (30 and 50 g/L) and molasses (10, 20, and 30 g/L) at 5% w/v pulp density to evaluate their effects on lead recovery. Figures 1A–C demonstrate the effect of various concentrations of FeCl3 (5 and 25 g/L) and NaCl (30 and 50 g/L) on lead, copper and zinc extraction (mg metals of Pb, Cu, Zn dissolved per kg concentrate; mg/kg) by iron-and sulfur-oxidizing mixotrophic bacterium (Citrobacter sp.) in the semi-direct bioleaching of the galena concentrate over a 7-day period of the experiment at bioleaching parameters of 15% v/v bacterial inoculum, 5% w/v pulp density, and 10 g/L molasses. Lead bioleaching efficiencies from the concentrate increased rapidly during the first 1 day and subsequently increased slightly for the remaining bioleaching time, which achieved the extraction levels of 37–39 g/kg (for the addition of 5 g/L FeCl3 with 30 g/L or 50 g/L NaCl) and 22 g/kg (for the addition of 25 g/L FeCl3 with 30 g/L or 50 g/L NaCl) (Figure 1A). These increments were concomitant with an increase in copper and zinc bioleaching efficiencies (Figures 1B,C), except for copper dissolution with the addition of 5 g/L FeCl3 with 30 g/L or 50 g/L NaCl which was negligible (Figure 1B). Zinc dissolution was quite low compared to lead and copper extraction, thus being considered to be selective bioleaching to zinc. No difference was observed for lead extraction from the galena concentrate at any NaCl concentration (30 g/L or 50 g/L NaCl), and its extraction was apparently governed by the presence of FeCl3, of which 5 g/L was the best concentration (Figure 1A). The presence of FeCl3 also affected the initial pH of the suspension, where the higher FeCl3 concentration introduced into the solution yielded the more acidic suspension (Figure 1D). This lower pH was a result of the hydrolysis of FeCl3, generating HCl, which therefore lowered the suspension pH. Moreover, the pH of the suspensions tended to increase over time as a result of sulfide mineral oxidation that consumed proton (H+), whereas the suspension Eh values containing the higher FeCl3 concentration (25 g/L) were observed to be higher than those containing the lower FeCl3 concentration (5 g/L) due to the oxidizing capacity of FeCl3, which had a more oxidizing agent of Fe3+ (Figure 1E). Since the semi-direct bioleaching at 5 g/L FeCl3 and 50 g/L NaCl was highly selective to Cu (SCu = 0.99) and was relatively selective to Zn (SZn = 0.83) (Figures 1B,C and Table 4), hereafter the concentration was used for further bioleaching experiments to enhance the extraction of Pb as well as to prevent the formation of PbSO4 precipitates as well as ferric (Fe3+) ion precipitation by adding organic compounds (herein molasses).
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FIGURE 1. Lead (Pb) extraction (mg Pb dissolved/kg galena concentrate) (A), Copper (Cu) extraction (mg Cu dissolved/kg galena concentrate) (B), Zinc (Zn) extraction (C) (mg Zn dissolved/kg galena concentrate), pH (D) and Eh (mV vs. SHE) (E) of the galena concentrate semi-direct bioleaching suspension by an iron- and sulfur-oxidizing mixotrophic bacterium (Citrobacter sp.) at various concentrations of FeCl3 (5 and 25 g/L) and NaCl (30 and 50 g/L) at bioleaching parameters of 15% v/v bacterial inoculum, 5% w/v pulp density, 10 g/L molasses, a rotation speed of 180 rpm over a 7-day period of the experiment in comparison with those of the abiotic control semi-direct leaching (without bacteria) at 5 g/L FeCl3 and 50 g/L NaCl.



