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Abstract

:

In the present work, we studied whether the exposure of synthetic seawater with anaerobic sulphate-reducing bacteria (SRB) on some steel samples generates a bacterial biofilm in their surfaces. Bare steel belonging to a mooring chain as well as two coating systems applied on the steel surface were studied: polyurethane (PU) and thermally sprayed aluminium (TSA) with and without an epoxy-based sealant. After 30 days of immersion in SRB-inoculated synthetic seawater, a bacterial count was attained, and the samples were observed using scanning electron microscopy (SEM) and locally analysed using X-ray scattered energy spectroscopy (EDS). A biofilm developed on every tested surface (continuous or in the form of pustules), with evidence of metabolic activity of the SRB. Finally, a mechanism of degradation for TSA in the presence of SRB is proposed for environments with a high concentration of bacteria.
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1. Introduction


Microbiologically influenced corrosion (MIC) can be defined as a corrosion process led by bacteria that causes the degradation of materials through the interaction of the three main constituents of this system: the metallic component, the electrolyte and the biological organisms. The occurrence of MIC in seawater-immersed low-alloy steel is common due to the very wide availability of microorganisms with an adequate supply of nutrients and corrosive products [1]. Therefore, bacterial interactions with diverse materials and surfaces occur in so many different ways that make the complexity of the system too high to be evaluated using standard corrosion model predictions [2]. Seawater is also a complex chemical system affected by many environmental factors, the most significant being the pH, the dissolved oxygen concentration, the temperature, and the biological species [3]. The presence of sulphate-reducing bacteria (SRB) and other types of microorganisms such as iron-oxidising bacteria has been identified as the main reason for multiple corrosion problems in seawater [1]. Their presence leads to a rapid surface colonisation, forming a cover which attacks the metal surface, replicating and producing exopolymers (EPSs) and ending in the formation of a cohesive structure called biofilm.



The mechanism of anaerobic iron oxidation through SRB, also known as cathodic depolarisation, is well known in carbon steel, and involves the consumption of the atomic hydrogen on the metal surface, occurring according to the following equations [4]:


Anodic reaction: 4Fe → 4Fe2+ + 8e−



(1)






Water dissociation: 8H2O → 8H+ + 8OH−



(2)






Cathodic reaction (metallic surface): 8H+ + 8e− → 4H2



(3)






SRB-influenced cathodic depol.: SO42− + 4H2 → H2S + 2H2O + 2OH−



(4)






Associated corrosion product: Fe2+ + S2− → FeS



(5)






Associated corrosion product: 3Fe2+ + 6OH− → 3Fe(OH)2



(6)







Therefore, the global reaction remains as follows:


4Fe2+ + SO42− + 4H2O + 8e− → 3Fe(OH)2 + FeS + 2OH−



(7)







However, further studies questioned these mechanisms, claiming that this approach is only potentially valid when the cathodic reaction implies hydrogen generation, suggesting that cathodic polarisation in the presence of SRB could be due to the hydrogen sulphide released into the environment because of metabolic activity of SRB, expressing the new cathodic reactions as Equation (8) and [5,6]:


2H+ + S2− → H2S



(8)






H2S + e− → 1/2H2 + HS−



(9)







Moreover, recent studies propose new emerging theories on SRB-induced corrosion. On one hand, it is claimed that SRB damage iron surfaces through a corrosive chemical agent, hydrogen sulphide, formed by the organisms as a dissimilatory product of sulphate reduction with organic compounds or hydrogen, establishing a “chemical microbially influenced corrosion” (CMIC) pathway. On the other hand, certain SRB could also attack iron via the withdrawal of electrons, determining the “electrical microbially influenced corrosion” (EMIC) [7].



Although sulphate reduction is thought to be an anaerobic process, SRB are known to be an important part of corrosion in aerobic environments if they can proliferate in aerated zones [8]. This becomes possible when aerobic organisms form a biofilm and then, through their metabolism, create an anaerobic microenvironment with the organic acids and nutrients necessary for the growth of sulphate-reducing bacteria. This corrosive biofilm generally includes extensive mineral deposits from corrosion products (e.g., FeS, FeCO3 and FeCl2, among others). Moreover, most MIC phenomena manifest as localised corrosion and can take the form of pitting, crevice corrosion, under–deposit corrosion and de-alloying, in addition to enhanced galvanic and erosion corrosion. This is because the organisms, in most cases, do not form a continuous film on the metal surface [9]; they tend to settle on metal surfaces in the form of discrete colonies or in spotty areas rather than continuous films.



Having demonstrated the relationship between the generation of a biofilm and the MIC and having proved that MIC is a major factor of corrosion enhancement, its importance can be reflected by its economic impact. This impact is estimated to concern 20% of the damages caused by corrosion [10] for a total amount of USD 100 million per year solely in the U.S. oil and gas market [11].



