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Many of traditional anti-corrosion approaches using chromate are effective but hazardous to natural environment and human health, so development of green and effective alternatives is desirable. One of the mussel adhesive proteins derived from mussel byssus presents extraordinary adhesion to steel surface and exhibits film-forming and corrosion inhibition properties. Novel strategies for enhancing the corrosion inhibition of steel by the protein have been demonstrated recently. The protein together with ceria nanoparticles presents a great potential for the development of new corrosion inhibitors and thin films that are “green” and “effective,” and have “smart” protection properties.
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INTRODUCTION

Metal corrosion is a serious material degradation problem from both economic and structural integrity standpoints. Carbon steel is the most widely used metal material, and corrosion of carbon steel occurs in almost all practical environments, but it can be largely controlled by suitable strategies. Because of hazardous nature of traditional corrosion inhibitors, development of green and effective alternatives is desirable.

Mussel adhesive proteins (MAPs), derived from Mytilus foot, have been suggested as a basis for environmentally friendly adhesives. Chemical characterization of MAPs started in early eighties (Waite, 1983a). So far at least six adhesive proteins have been extracted and identified from several species of mussel, and named as Mytilus foot proteins (Mfp, plus a number indicating the chronological order of identification; Zhao et al., 2006). These proteins present a basic isoelectric point due to the high content of posttranslational modified amino acid residues (Waite and Tanzer, 1980; Waite, 1983b). They are classified into three groups according to their function in the mussel foot: cuticle protein, adhesive protein, and structural protein. The 3, 4-dihydroxyphenylalanine (DOPA) has been recognized as the primary residue response for both adhesion and cohesion properties of the proteins.

DIFFERENT MUSSEL ADHESIVE PROTEINS

Cuticle Protein

Mfp-1 is the only protein associated with the protective outer cuticle of byssal threads including plaques (Sun and Waite, 2005). It is the largest foot protein that has a molecular weight of about 108 kDa (Filpula et al., 1990; Holten-Andersen et al., 2009). It's molecule structure is open and extended in the acidic solution with minimized secondary structure (Williams et al., 1989), and consists of 75–80 repetitive decapeptide units with about 15 mol% of DOPA in the sequence (Waite, 2002).

Structural Protein

Mfp-2, 4, 6 serve as structural proteins in mussel foot. Mfp-2 is the structural component of the plaque matrix. It has a molecule weight about 42–47 kDa and rich in disulfide containing cysteine of about 6 mol% in repetitive sequence (Rzepecki et al., 1992). Pure Mfp-2 is prone to form aggregates upon prolonged storage (Rzepecki et al., 1992). Mfp-4 is the junction between byssal plaque and thread. It has a mass of about 93 kDa and contains an N-terminal histidine-rich domain and a C-terminal domain, which can bound strongly to Cu2+, and calcium-binding plaque proteins, respectively (Zhao and Waite, 2006). Mfp-6 acts as a conjunction of the interfacial proteins and the plaque matrix protein, and antioxidant of the interfacial proteins to maintain adhesive property of the mussel plaques in oxidative environment (Nicklisch et al., 2016). It has a mass of 11.6 kDa, and contains a high level of tyrosine (20 mol%) and cysteine (11 mol%). All these structural proteins contain limited amount of DOPA about 2–3 mol% (Nicklisch et al., 2016).

Adhesive Protein

Mfp-3, 5 are identified as interfacial proteins present at the plaque-substrate interface. They form a primer-like layer at the plaque-substrate interface providing adhesion to the substrate. Mfp-3 is the smallest one with a mass of about 6 kDa (Papov et al., 1995; Warner and Waite, 1999). Most polymorphic mussel foot protein analogous to Mefp-3 have been identified from mussel species (Floriolli et al., 2000). The variants contain high level of DOPA (20 mol%) and rich in lysine and glycine. Mfp-5 is also a small protein with a molecular mass of 9 kDa (Waite and Qin, 2001). It has a homogeneous primary sequence that contains the highest content of DOPA (about 30 mol%) amongst all foot proteins, is also rich in lysine (20 mol%) and glycine (15 mol%), and has a significant number of phosphoserine residues in the sequence. It is found that over 75% of the DOPA in Mfp-5 is adjacent to lysine, which can remove hydrated cations from the adhesion interface and promote the approaching of catechol of DOPA to the mineral substrate (Maier et al., 2015). The phosphoserine residues contribute to an enhanced mineral-binding property of Mfp-5 to calcareous surfaces (Long et al., 1998; Silverman and Roberto, 2007). Therefore, Mfp-5 shows the greatest adhesion than other reported foot proteins. Mfp-3 and Mfp-5 present in a small amount in the mussel plaque (Lee et al., 2011).