TABLE 4. The selectivity of lead (Pb) bioleaching by an iron- and sulfur-oxidizing mixotrophic bacterium (Citrobacter sp.) to Cu (SCu) and Zn (SZn) based on the effect of varying concentrations of FeCl3, NaCl and molasses as well as different bioleaching methods (Figures 1–3) over a 7-day period of bioleaching experiment.
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Figures 2A–C show the effects of various molasses concentrations (10, 20, and 30 g/L) on lead, copper, and zinc extraction (mg metals of Pb, Cu, Zn dissolved per kg concentrate; mg/kg) by iron- and sulfur-oxidizing mixotrophic bacterium (Citrobacter sp.) in semi-direct bioleaching of the galena concentrate over 7 days of the experiment at bioleaching parameters of 15% v/v bacterial inoculum, 5% w/v pulp density, 5 g/L FeCl3 and 50 g/L NaCl. Lead extraction (39∼50 g/kg) from the concentrate was observed for three different molasses concentrations tested, and molasses concentration of 20 and 30 g/L appeared to bring about higher lead extraction than that of 10 g/L. The lead bioleaching efficiencies from the concentrate increased rapidly during the first 1 day and subsequently increased slightly for another 6 days (Figure 2A). It appeared that the addition of molasses created selective bioleaching, the high selectivity for copper, and the relatively high selectivity for zinc (Figures 2B,C and Table 4). During the bioleaching experiments, the suspension pH tended to increase, while the Eh otherwise decreased (Figures 2D,E). Since 20 g/L molasses was the best concentration for lead extraction with the high selectivity of lead bioleaching to Cu (SCu = 0.99) and Zn (SZn = 0.86), hereafter, the concentration was used in the subsequent experiments (direct bioleaching experiments).
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FIGURE 2. Lead (Pb) extraction (mg Pb dissolved/kg galena concentrate) (A), Copper (Cu) extraction (mg Cu dissolved/kg galena concentrate) (B), Zinc (Zn) extraction (C) (mg Zn dissolved/kg galena concentrate), pH (D) and Eh (mV vs. SHE) (E) of the galena concentrate semi-direct bioleaching suspension by an iron- and sulfur-oxidizing mixotrophic bacterium (Citrobacter sp.) at various molasses concentrations (10, 20, and 30 g/L) at bioleaching parameters of 15% v/v bacterial inoculum, 5% w/v pulp density, 5 g/L FeCl3, 50 g/L NaCl, a rotation speed of 180 rpm over a 7-day period of the experiment in comparison with those of the abiotic control semi-direct leaching (without bacteria) at 20 g/L molasses.




Direct Bioleaching

Figures 3A–C show the effects of various FeCl3 concentrations (5 and 15 g/L) on lead, copper, and zinc extraction (mg metals of Pb, Cu, Zn dissolved/kg galena concentrate) by iron- and sulfur-oxidizing mixotrophic bacterium (Citrobacter sp.) in the direct bioleaching of the galena concentrate over a 7-day period of the experiment at bioleaching parameters of 15% v/v bacterial inoculum, 2% w/v pulp density, 20 g/L molasses, and 50 g/L NaCl. Through the direct bioleaching method, a higher level of Pb extraction (84∼90 g/kg) than semi-direct bioleaching was observed for two FeCl3 concentrations (5 and 15 g/L) examined (Figure 3A). However, no significant difference was observed for lead extraction in both FeCl3 concentrations. Again, the lead bioleaching efficiencies from galena concentrate increased rapidly during the first 1 day, subsequently remained relatively constant for another 5 days, and slightly increased up to 7 d of bioleaching period. These increases occurred simultaneously with an increase in copper and zinc extraction (Figures 3B,C) with the exception of copper dissolution at 5 g/L FeCl3, which was quite low (Figure 3B). It was suggested from the results of this study that the direct bioleaching of galena concentrate at 5 g/L FeCl3 led to the high selectivity of lead bioleaching to copper (SCu = ∼0.9) and was relatively selective to zinc (SZn = 0.84) (Figures 3B,C and Table 4). Again, the initial pH of the suspensions containing the higher FeCl3 concentration resulted in more acidic suspension, and the pH values of the bacterial suspensions tended to elevate due to sulfide oxidation (Figure 3D). In contrast, the suspension Eh values tended to decline over time (Figure 3E). From the results of the lead extraction (Figures 1A, 2A, 3A), the lead extraction levels in control leaching were lower than those achieved in the bioleaching, indicating that the bacteria greatly participated in the lead bioleaching.
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FIGURE 3. Lead (Pb) extraction (mg Pb dissolved/kg galena concentrate) (A), Copper (Cu) extraction (mg Cu dissolved/kg galena concentrate) (B), Zinc (Zn) extraction (C) (mg Zn dissolved/kg galena concentrate), pH (D) and Eh (mV vs. SHE) (E) of the galena concentrate direct bioleaching suspension by an iron- and sulfur-oxidizing mixotrophic bacterium (Citrobacter sp.) and the abiotic control direct leaching (without bacteria) at various FeCl3 concentrations (5 and 15 g/L) at bioleaching parameters of 15% v/v bacterial inoculum, 2% w/v pulp density, 20 g/L molasses, 50 g/L NaCl, a rotation speed of 180 rpm over a 7-day period of the experiment.