One of the most cited approaches in the prevention and control of biocorrosion is that “an early intervention is the key to cost-effective repair”. With that, and specifically in regard to a marine environment, there are two strategies to consider for cathodic protection and antifouling protective coatings. Cathodic protection (CP) can be achieved by using sacrificial anodes or an impressed current cathodic protection system (ICCP), and works by reducing the natural corrosion potential of the structure or component to be protected to a value at which it does not corrode [12]. The results indicate that cathodic protection diminishes the settlement and reproduction of aerobic bacteria during the early stages of exposure, with the degree of this reduction depending on the applied current density [13]. Coatings are the most widely used option because of their variety, simplicity and low price. Metallic surfaces are covered to isolate the corrosive environment from the substrate. This covering is divided into two main categories: metal and non-metal coatings. Metal spraying protection is achieved by plating, dip coating, sputtering and thermal diffusion processes, among others [14]. On the other hand, a non-metal coating is adhered to the metal surface with a corrosion-resistant material such as rubber, plastic, glass fibre reinforced plastic, and corrosion-resistant ceramic.



Paint systems for corrosion protection typically include multilayer schemes composed of zinc-rich primers completed with an epoxy or polyurethane finishing for immersion applications, but their protective effects are still limited. For example, these coatings cannot completely solve the effects of localised corrosion, especially when components are exposed to erosion and/or cavitation corrosion. Additionally, the properties of coatings sometimes do not meet the requirements of weathering, abrasion, erosion and biological corrosion resistance at the same time, although many efforts have been made in order to provide innovative antifouling technologies by imitating natural biocide processes and modifying the characteristics of the substrate [15,16,17,18].



Mooring lines are usually subjected to severe erosion corrosion as a consequence of the wear generated between the components by waves, wind and ocean currents [19]. To meet the increasingly demanding requirements in areas such as offshore operations, protection by metal spraying is recommended. In these areas, materials are exposed to both an aggressive environment and mechanical stresses that could lead to the premature degradation of the material or component of interest [20]. Indeed, TSA coatings have been broadly employed since the middle of the past century [21] to protect steel components from corrosion in a marine environment [22]. In every zone of the marine environment, aluminium and aluminium alloy-based metal coatings offer high corrosion resistance, especially in the splash zone, where the corrosion is particularly severe.



TSA coating manufacturing generates a porous layer where aluminium is atomised and propelled onto a substrate by compressed air. After the coating, a diffused layer is formed on the substrate. During the solidification and diffusion of the deposited metals towards the substrate, different sized pores, defect formations and a high-rated roughness of the surface are generated in the Al-deposited coatings [23]. This facilitates the diffusion of oxygen and other aggressive ions from the environment. To minimise the porosity of the coating and maintain the corrosion resistance, the application of epoxide or polymeric coatings to fill the pores is recommended, among other solutions [24,25,26].



The aim of this experimental study is to evaluate the protective properties of the different solutions proposed against biocorrosion in mooring chains and their components. Coated R4S-grade steel with polyurethane-based coatings and TSA with and without sealant were compared with bare R4S steel in a fully anaerobic environment with a high concentration of SRB. The study was completed using SEM and EDS characterisation techniques in order to assess the corrosion response. This paper aims to contribute to the knowledge of the roles of microorganisms in protecting metal by understanding the interaction and material degradation mechanisms and proposing new ones for TSA degradation and the settlement of bacteria in anaerobic seawater conditions.




2. Material and Methods


2.1. Preparation of Samples


Table 1 summarises the coating systems under study including the dimensions and specimen quantities. The test specimens were machined from a mooring chain link of R4S-grade steel. This grade responds to a high-strength low-alloy steel, killed (completely deoxidised) and fine-grain treated, with a minimum of 0.20 wt% in molybdenum. This steel grade also shows mechanical properties according to the expected standards, with a minimum yield strength of 700 N/mm2 and a tensile strength of 960 N/mm2. Before applying the coating, the surfaces of the samples were previously grit-blasted as per ISO 8501-1 [27], in accordance with the requirements of the surface preparation for each coating. The specimens, named as steel, TSA and TSA + sealant, maintain the original surface and curvature of the mooring chain, hereinafter referred to as the “original surface” (Figure S1 in Supplementary Materials). The other surface, flat shaped, is achieved through a grinding process, hereinafter referred to as a “machined surface”. The specimens referenced as polyurethane refers to both machined surfaces over which it the coating has been applied. In some of the coated specimens, to ensure their full exposure to all the elements of the test, an artificial defect was made mechanically, in order to assess the behaviour of the damaged area. A summary of the experimental procedure employed during the preparation of the specimen is given in Diagram D1 in Supplementary Materials.