Mefp-1, 3, and 5 extracted from Mytilus edulis have shown corrosion inhibition properties for metallic materials. Most studies were conducted with Mefp-1 as corrosion inhibitors in different forms. Only two works have been reported on Mefp-3 and Mefp-5, which were evaluated as dissolved inhibitor against flash rust (Nelson and Hansen, 2016; Hansen et al., 2019). Mefp-3 and Mefp-5 show high auto-oxidation rate in bulk solution due to the short chain (Haemers et al., 2003). These factors make them unfavorable materials for development of corrosion inhibitors. One the other hand, Mefp-1, the best-characterized mussel adhesive protein, naturally functions as a protective cuticle of byssus. It is abundant in mussels and contains high level of DOPA, which provides the molecule controllable adhesive and cohesive properties. The oxidation rate is low at acidic condition (Haemers et al., 2003, 2005). All these facts make Mefp-1 the most promising candidate for the development of bio-based corrosion protective strategies, and a range of Mepf-1 inhibitors have been developed in recent years. Therefore, this review will be focused on Mefp-1.

SURFACE CHEMISTRY OF MEFP-1

Adsorption

Mefp-1 can adsorb strongly on metal and metal oxides and form films on the surface. Mechanisms of the strong adhesion are attributed to displacement of surface-bound water molecules from the target surfaces, and simultaneously formation of catechol-metal coordination and hydrogen bond between the catechol of DOPA and metal atoms of the substrate (Wei et al., 2016). It shows a saturated adsorption of Mefp-1 due to the electrostatic interactions, the maximum adsorption amount is almost independent to the protein concentration, but determined by the aggregation degree (Haemers et al., 2001). The adsorption rate of the protein is highly related to the hydrodynamic radius (Krivosheeva et al., 2012). Therefore, non-aggregate Mefp-1 adsorbs faster than Mefp-1 aggregates. For anticorrosion property, multilayer adsorption and film compaction are desired, which may occur on aggregated Mefp-1. This occurs only when the adsorbed layer has undergone a conformational change (Haemers et al., 2002). The adsorption amount of aggregated protein is higher, and the formed film is thicker as compared with the non-aggregated one (Krivosheeva et al., 2013).

Oxidation

DOPA undergoes auto-oxidation in presence of oxygen (Haemers et al., 2003), or can be oxidized by addition of chemical oxidants or enzyme. Oxidation of DOPA results in formation of oxidative conversions of DOPA-quinone, leading to intermolecular crosslinking (Yu et al., 1999). The quinone reversely dismutates to aryloxy free radicals, which then couple and re-oxidize to form coupled diphenols (Burzio and Waite, 2000). The coupling of diphenols results in polymerization of the protein. The polymerization property of DOPA enables the development of highly effective anticorrosion adhesives (Hansen et al., 1998), which can be achieved by adjusting pH, and adding catechol oxidase chemical or enzyme.

Film-forming corrosion inhibitors require both strong affinity to the substrate and low permeation of the corrosive media. Since adhesion and cohesion properties of Mefp-1 are dependent on DOPA in reduction and oxidation states, respectively, the enhancement of the cohesion property is obtained on the expense of the adhesion property, therefore, a too extensive oxidation of Mefp-1 film may lead to interfacial failure (Waite, 2002). The crosslinking level of Mefp-1 must be controlled optimally to ensure a good balance between the adhesion and cohesion properties of the inhibitor film.

pH-induced Oxidation

The pH of the buffer solution has a strong influence on the aggregation degree of Mefp-1 molecules and the film formation rate on surfaces (Haemers et al., 2001). At higher pH the auto-oxidation rate of Mefp-1 is higher, which results in a higher aggregation rate (Haemers et al., 2005). Moreover, at higher pH the formed protein film appears to be more compact (Zhang, 2013), which can be explained by the enhanced oxidative crosslinking of the DOPA segments in the film. The near-neutral pH has been demonstrated as the optimal pH for Mefp-1 film deposition.

Chemical- or Enzyme-Induced Oxidation

NaIO4 is suggested to be a suitable oxidant to induce crosslinking of Mefp-1 (Hedlund et al., 2009). Treatment of the Mefp-1 film in 10 mM NaIO4 solution for 10 min leads to oxidative conversion from DOPA to DOPA-quinone, followed by diphenols coupling (Höök et al., 2001). Therefore, the film becomes a thinner, denser and more uniform (Zhang et al., 2012). Enzyme catalyzes crosslinking of DOPA functional groups in the same oxidative mechanism as the chemical oxidants (Fant et al., 2000). Mushroom tyrosinase has been used to treat the adsorbed Mefp-1, giving an increased corrosion resistance (Nelson and Hansen, 2016).