Characterization of Galena Concentrate Residues After Bioleaching

Figure 4 shows the XRD patterns of the galena concentrate and its residues in semi-direct bioleaching and direct bioleaching after 7 days of the bioleaching experiments. Both bioleaching techniques led to the formation of anglesite, thus hindering the enhancement of Pb extraction from the concentrate (Figures 2A, 3A). In addition, galena remained as a predominant mineral in leach residues in association with a small amount of chalcopyrite and sphalerite. From the XRD spectra, changes in mineralogical structure due to bioleaching were not discernible; hence FTIR analysis was performed to investigate chemical bondings in galena concentrate before and after bioleaching (Figure 5). The FTIR spectrum of starting galena concentrate contains bands at 400–800 cm–1 (inorganic components such as minerals and clays), 621 cm–1 (C-S stretching), 1,000–1,230 cm–1 (Si-O stretching), ∼1,081 cm–1 (C-O stretching vibrations of C-O-C groups, e.g., cellulose), ∼1,400 cm–1 (carboxylic and carbonylic groups), 1,620–1,640 cm–1 (hydrophilic C=O groups), and 3,000–3,700 cm–1 (O-H stretching, H-bonds, and OH-groups). It exhibited that the bands at 400–800 cm–1 (inorganic components such as minerals including galena) were reduced after bioleaching (both semi-direct and direct bioleaching processes) but not before the bioleaching process (as galena concentrate) (Figure 5). This reduction could be as a result of the bacterial role in bioleaching lead from galena concentrate, which was also supported by the sharp peaks of the leach residues at 1,385 and 1,535–1,660 cm–1 as an obvious indicator of the presence of bacterial cells (Chaerun et al., 2013). Moreover, the increased intensity of a broad band at 3,000–3,600 cm–1 (H-bonds and OH-groups) and two peaks at 2,860 and 2,920 cm–1 (asymmetric and symmetric C-H stretching vibrations of CH3 and CH2 groups) were observed for the leach residues. These results indicated that the residues retained more water and hydrophobic organic matters than the concentrates, which corresponded to the presence of extracellular polymeric substances (EPS) generated by the bacteria in this study. This observation is in agreement with the result of Chaerun et al. (2013), who reported that EPS, as a hygroscopic, highly hydrated biopolymer has the ability to retain water entropically. Other works also provide additional support for our FTIR results on EPS generation, demonstrating that the EPS is cell-bound and causes the bacterial cell surface to become more hydrophobic due to the hydrophobic properties of the EPS (Govender and Gericke, 2011) that are attributed to compounds, such as polysaccharide-linked methyl and acetyl groups (Flemming and Wingender, 2010).
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FIGURE 4. X-ray powder diffraction patterns of the galena concentrate residues in semi-direct bioleaching at bioleaching parameters of 5% w/v pulp density, 5 g/L FeCl3, 50 g/L NaCl, 20 g/L molasses and in the direct bioleaching at bioleaching parameters of 2% w/v pulp density, 5 g/L FeCl3, 50 g/L NaCl, 20 g/L molasses by iron- and sulfur-oxidizing mixotrophic bacterium (Citrobacter sp.) after 7 days of the bioleaching experiment.
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FIGURE 5. Fourier transform infrared (FTIR) spectra of the galena concentrate residues in semi-direct bioleaching at bioleaching parameters of 5% w/v pulp density, 5 g/L FeCl3, 50 g/L NaCl, 20 g/L molasses and in the direct bioleaching at bioleaching parameters of 2% w/v pulp density, 5 g/L FeCl3, 50 g/L NaCl, 20 g/L molasses by iron- and sulfur-oxidizing mixotrophic bacterium (Citrobacter sp.) after 7 days of the bioleaching experiment.