In the TSA-coated specimens, aluminium was deposited using an arc spray method with Al 1050 wires from Oerlikon Metco. The wire’s chemical composition was provided by the manufacturer, with a minimum aluminium content of 99.5 wt% and a maximum copper content of 0.05–0.2 wt%. The coating thickness achieved was between 250 and 350 microns. After the TSA application, a sealant was applied to fill the pores to ensure that no open pores remained after the application (interconnected porosities may extend from the surface to the substrate). The applied sealant was a two-component epoxy holding primer, with 30% solids in volume, suitably diluted to achieve a 40-micron-maximum dry film thickness (DFT). Finally, the polyurethane coating consisted in a two-component (4,4′-diphenylmethane diisocyanate (MDI) and a polyol), solvent free and 100% solids polyurethane elastomer system. Achieved polyurethane coating average thickness was 750 microns.




2.2. SRB Culture and Numeration Technique


In the selection of the SRB strain to be inoculated in the test medium, it was established as a main requirement that its origin be the sea or marine sediments and that the ideal proliferation temperature be between 20 and 30 °C. It was not considered relevant for the study to look for a very specific SRB strain, since if the natural growth conditions are very limited (amount of light, nutrients, oxygen concentration, etc.), it can be difficult to reproduce the strain under laboratory conditions. Within the SRB group, the most common families are Desulfovibrio and desulfotomaculum, with the second one being the most common in thermophilic environments. For this reason, the Desulfovibrio group was chosen, and within this group, the Desulfovibrio desulfuricans DSMZ 1926 strain specifically. DSMZ refers to the German supplier DSMZ, from which the strain was acquired. The DSMZ 1926 strain grows in a marine environment identified by DSMZ as Medium 163: Marine Desulfovibrio (Postgate) Medium. The SRB DSMZ 1926 is a non-strict anaerobic strain with an optimal growth temperature and pH in the marine environment of 30 °C and 7.8, respectively. The Certificate of Origin and Analysis and the Marine Desulfovibrio (Postgate) Medium composition are included in Supplementary Materials of this paper in Figures S2 and S3 (in Supplementary Materials).



The strain arrived lyophilised and was reconstituted in the previously mentioned Medium 163 inside an anaerobic chamber. The strain was grown under anaerobic conditions for at least 15 days in order to reach an SRB population of 104 to 105 cfu/mL (cfu: colony-forming unit). Once this concentration was reached, aliquots were extracted from the culture medium containing the SRB, which were inoculated in the test beakers containing the synthetic seawater and the test specimens. It is important to highlight that the percentage of bacterial inoculation depends upon the need to accelerate the bacterial growth from the beginning, as the test duration is only one month. The agar plates in which the culture medium containing the SRB had been added showed black colonies. The chosen numeration technique is based on the most-probable-number (MPN) technique [28]. The method is based on the use of natural media and radiolabelled sulphate (35SO42−) [28]. The presence of SRB in the MPN tubes is evaluated by the formation of a black precipitate of iron sulphide (FeS). The sulphate concentrations were later determined using ion chromatography.




2.3. Immersion Test Conditions


Immersion tests were carried out inside an anaerobiosis chamber. The gas inside the chamber consisted of a mixture of 80% N2, 10% CO2 and 10% H2 in volume and a constant and controlled temperature of 30 °C. Once the beakers and test specimens were placed inside the chamber, 900 mL of Marine Medium 163, conveniently deoxygenated with argon gas, was added to each beaker. Then, 9 mL of SRB DSMZ 1926 were inoculated with an initial concentration of 1.2 × 107 cfu/mL, whereby the concentration of SRB at the start of the immersion test in the immersion beakers was 1.2 × 105 cfu/mL. Figure S4 in Supplementary Materials shows the beakers once the SRB were inoculated and the appearance of the beakers after 4 days of testing, in which a significant bacterial activity was visible due to the increase in turbidity and a coloration change in the culture medium.



Table 2 shows the list of specimens contained in the different beakers, the concentration of SRB measured at the beginning and end of the test, as well as the analysis performed on each specimen after the immersion test. The SRB count after 29 days showed a high population of SRB, with a growth in its concentration with respect to the initial one. The final concentration of SRB in all beakers was similar, showing values of the same order of magnitude. Figure S5 (in Supplementary Materials) shows the appearance of the specimens contained in beaker 3 at the end of the immersion test. After the immersion tests, a fixation of the biofilm with 2 wt% of glutaraldehyde was carried out on the specimens followed by a gradual dehydration in ethanol and using controlled air-drying process.