Complexation

DOPA can chelate Fe3+ to form complexes (Zeng et al., 2010). In situ observations of Mefp-1 on carbon steel indicate an enhanced adsorption of Mefp-1 at local corroding sites (Zhang et al., 2011). The enrichment of Mefp-1 is related to the interaction between DOPA and Fe ions released from the substrate. DOPA is a bidentate through which Mefp-1 can form strong complexes with Fe3+ in mono-, bis-, and tris-catecholate- Fe3+ forms, depending on the pH and catechol/Fe3+ molar ratios.

The tri-DOPA/Fe3+ complex formation causes a compaction of and removal of the coupled water from the Mefp-1 film. Different types of metal ions can induce metal-ligand-complexation, whereas Fe3+ is the most investigated, especially with aspect to corrosion inhibition. Since Fe3+ ions can be released from the corroding steel substrate, the complexation with Mefp-1 offers the promise of the protein film with the intrinsic self-healing property (Holten-Andersen et al., 2011).

Electrochemical Tuning

Mefp-1 adsorption and the film conformation can be reversibly controlled by applying an electrochemical potential (Zhang et al., 2017). The study with Pt substrate has shown that Mefp-1 adsorbs to metal via electrostatic and non-electrostatic interactions. At low potential (hydrogen adsorption–desorption region), Mefp-1 adsorption increases with the increasing potential, leading to higher protein coverage of the surface. At medium potential, the pre-adsorbed Mefp-1 film becomes less compact with increasing of potential, forming a thicker layer with higher water content. At high potential (Pt oxidation region), the pre-adsorbed Mefp-1 undergoes oxidative crosslinking, resulting in a film compaction. Moreover, the adsorbed protein film presents a blocking effect on hydrogen adsorption/desorption and Pt oxidation/reduction. The reversible electrochemical reactions of Mefp-1 provide strategies to control corrosion inhibition properties of the protein film.

Combination With Ceria Nanoparticles

The thin film of ceria (CeO2) has shown an enhanced corrosion resistance to metallic substrates (Zhong et al., 2008). Nanoparticles of ceria present more special properties, such as oxygen storage and oxidation power due to the redox reaction (Preda et al., 2011). In the regard of the impact to human health, ceria nanoparticles are not cytotoxic but instead protect cells from oxidative insult (Xia et al., 2008). Moreover, negatively charged ceria nanoparticle can facilitate the multilayer deposition of the positively charged Mefp-1.

Density Function Theory calculations show that catechol is energetically favored to bind strongly to ceria nanoparticles (Zhang et al., 2013). Therefore, ceria nanoparticles can be irreversibly incorporated into the Mefp-1 film, to facilitate a continuous build-up of the multilayer of Mefp-1/ceria composites (Sababi et al., 2012). Mefp-1 adsorbs in an extended conformation that allows significant hydrodynamic coupling to the solvent, whereas the incorporation of ceria nanoparticles induces the compaction of the protein layer. As shown in Figure 1, the deposited composite film on carbon steel is heterogeneous with some micro-domains showing coherent enrichment of Ce (from ceria) and C (from Mefp-1), as well as existence of tri-Fe3+/DOPA complex.
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FIGURE 1. Characterization of the Mefp-1/ceria composite film deposited on the carbon steel. (A) BSE-SEM image and corresponding elemental distribution of Ce, C, and O. (B) AFM topographic image of a compact area (with a size of 500 nm) of the composite film, and the corresponding phase image showing two distinct phases. (C) Raman spectrum of the Mefp-1/ceria composite film on the carbon steel, and the reference spectra of the pure Mefp-1 deposited on glass, ceria nanoparticle deposited on glass, and the complex of Mefp-1 with Fe3+.



MUSSEL ADHESIVE PROTEIN INSPIRED CORROSION PROTECTION

Mefp-1 as Dissolved Corrosion Inhibitor

Mefp-1 has been demonstrated as an effective corrosion inhibitor to carbon steel when dissolved in corrosive solutions (Zhang et al., 2011). The corrosion inhibition mechanism varies depending on the exposure condition. Under acidic condition, the initial corrosion inhibition efficiency is higher in the solution with higher NaCl concentration. In this situation, the auto-oxidation of Mefp-1 is retarded or proceeds very slowly; therefore, the oxidative crosslinking is negligible. The higher inhibition efficiency is mainly attributed to the enhanced DOPA-Fe3+ complexation, due to a higher amount of released Fe3+ in the solution with higher NaCl concentration. The longer-term corrosion inhibition of Mefp-1, e.g., 7 days, increases with increasing pH, and the efficiency is higher in the solution with less concentrated NaCl (Zhang, 2013). Clearly, the higher auto-oxidation level of Mefp-1 at higher pH is the dominant factor for the enhanced corrosion inhibition. At near-neutral pH, the inhibition efficiency increases with exposure time (Zhang et al., 2011). Both the oxidation level of Mefp-1 and the amount of Fe3+ released from the substrate increase with time. Therefore, both the oxidative crosslinking and the DOPA-Fe3+ complexation processes enhance the corrosion inhibition.