Furthermore, our SEM-EDS mapping observation of the galena concentrate residues (Figures 6, 7) also supports this hypothesis in that an iron- and sulfur-oxidizing mixotrophic bacterium (Citrobacter sp.) used in this study generates EPS, which thus forms the EPS-concentrate complexes and is consequently able to promote the interfacial degradation of the galena concentrate as well as the bioleaching of lead from the concentrate. This was represented by the formation of aggregates as a result of bacterial attachment to galena surfaces (due to EPS), which was also evidenced by the presence of C and N in the residues as the main component of bacterial cells and EPS content (Figures 6, 7). Small amounts of Cu and Zn revealed by SEM-EDS mapping observation in this study also confirmed the bioleaching of lead, copper, and zinc, as shown in Figures 2, 3. This result was also supported by the elemental contents of the residues (Table 5), demonstrating larger amounts of C, N, P, and smaller amounts of Pb, Cu, Zn in the residues than in the concentrate. In addition to FTIR and SEM-EDS observations, the role of EPS generated by the bacterium in elevating the lead bioleaching efficiencies rapidly during the first 1 day (Figures 1A, 2A, 3A) was also confirmed by the biosurfactant production (as represented by emulsifying activity index = EI) of the bacterium over 48 h of bacterial growth in the modified LB medium, demonstrating that the highest biosurfactant production was attained at 4 h of bacterial growth (Figure 8).
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FIGURE 6. SEM-EDS maps of elemental compositions of the galena concentrate residues in semi-direct bioleaching at bioleaching parameters of 5% w/v pulp density, 5 g/L FeCl3, 50 g/L NaCl, 20 g/L molasses by iron- and sulfur-oxidizing mixotrophic bacterium (Citrobacter sp.) after 7 days of the bioleaching experiment.
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FIGURE 7. SEM-EDS maps of elemental compositions of the galena concentrate residues in the direct bioleaching at bioleaching parameters of 2% w/v pulp density, 5 g/L FeCl3, 50 g/L NaCl, 20 g/L molasses by iron- and sulfur-oxidizing mixotrophic bacterium (Citrobacter sp.) after 7 days of the bioleaching experiment.



TABLE 5. Elemental concentration (a) of Indonesian galena concentrate after 7 days of bioleaching by an iron- and sulfur-oxidizing mixotrophic bacterium (Citrobacter sp.).
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FIGURE 8. Biosurfactant production by iron- and sulfur-oxidizing mixotrophic bacterium (Citrobacter sp.) as represented by emulsifying activity index (EI in %) over 48 h of the bacterial growth in the modified LB medium.


From the results of this study, it could be seen that both semi-direct and direct bioleaching took place at the pH range of 1.6∼4.6 at which the bacterium Citrobacter sp. used in this study was able to proliferate, which had pH optima near neutrality and minimum and maximum pH values for growth 1.5 and 9.5, respectively. Meanwhile, both semi-direct and direct bioleaching exhibited the elevated lead extraction levels (∼50 and ∼90 g/kg, respectively) compared with copper (∼0.03 and ∼2 g/kg, respectively) and zinc (∼1 and ∼2.3 g/kg, respectively) extraction levels (Figures 2A–C, 3A–C), which were attained at the addition of 5 g/L FeCl3, 50 g/L NaCl, 20 g/L molasses at pulp density of 5% w/v (for semi-direct bioleaching) and 2% w/v (for direct bioleaching). The mixotrophic bacterium Citrobacter sp. (as a single culture) which exhibited the excellent selectivity of lead bioleaching to copper and zinc might be more beneficial for subsequent copper and zinc leaching processes than chemolithoautotrophic bacteria used in previous studies (listed in Table 2), which were not selective to zinc (Pacholewska, 2004; Baba et al., 2011; Ghassa et al., 2014), while selectivity for copper was not determined (Jiang et al., 2008; Mejía et al., 2012). It is reported that galena (PbS) that is often associated with zinc sulfides such as sphalerite (ZnS) and copper sulfides such as chalcopyrite (CuFeS2) frequently makes passivation layers that hinder Cu and Zn dissolution (Dutrizac, 1986; Dutrizac and Chen, 1990; Da Silva et al., 2003).