2.4. Surface Analysis


For the post-immersion biofilm analysis, SEM was carried out using a JEOL JSM-5910LV microscope (Peabody, MA, USA) with an Oxford EDX INCA X-act. Scanning electron microscopy is an effective imaging tool that is used to elucidate a biofilm’s structure and morphology [28,29]. Destructive sample preparation steps, including the use of chemicals to fix and dehydrate the biofilm, are one of the main disadvantages of using the SEM imaging technique. The sample surface to be analysed must be conductive. This implies the need to deposit a metal, or another conductive coating, on the biofilm. The preparation of the sample for SEM analysis can alter the bacterial morphology and structure of the biofilm, so the preparation process must be carried out with care [30]. Hence, in this particular case, after the biofilm fixation and drying process, in order to make the surfaces of the specimens conductive for analysis using SEM, sections of the specimens were metallised with a thin gold layer.





3. Results and Discussion


3.1. Immersion Test: Visual Inspection


Figures S6 to S9 (in Supplementary Materials) show the tested specimens in the anaerobic chamber after being treated with glutaraldehyde and the ethanol drying process. Despite having two samples for each system, only the most interesting for the purpose of the paper are presented. The steel reference is shown in Figure S6. The non-machined side does not evidence any significant change from its original appearance. Instead, the machined face has a blackish hue throughout its surface, with an apparent good adhesion on the substrate. The extent of the corrosion, manifested in the form of blackish corrosion products on the surface of the specimen, is visually noticeable. The small aluminium peak detected in the EDS analysis comes from the corrosion of the TSA-coated specimens, tested in the same beaker as the analysed steel sample.



The TSA samples show the generation of white corrosion products from aluminium, which are more abundant in the machined surface of the specimen. This indicates that the original surface of the chain provides a certain protective effect due to the oxide layer formed, as seen in Figures S7 and S8 (in Supplementary Materials). This protective effect was also observed in the steel reference. As observed in the steel reference, the extent of corrosion observed in the specimens TSA and TSA + Se + Def. in Medium 163 is notable. The generation of an artificial defect in the TSA + Se did not cause any remarkable difference compared to the samples without it. Additionally, the generation of whitish corrosion products derived from the corrosion of the aluminium layer is somewhat greater in the specimen that incorporates the sealant.



Finally, Figure S9 (in Supplementary Materials) shows the PU sample. The polyurethane coating has a blackish hue after exposure to Medium 163. The reason why polyurethane acquires this blackish colour is due to the deposition of a compact biofilm over the surface. Additionally, the PU sample dimensions are greater than the rest, so the immersion test could not be performed on the whole sample, as indicated in Figure S9. To rule out the corrosion of the substrate under the polyurethane layer, part of the PU layer was raised, exposing the original steel substrate. This substrate is shown to be free of corrosion, as observed in Figure S10 (in Supplementary Materials). Inside the superficial defect, corrosion appears as a result of the exposure of the metallic substrate to the environment. This corrosion, characterised by the generation of blackish corrosion products, is similar to the one observed in the steel reference.



Immersion Test: Surface Analysis and Evaluation


Both on the original surface and on the machined surface of the steel specimen, a biofilm is observed to be covering the entire surface that was examined using SEM, similar in morphology and composition for the two surfaces, as shown in Figure 1 and Figure 2. The analysis of the biofilm, consisting of bacteria, bacterial metabolites and corrosion products, shows a significant presence of titanium, chlorine, iron and sulphur, in the whitish area of the surface, being the presence of the last two elements most likely combined as iron sulphide, in addition to carbon and oxygen. The presence of titanium on the original surface of the specimen, mainly in areas of a whitish hue, is attributed to a layer of white spray paint, rich in titanium oxides, which is applied on the surface of the mooring chains during its manufacturing process for defect inspection. In a minor way, the presence of silicon is also detected. In blackish areas, the biofilm analysis shows a majority presence of iron and sulphur (Figure 1, bottom right), indicative of bacterial activity.



On the machined surface of the steel specimen, the biofilm analysis also shows a majority presence of iron and sulphur. No titanium is observed on this side, since it was removed in the grinding process. Figure 3 shows a detail of one of the pits observed on the machined surface of the steel sample. They are quite superficial pits, in all the cases examined. On the machined surface, grinding remains are visible.



The chlorine detected in the EDS analysis comes from the Marine Medium 163. As previously mentioned, after the immersion test, the fixation of the biofilm with glutaraldehyde is carried out on the specimens, after which the specimens are washed with distilled water and a gradual dehydration is carried out in ethanol. This process removes much of the chloride from the medium; hence, the concentration of chlorine is, in general, low; however, some may remain.