Furthermore, Mefp-1 has also been reported to provide a certain corrosion inhibition to 304 L stainless steel and Al, retarding the metal dissolution and pitting corrosion (Hansen et al., 1995; Hansen and McCafferty, 1996).

Pre-formed Mefp-1 Film

Owing to the good film-forming capacity, Mefp-1 has also been investigated as a pre-formed corrosion inhibition film (Zhang et al., 2012). The pre-formed Mefp-1 film provides a certain corrosion protection for short-term exposure, and the corrosion protection can be significantly enhanced by proper oxidation treatment due to the increased compactness. However, the long-term exposure results indicate that the pre-formed Mefp-1 film may degrade with time under the exposure condition. Therefore, for long-term applications, it is desirable to develop other types of Mefp-1 films that are more protective and stable during long exposure.

Mefp-1/Ceria Nanocomposite Film

Nanocomposite films of sub-micron thickness composed of Mefp-1 and ceria nanoparticles have been deposited on carbon steel using alternative immersions and one-step-dipping methods (Sababi et al., 2012; Chen et al., 2016). The nanocomposite films provide excellent corrosion protection for carbon steel for long-term exposure, and the inhibition efficiency increases with exposure time. The increase of the inhibition effect is mainly due to the integration of the corrosion products into the film, as well as enhanced complexation between Mefp-1 in the film and Fe ions released from the steel surface. Moreover, the Mefp-1/ceria nanocomposite film possesses a certain self-healing ability on carbon steel (Chen et al., 2016). The self-healing ability is attributed to the DOPA of Mefp-1, and the healing process is explained by the fact that Fe3+ released from the surface defects promote the formation of DOPA-Fe3+ complexes in the nanocomposite film, which retards further dissolution and thus the localized corrosion.

Synergistic Effect of Phosphate and Mefp-1/Ceria Composite Film

Addition of a small amount of Na2HPO4 into the NaCl solution results in an enhance corrosion inhibition effect of the Mefp-1/ceria composite film in both short-term and long-term exposures (Zhang et al., 2013). In the phosphate containing solution, the composite film deposited on carbon steel sample presents a two-layer like structure, with the composite film as the inner-layer and a vivianite deposit layer as the outer-layer.

The addition of the phosphate results in ca. one order of magnitude increase of the short-term corrosion resistance of composite film. Moreover, the corrosion resistance of the composite film further increases drastically upon the formation of a continuous phosphate deposit layer that fully covers the surface. In this case the Fe ions released from the steel surface are mostly trapped inside the film due to blockage by the deposited outer layer, and this leads to enhanced complexation between the protein and Fe3+. This consequently causes the compaction of the film and hence a significant increased corrosion protection. Thus, phosphate ions in the solution and the Mefp-1/ceria composite film on the surface have a synergistic effect on the corrosion protection for the steel.

Based on the above-mentioned observations, a nanocomposite film composed of Mefp-1, ceria nanoparticles and phosphate has been developed (Chen et al., 2017), which provides a self-healing effect against pitting corrosion of carbon steel. Moreover, it is found that the inhibition efficiency can be further enhanced by thermal treatment, which leads to an enhanced oxidative crosslinking of Mefp-1 in the composite film. As a result, the film presents a highly compact structure. Furthermore, industrial applications of the nanocomposite films in reinforced concrete structure has been demonstrated (Zhang et al., 2019).

CONCLUSION

The unique adhesive and cohesive properties of the mussel adhesive protein have inspired scientific research efforts of investigation and development of a range of new “green” corrosion inhibitors and protective thin films for carbon steel. As summarized in Figure 2, the corrosion inhibition efficiency of the Mefp-1 can be enhanced by means of adjusting pH, ion-induced complexation, and oxidative crosslinking. The adhesion and cohesion properties of the Mefp-1 film can be reversibly tuned via electrochemical potential. Moreover, Mefp-1 can be combined with ceria nanoparticles to form a composite film on steel surface, showing higher corrosion protection efficiency and self-healing properties. Incorporation of phosphate and thermal treatment of the composite film result in a further enhancement of the corrosion inhibition properties.
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FIGURE 2. Schematic illustration of the strategies that can be applied to enhance the corrosion inhibition properties of Mefp-1.



Based on the fundamental understanding of the chemistry and the obtained corrosion inhibition properties, the mussel adhesive protein presents a great potential for the development of new environmentally friendly and sustainable corrosion inhibitors and thin protective films.
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