The overall reaction of PbS dissolution in the presence of FeCl3 and NaCl and the Gibbs free energy for PbS oxidation are presented in Eqs. (2)–(8) (Shock et al., 1997; Chase, 1998). According to the Gibbs free energy values, the reactions had negative values, indicating the spontaneous reaction. However, the negative values obtained said nothing about the kinetics because the kinetics was affected by the slowest reaction step in the leaching process. For example, Gibbs free energy for the dissolution of chalcopyrite (CuFeS2) in acidified ferric sulfate solution was negative (Hiroyoshi et al., 2000), but in fact, the copper extraction level in this system was very low, and long periods of time and high temperature were needed for the complete dissolution (Dutrizac, 1978). Moreover, if the dissolution process brings about non-porous solid products on the mineral surfaces, then the products can preclude the leaching agents such as ferric iron from reacting with the minerals and thus retard the kinetics, while the reactions might proceed faster or slower. The presence of bacteria acts as the catalyst, thus accelerating the reactions. In this study, the bacterium Citrobacter sp. was shown to increase Pb dissolution from the galena concentrate compared to abiotic control leaching without bacteria.

The oxidation reaction of PbS by ferric ions:
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Oxidation reaction of elemental sulfur and ferrous ions by bacteria:
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Reaction of Pb ions with chloride or sulfate ions:

[image: image]

Correspondingly, the molasses introduced into the bioleaching systems enabled the mixotrophic bacterium Citrobacter sp. to gain the energy needed to carry out its metabolic processes from organic compounds (as organic carbon source) in the presence of oxygen in which the bacterium was essential participants in the complete oxidation of organic compounds (CH2O) to CO2 + H2O along with a much greater yield of energy [Eq. (9)]. By utilizing the organic carbon, the bacterium was capable of producing large amounts of biosurfactants (including EPS), which mediated tight bacterial adherence to galena concentrate as well as kept solubilizing ferric iron even at pH > 4.0 as a result of complexation of the ferric ion with EPS (Vardanyan et al., 2020).

[image: image]

In summary, the current study presents a biohydrometallurgical leaching process of the Indonesian galena concentrate containing chalcopyrite and sphalerite at room temperature and atmospheric pressure, which exhibits selective leaching of lead to copper and zinc where this leaching technique prevents the release of SO2 and lead (Pb) dust emission. It is necessary to conduct further research to obtain the optimum lead bioleaching conditions by adapting the bacterium to galena concentrate first before employing it in the bioleaching systems since the current leaching study uses non-adapted bacteria with a low pulp density (2% w/v). By having the adapted bacteria, the higher pulp density in the leaching process can be increased, and Pb toxicity of higher pulp density can be reduced. Compared to the smelting technology currently used in the Pb extraction from galena (PbS), the biohydrometallurgical Pb leaching can potentially compete because of its advantage in the following aspects: more eco-friendly method, energy-saving leaching process, selective leaching of Pb to Cu and Zn. The selective Pb leaching to Cu and Zn demonstrated in this study thus makes a subsequent Cu and Zn extraction much easier in the downstream process (through biohydrometallurgical or hydrometallurgical route) since Pb has been removed. Moreover, the bacterium Citrobacter sp. in this study has shown to have the capacity to extract Pb from galena concentrate in the LB medium containing high NaCl concentration, therefore in the further research, the use of NaCl can be replaced with seawater, which is commonly used in mining and metallurgy industries, whereas tryptone can be substituted by molasses.