The TSA and TSA + Se references present a biofilm on their surfaces that covers the entire area exposed to the test medium, both in spots free from white corrosion, as well as on whitish corrosion products, which are probably a mix of Al2O3, AlO(OH) and Al(OH)3, as illustrated in Figure 4 and Figure 5. The presence of carbon, oxygen, aluminium (constituent of the TSA layer), iron and sulphur is detected using the EDS analysis of the biofilms in very similar amounts, probably as an aluminium oxide mixture and FeS. The analysis of the whitish corrosion products indicates that they are mainly composed of aluminium and oxygen. In the sample reference TSA + Se, the EDS analysis on the original surface also detects titanium, which is one of the main components of the applied sealant, along with silicon and magnesium. It is not ruled out that these last two elements may come also from the sealant layer.



The PU reference presents a homogeneous biofilm that covers the entire surface examined using SEM. The electron micrograph shown in Figure 6, performed at 5000× magnifications, allows for the clear observation of the SRB, as well as the bacterial metabolites (extracellular polymeric substance). The EDS analysis of said biofilm reflects in majority the presence of carbon, oxygen, iron and sulphur. Likewise, a somewhat denser biofilm appears to be observed in the defect area, as observed in Figure S11 (in Supplementary Materials). The results shown in Figure 7 are very significant. The appearance of the polyurethane surface of the tested specimen in the presence of SRB can be compared with the appearance of a polyurethane layer not exposed to the medium with the presence of SRB. A summary table with a semi-quantitative EDS chemical analysis of the discussed samples is given in Supplementary Materials (Table S1, in Supplementary Materials).





3.2. Bacterial Influence


A biofilm formation consists of a dynamic sequence of steps that are initially determined through different interactions:



I. Free bacteria being brought near the steel surface;



II. Physical and chemical sorption processes;



III. Polymer and gel matrix formation;



IV. Outer membrane proteins development.



These interactions can help cells overcome long-range repulsive forces along the surface. This process is influenced by the substrate surface and is critical in the creation of the biofilm structure. Once initial adhesion has occurred, the attached cells begin to manufacture polymeric substances, a process that is considered the transition of bacterial adhesion from reversible to irreversible. Bacteria continue the process of attachment and detachment, and eventually, the number of bacteria begins to increase as a result of the dominant attachment process, establishing a fully-grown EPS matrix. In general, EPSs are acidic and contain functional groups that bind metals [31] or other studied surfaces such as TSA, epoxy-coated TSA and polyurethane. These surfaces can interact with the carboxyl groups of the EPSs, promoting differential surface ionisation [9] (Figure 8).



According to the mechanism for the SRB-induced corrosion proposed by Fernandez de Romero [32], this mechanism can be divided into three stages, with the ability to track each one depending on the concentration of the bacteria on the surface in cfu (Figure 9). In this case, as the final concentration of bacteria reaches 106 cfu/mL (see Table 2), the corrosion phenomenon is controlled by the local pH decrease caused by SRB activity occurring in the surface pits, which could reach a concentration of 108 cfu/mL [33]. Initially, the presence of aluminium protects the sample from corrosion, as shown in Figure 4. But if the steel is reached, as shown in Figure 9, there is a greater predominance of iron oxidation, which justifies the detection of Fe and S in the blackish part of Figure 5 (TSA + sealant).



The binding processes between carboxylate functional groups and aluminium oxide-hydroxides, iron oxides/sulphates and organic functionalised surfaces (such as polyurethane and epoxy sealed TSA) are complex. In the case of the bare steel sample, whose outer layer is a mixture of lepidocrocite (γ-FeOOH) and goethite (α-FeOOH) with the presence of FeS, the carboxylates present in the EPS functionalise iron oxide and sulphate, although some dissimilarities are reported due to their different structures [34]. The TSA-coated sample interaction is based on aluminium–carboxylate coordination as a chelate. Even with alumina, the reaction with the carboxylic acids results in the formation of O–H⋯O hydrogen bond linkages within the crystallite planes of the oxide. Lastly, both mechanisms of binding for the bacteria–epoxy sealant and bacteria–polyurethane are based on the very hydrophilic and strong dipole–dipole and hydrogen bonding dimers [35]. Regarding the SEM results, it turns out that the biofilm and the EPS layer are formed easily and with a uniformity much greater than the rest of the samples (Figure 6). The basis of polyurethane is correlated with the high reactivity of isocyanates groups. Generally, isocyanate reacts with all chemicals containing “active” hydrogen atoms: mainly acid groups and alcohols [36], all present in the first stages of the bacteria exopolymer, which explains the greater amount of settled biofilm in this coating.




3.3. Proposed Corrosion Degradation Mechanisms


For unprotected R4S steel, where the metal surface is more readily available as an electron donor from iron oxidation, the bacterial activity that consumes hydrogen from the media causes FeS deposits via iron oxidation in a more feasible way (Equations (4) and (5)). Therefore, it could be said that iron acts as a hydrogen supplier that accelerates corrosion. MIC does not involve new corrosion mechanisms. When only sulphide is produced, corrosion rates first increase and then decline due to the formation of a protective FeS film, though the influence of iron ions on SRB-influenced corrosion is a complex phenomenon, as reported by Videla et al. [37].



The permanent existence of SRB is, on one hand, supported by a suitable carbon source as lactate, which acts as an electron donor partially oxidising to acetate:


2(C3H6O3) + SO42− + H2 → 2([C2H3O2]−) + 2CO2 + HS− + H+



(10)







However, the CO2 and bicarbonate present in the media could also serve as carbon sources for the autotrophic metabolism of SRB (using H2 for bicarbonate’s reduction to acetate), which are likely to be part of a biofilm [38].



The generation of dissolved hydrogen sulphide stimulates the anodic reaction by precipitating Fe2+ as FeS, which implies that steel and bacteria make direct or indirect contact through conductive FeS or by establishing electron shuttles. In the absence of oxygen, the metabolic activity of SRB generates a heavy accumulation of H2S near the metal surface, particularly when the surface is covered with a biofilm. The sulphide concentration increases as we approach the metal surface, where iron sulphide precipitates form quickly if both ferrous and sulphide species are available, generating a thin (≈1 micron) adherent layer of FeS, which is less adherent as it grows [9]. As mentioned before, steel acts as an electron supplier in MIC, where microorganisms mediate the electron transfer from steel to different electron acceptors, such as chloride and nitrates, in the aqueous environment. Therefore, the exposed steel suffers a double anodic depolarisation and acts as a direct electron source that accelerates the biodegradation and sustains bacterial growth, as shown through the following equations:


Fe → Fe2+ + 2e−; Fe2+ + HS− + H+ → FeS (s)+ H2 (g)



(11)






Fe2+ → Fe3+ + e−; Fe3+ + 2OH− → Fe(OH)2 (s)



(12)







3.3.1. TSA and TSA + Se Samples


When additional coatings of TSA are applied to a steel surface, the aluminium acts as an anode, while the cathodic reaction remains the same as in the bare steel scenario. Normally, the cathodic process is neutralised by the formation of a white, passive aluminium oxide film, which protects the surface to some degree. However, chlorides present in the environment rapidly attack and erode the oxide, initiating a gradual corrosion, which may establish a galvanic current. When these passive deposits are partially removed from the surface, the porosity of TSA facilitates the migration of harmful species through the steel surface, causing corrosion.



The proposed model is summarised in Figure S12 (in Supplementary Materials). The degradation process is the same for both the sealed and unsealed samples, but the sealant delays the appearance and formation of pores due to a greater compaction of the topcoat. The model stands that steel, TSA and sealant act as three differentiable layers. With time, chloride ions and hydrogen atoms present in the medium are diffused through the organic-based sealant, corroding the TSA layer, and thus, consuming the protective layer and releasing Al cations under the epoxy-based sealant. This pitting process due to chloride could be avoided if the metal is turned into a state of perfect passivation by improving the adhesion and quality of the protective oxide film. Nevertheless, this is prevented due to the anaerobic environment and presence of a biofilm in the surface, which establishes differential aeration cells.



Having as a reference the potential pH equilibrium diagram for the aluminium–water system at room temperature, the Al3+ cation released in Medium 163 should precipitate in the form of aluminium oxide or alumina, Al2O3. Theoretical conditions of corrosion and passivation of aluminium, in the absence of other compounds with which Al forms complexes or insoluble salts, show that the main passivation layers are made of alumina that suffers a hydration process, ending up as different species of Al2O3·nH2O: n=1 böhmite or n=3 hydrargillite, the most stable form. Despite this, the EDS results of the samples conclude that the whitish precipitate generated in the TSA and TSA + sealant samples is an oxy-hydroxide precipitate of aluminium, therefore showing that there is an intermediate step in the degradation of the passive layer. The Al(OH)3 amorphous layer crystallises over the course of time to give alumina, as mentioned before, in a process known as aluminium ageing [39]. The presence of the aluminium hydroxide can be justified due to the short time period of the immersion test.