CONCLUSION

The present study has shown that an iron- and sulfur-oxidizing mixotrophic bacterium (Citrobacter sp.) used in this study is capable of extracting lead (Pb) from the Indonesian galena concentrate which achieves the highest extraction level of 90 g lead dissolved/kg galena concentrate using direct bioleaching method at bioleaching parameters of 2% w/v pulp density, 5 g/L FeCl3, 50 g/L NaCl, 20 g/L molasses and a rotation speed of 180 rpm at room temperature (25°C). The results of this study may, therefore, be advantageous to the improvement of Pb leaching from sulfide ores through a more environmentally friendly biohydrometallurgical route.
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Medium Ecorr (MV) vs. SCE icorr (NA cm—2)
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Sample Bacteria (%) Archaea (%) Eukaryota (%) Viruses (%)

CuB 87.6 0.2 0.3 0.1
AB 511 3.5 2.8 1.1
SW 724 8.0 1.8 3.5

CuB, copper alloy-associated biofim; AIB, aluminum  alloy-associated
biofilm,; SW, seawater.
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Gene?

CUSA
cusB
cusC
cusk
cusS
COpPA
copB
pcoB
pcoC
pcoD
dsrA

dsrB

Description

Cut/AgT efflux system membrane protein
Cut/AgT efflux system membrane fusion protein
Multidrug efflux system outer membrane protein
Copper resistance phosphate regulon response regulator
Heavy metal sensor histidine kinase
Cu*-exporting ATPase

Cu?*-exporting ATPase

Copper resistance protein B

Copper resistance protein C

Copper resistance protein D

Sulfite reductase alpha subunit

Sulfite reductase beta subunit

CuB

5333 (0.07%)°
2892 (0.04%)
102 (0.001%)
221 (0.003%)
514 (0.006%)
6625 (0.08%)
4616 (0.06%)
2032 (0.02%)
110 (0.001%)
82 (0.001%)
44 (0.0005%)
65 (0.0008%)

AIB

261 (0.003%)
141 (0.002%)

60 (0.0007%)

4 (0.0001%)

51 (0.006%)
1509 (0.02%)
546 (0.007%)
169 (0.002%)

98 (0.001%)
150 (0.002%)

SwW

142 (0.002%)
38 (0.0005%)

1073 (0.01%)
517 (0.006%)

40 (0.0005%)
20 (0.0002%)

CuB, copper alloy-associated biofilm; AlB, aluminum alloy-associated biofilm; SW, seawater. @The functional genes were annotated against KEGG database. © The value
indicates the number of annotated genes. ° The value in the bracket indicates the relative abundance of annotated genes.
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NaCl concentration (M)

0 04 0.2 03 0.4 05 06 1
Fe dissolution rate (mgL~" h-') 13.46 1147 7.03 581 3.89 247 196 nd
Fit (R?) 1.00 0.97 0.92 0.97 0.96 0.86 0.88 nd

The rate was determined over the linear leaching period. The table summarizes data shown in Figures 1A,B. Fit (F¥), the coefficient of determination indicates how well the linear
regressions fit the experimental data. nd, no leaching and the Fit F < 0.8.
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Element wt. (%)

Pb 7.18 (0.19) ~ 18.63 (0.09)°
Fe 3.15 (1.28)

S 11.99 (2.58)
Cu 1.34 (0.56)

Zn n.d.

Si 0.03 (0) ~ 0.47 (0)
Al 0.28 (0.005)
Mg 0.04 (0.01)
Mn n.d.

Ca 0.03 (0)

Cd 0.07 (0)

K -

As 2.14 (0.43)

U n.d.

Ga n.d.

Se n.d.

P 0.38 (0.02)

Ti 0.04 (0)

© 40.7 (1.3)

N 6.4 (0.5

(6] 20.36 (3.28)
n.d., not detected; “~”, not measured; @based on quantitative ED-XRF analyses

(n = 2-4); Pstandard deviation.
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Time (Day) Semi-direct bioleaching (addition of FeCl; + NaCl) Semi-direct bioleaching (addition of molasses) Direct bioleaching (addition of FeCls)

5+ 30 (g/L) 5+ 50 (g/L) 25 + 30 (g/L) 25 + 30 (g/L) 10 (g/L) 20 (g/L) 30 (g/L) 5 (g/L) 15 (g/L)

sCu sZn sCu sZn sCu sZn sCu sZn sCu sZn sCu sZn sCu sZn sCu sZn sCu sZn
1 0.99 0.74 0.99 0.79 0.30 0.62 0.35 0.64 0.99 0.79 0.99 0.80 0.99 0.80 0.78 0.72 0.58 0.75
2 0.99 0.75 0.99 0.81 0.33 0.53 0.35 0.68 0.99 0.81 0.99 0.80 0.99 0.83 0.80 0.74 0.54 0.67
3 0.99 0.76 0.99 0.82 0.39 0.67 0.37 0.79 0.99 0.82 0.99 0.83 0.99 0.83 0.81 0.77 0.54 0.70
4 0.99 0.74 0.99 0.79 0.37 0.63 0.35 0.80 0.99 0.79 0.99 0.82 0.99 0.83 0.80 0.76 0.52 0.71
5 0.99 0.82 0.99 0.81 0.37 0.61 0.38 0.80 0.99 0.81 0.99 0.84 0.99 0.82 0.81 0.79 0.50 0.67
6 0.99 0.81 0.99 0.81 0.37 0.64 0.38 0.83 0.99 0.81 0.99 0.86 0.99 0.85 0.84 0.78 0.49 0.69
7 0.99 0.82 0.99 0.83 0.39 0.63 0.39 0.84 0.99 0.83 0.99 0.86 0.99 0.84 0.87 0.84 0.58 0.77
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Element wt. (%)

Pb 38.26
Fe 8.73
S 8.00
Cu 5.55
Zn 5.22
Si 1.04
Al 0.365
Mg 0.157
Mn 0.0826
Ca 0.0623
Cd 0.0540
K 0.0496
As 0.0370
u 0.0208
Ga 0.0186
Se 0.0132
P 0.0116

Ti 0.0056
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Ore/mineral Medium and pulp Microbes employed Bioleaching Bioleaching time, Authors
density efficiency Temp, pH
Pure galena (PbS) Mineral salts solution Acidithiobacillus 1.1-5mg/L Pb 29 days (24°C, pH 2) Garcia Jr. et al., 1995
containing 0.4 g/L each thiooxidans or
(NH4)2S0s4, Acidithiobacillus
MgS0O,4.7H2 O, and ferrooxidans
KoHPO4
(2.5-5% w/v pulp
density)
Pure galena (PbS): MS medium containing At. ferrooxidans ~90% Pb 4 days (30°C, pH 2.8) Bang et al., 1995
85.6 wt.% Pb 3 g/L (NH4)2SO0y4,
0.5 g/L KHoPQOyq,
0.5 g/L MgSO4
(2% w/v pulp density)
A natural galena: Modified Kelly A mixed culture of 34% Pb 6 days (35°C, pH 2) Da Silva et al., 2003
PbS (60.9 wt.% Pb) Medium = MKM At. thiooxidans, 1% Zn
ZnS (15.2 wt.% Zn) containing 0.4 g/L At.ferrooxidans,
(NH4)2S04, 0.4 g/L Leptospirillum
MgS0O,4.7H2 0, 0.04 g/L ferrooxidans
potassium
orthophosphate
(10% w/v pulp density)
A natural galena: Modified Kelly A mixed culture of At. 34% Pb 6 days (35°C, pH 2) Da Silva, 2004
PbS (60.9 wt.% Pb) Medium = MKM thiooxidans, At.
ZnS (15.2 wt.% Zn) (10% w/v pulp density) ferrooxidans, L.
ferrooxidans
Galena concentrate: 2K medium At. ferrooxidans 43% Pb (9.8 mg/L Pb) 16 days (25°C, pH 2) Pacholewska, 2004

PbS (~80%)
ZnS (~5%)
Galena:

Pb (79.5 wt.%)
Zn (1.92 wt.%)
Cu (0.17 wt.%)