However, the Al(OH)3 formation can be explained if the mechanism of TSA degradation is in presence of SRB is driven by localised corrosion, and thereby the chemical and electrochemical conditions of the bulk environment are not maintained down the generated pit; thus, an acidic microenvironment through the surface defect is generated (Figure S13, in Supplementary Materials). As the species approach the general aqueous environment simulating artificial seawater, the pH increases as well as the nature of the formed aluminium. The proposed mechanisms comprise two well differentiated areas. The area near the pit tip mainly supports anodic reaction kinetics, while the bold surface and pit walls closer to the pit mouth primarily support cathodic reaction kinetics. Even in an anaerobic environment, because of water dissociation, the diffusion of OH− anions into a pit is difficult. Anodic dissolution occurring mainly at the tip can yield high metal ion concentrations conducive to hydrolysis, thus making the microenvironment more acidic. Citing Foley’s review of the localised corrosion of aluminium [40], when the generated pit through the sealant reaches the alumina and exposes it to the electrolyte, the hydrated aluminium ion Al(H2O)63+ is rapidly formed:


Al0 → Al(H2O)63+ + 3e−



(13)




which undergoes a very fast hydrolysis reaction (Ikeda et al., 2006) [41], written as:


Al(H2O)63+ ↔ Al(H2O)5(OH)2+ + H+



(14)







Aluminium hydroxo-complexes are stable below a pH = 4, which collides with the pH of the aqueous medium that is higher (pH = 8). Therefore, as both species can react with the Cl− present in the media, aqueous aluminium chloride hydroxo-complexes are formed. These complexes, in permanent in the presence of chloride and form relatively stable species of Al(OH)2Cl and Al(OH)Cl2 (Equation (15)):


Al(H2O)5(OH)2+ + Cl− → Al(H2O)5(OH)(Cl)+ + Cl−/OH− → Al(OH)2Cl or Al(OH)Cl2



(15)







These mixed aluminium aquo-complexes are pH-dependent transitions, whose products are stable at pH values between 6 and 9. Predominant corrosion products will strongly depend on the locally established pit pH. At the pit mouth, the generated basic aluminium chloride is converted slowly to amorphous Al(OH)3 by Equations (16) and (17), which, as mentioned before, is slowly transformed to the more stable oxide, Al2O3.


Al(OH)2Cl + H2O → Al(OH)3 + H+ + Cl−



(16)






2Al(OH)3 (s) + H2O ↔ 2AlO(OH) + H2O ↔ Al2O3 (s) + H2O



(17)







If chlorides strongly compete with OH−, displacing the latter ligand, further reactions with aluminium succeed (Equation (18)).


Al(H2O)5(OH)2+ + 3Cl− → Al(H2O)3(Cl)3 ↔ AlCl3 (s) + 3H2O



(18)







The formed AlCl3 precipitate is highly hygroscopic and suffers a rapid hydrolysation to form Al(OH)3 (Equation (19)).


AlCl3 + 3H2O → Al(OH)3 (s) + 3H+ + 3Cl−



(19)







Hence, this local acidification of the environment under the organic coating has two main effects. First, aluminium will be corroded actively, since the aluminium oxide is not stable at acidic environments, and secondly, a more anodic reaction site will be generated at the bottom of the pit. As long as there is a supply of electrolyte, the aluminium hydrolysis reaction will maintain itself. Thus, although the epoxy sealant generates a stronger diffusion barrier to the different cations and anions that can actually interact with aluminium species, in case the application of the sealant is not performed with exhaustive care, it could also promote a particular pit environment.



Furthermore, in this particular fully anaerobic environment, magnesium hydroxide was only observed in the EDS chemical analysis on the TSA + sealant samples, reinforcing the theory of the generation of an alternative degradation mechanism in the case of applying a sealant. Regarding the samples with an artificial defect, a larger amount of aluminium oxide was released to the surface compared to those without it. This fact remarks the protective action of the TSA despite breaking part of the passive coating. Instead of suffering iron substrate oxidation, alumina rapidly passivates, covering the defect and inhibiting further corrosion.



Once the iron substrate of the samples is reached, anodic behaviour enhances as stated in Equations (11) and (12), releasing FeS corrosion products and iron hydroxides to the surface.




3.3.2. PU Samples


The degradation mechanism of the polyurethane case must be formulated from a different perspective, as it is a totally different coating type. The mechanical properties of the polymeric materials change over time, especially when they are subjected to fatigue, as is the case of mooring lines [42]. Polyurethane, simply due to the fact of being immersed, suffers a gradual degradation of its properties due to the marine environment. Chemical changes in an anaerobic environment are specific, since there is no oxygen to promote water hydrolysis on the surface. Mechanical damage, rather than physical and chemical, is likely to determine their effective lifetime [43]. The biodegradation of PU by microorganisms has become an important issue considering the degradation mechanism in seawater, as PU could be used as carbon and/or nitrogen sources for microorganisms, providing them additional nutrients, apart from the D-lactate present in the medium.



As observed in Figure 9, an extensive biofilm layer was deposited on the PU. This layer completely stained the surface of the specimen and evidenced the proliferation of bacteria bound by EPS in the SEM images. When the PU material is significantly damaged by microbial attacks, a slow release of hazardous contaminants into the environment can occur by long-term diffusion processes. Nonetheless, research on the biodegradability of polyurethane foams under anaerobic conditions shows that there are no changes in its mechanical properties nor in the weight loss [44,45]. Nevertheless, the steel sample was protected enough during the immersion time, as can be observed in Figure S10 (in Supplementary Materials).