Galena ore:
PbS (58.7%)
ZnS (0.16%)

Galena concentrate:
PbS (90%)

ZnS (7.5%)

CuFeS2 (0.7%)
High-grade Zn-Pb
bearing ore:

PbS (12.4%)

ZnS (40.71%)

Galena concentrate:
PbS (38.26 wt.%)
ZnS (5.22 wt.%)
CuFeS; (5.55 wt.%)

(5% w/v pulp density)

9K medium
(8.8% w/v pulp density)

Agarose-simulated 9K
medium
(10% w/v pulp density)

T&K medium
(10% w/v pulp density)

9K medium
(5% w/v pulp density)

LB medium
supplemented with

5 g/L FeClg, 50 g/L
NaCl, 20 g/L molasses
(2-5% w/v pulp density)

At. ferrooxidans

A mixed culture of
acidophilic bacteria
predominantly At.
ferrooxidans

A mixed culture of At.
ferrooxidans and At.
thiooxidans

A mixed culture of iron-
and sulfur-oxidizing
moderately
thermophilic acidophilic
chemolithotrophic
bacteria

Aniron- and
sulfur-oxidizing
mixotrophic bacterium
(Citrobacter sp.)

99% Zn (196 mg/L Zn)

0.01098 mol/L
(=2.27 g/L) Pb
Zn (N/A)

89% Pb
92% Zn

57% Pb
Zn (N/A)

0.027% Pb
98.5% Zn

90 g Pb/kg concentrate
(=1.8 g/L Pb)

2.3 gZn/kg
concentrate

(=46 mg/L)

1.9 g Cu/kg
concentrate

(=89 mg/L Cu)

6 days (30°C, pH 2)

5 days (35°C, pH 2)

30 days (30°C, pH 1.8)

25 days (45°C, pH 1)

7 days (25°C, pH
3-4.7)

Jiang et al., 2008

Baba et al., 2011

Mejia et al., 2012

Ghassa et al., 2014

Current study
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Ore/mineral

Leaching
agent/lixiviant

Pulp density

Leaching efficiency

Leaching time, Temp,

pH

Authors

Galena concentrate:

PbS

Galena concentrate:

Pb (59.2 wt.%)
7n (2.6 wt.%)

Galena concentrate:

Pb (79.0 wt.%)
Zn (1.90 wt.%)
Cu (0.50% wt.%)

Galena concentrate:

PbS (77.24 wt. %)
ZnS (0.65 wt.%)

Galena concentrate:

PbS (29.5 wt.%)
ZnS (21.6 wt.%)
CuFeS, (1.4 wt.%)

Galena ore:
Pb (58.66 wt.%)
Zn (0.16 wt.%)

Galena concentrate:

Pb (54.27 wt.%)
7n (15.29 wt.%)

Galena concentrate:

PbS (24.9 wt.%)
ZnS (21.6 wt.%)
CuFeS, (1.4 wt.%)

Galena concentrate:

Pb (66.6 wt.%)
Zn (7.38 wt.%)

High-grade Pb ore:
Pb (31.75 wt.%)
Zn (0.93 wt.%)

Cu (0.53 wt.%)

0.2 M FeClg
2 M NaCl
0.1 M HCI

1 M HNO3
0.01 M Fe(N03)3

3 M CH3COOH
0.5M HyO0

75 g/L FeClz.6H,O
NaCl 250 g/L
0.1 M HCI

0.65 M HNOg

1 M tributylphosphate
in 100% MIBK

Acidic ferric
methanesulfonate
solution

1 M NagCit
0.04 M Ho05

3.44 M HoSiF
9.80 M Hy0o

2.15 M HNO;4

1% w/v pulp density

5% w/v pulp density

2% w/v pulp density

N/A

10% w/v pulp density

2% w/v pulp density

0.4% w/v pulp density

10% w/v pulp density

12% w/v pulp density

20% w/v pulp density

~100% Pb

90% Pb

~95% Pb

97.39% PDbS converted
to PbClyp

80% Pb

100% Ag

92.1% Pb

~100% Pb

100% Pb

99.26% Pb

~33% Pb
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