4. Conclusions


Along with R4S-grade steel, thermal sprayed aluminium and polyurethane coatings were evaluated as potential solutions to mitigate biocorrosion in HSLA steels. The specimens under study—steel reference (bare), TSA, TSA + Se (sealant) and PU—showed, in all cases, a biofilm on the surface exposed to the medium. This biofilm, well adhered to the surfaces of the coated and bare specimens, was mainly constituted of bacterial cells, their metabolites and, in certain cases, their corrosion products.



The studied coating systems effectively prevented, at least during the time tested, the biofilm deposition on the metal substrate, thereby delaying the bacterial-source corrosion of the steel. If the coating is corroded or damaged, thus exposing the steel to the seawater environment, the corrosion is accelerated by SRB activity, generating corrosion products enriched in iron sulphide.



It is also observed that the original surface, composed of compact ferrous oxides, delays the start and progression of corrosion with respect to the corrosion generated on a machined surface, at least in an initial phase of the degradation process. The extent of corrosion is similar between the TSA coating that incorporates a sealant (TSA + Se) and the TSA coating without sealant (TSA).



In the proposed TSA degradation mechanism, the presence and concentration of chlorides affect the performance of the TSA, since the corrosion products generated are highly dependent on the surrounding chemical species and subsequent local pH. The SRB influence promotes an even more acidic environment and a localised corrosion pathway due to a non-uniform settlement of the before-mentioned biofilm, facilitating the formation of soluble aluminium hydroxide species instead of compact and protective aluminium oxide deposits.
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Figure 1. Micrography at 1000× magnification showing biofilm attached to the original surface of the steel sample, with the associated EDS spectra. 
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Figure 2. Micrography at 1000× magnification showing biofilm attached to the machined surface of the steel sample, as well as grinding marks. 
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Figure 3. Micrography at 500× magnification showing generated pitting on the machined surface of the steel sample, with the associated EDS spectrum. 
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Figure 4. Micrography at 500× magnification showing biofilm attached to the original surface of the TSA sample, with the associated EDS spectra for both yellow and whitish areas. 
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Figure 5. Micrography at 1000× magnification showing biofilm attached to the original surface of the TSA + Se sample, with the associated EDS spectra for both grey and whitish areas. 
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Figure 6. Micrography at 5000× magnification showing clearly attached biofilm on the original surface of the PU sample, with the associated EDS spectrum. 
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Figure 7. Micrographics at 5000× magnification and associated EDS spectra showing noticeable differences between the tested PU sample (left) and untested PU sample (right). 
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Figure 8. Proposed interaction between bacterial colonies and metal or organic surfaces for (a) steel, (b) TSA, (c) TSA + Se, and (d) PU systems. 
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Figure 9. Proposed corrosion mechanism of TSA and TSA + Se samples. In this case, the degradation process is the same; only the sealant delays the appearance and formation of the pores due to greater compaction of the topcoat. 
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Table 1. Coating systems under study.
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	System
	Reference
	Dimensions (mm)
	Specimen Quantity





	1
	Bare steel
	100 × 50
	4



	2
	Steel + TSA
	100 × 50
	4



	3
	Steel + TSA + sealant
	100 × 50
	6



	4
	Steel + TSA + sealant and superficial defect
	100 × 50
	2



	5
	Steel + polyurethane *
	150 × 75
	4



	6
	Steel + polyurethane * and superficial defect
	150 × 75
	2







* 750 microns of polyurethane coating.













 





Table 2. Sample number, characteristics and SRB concentration in each beaker at the start and end of the immersion tests.






Table 2. Sample number, characteristics and SRB concentration in each beaker at the start and end of the immersion tests.





	
Beaker

	
Sample

	
[SRB] cfu/mL

(t = 0 days)

	
[SRB] cfu/mL

(t = 29 days)

	
Analysis after Immersion






	
1

	
Steel

	
1.2 × 105

	
2.90 × 106

	
Visual inspection




	
PU + Def

	
Visual inspection +

SEM/EDS




	
2

	
PU + Def

	
1.2 × 105

	
1.41 × 106

	
Visual inspection




	
TSA

	
Visual inspection




	
TSA + Se + Def

	
None




	
3

	
Steel

	
1.2 × 105

	
3.91 × 106

	
Visual inspection + SEM/EDS




	
TSA

	
Visual inspection + SEM/EDS




	
TSA + Se

	
Visual inspection + SEM/EDS




	
Control beaker

	
No samples

	
1.2 × 105

	
1.41 × 106

	
-








Note: Def: punctual defect. Se: sealant.
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