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Abstract

:

The introduction of new regulations needs to develop eco-friendly systems to prevent corrosion. In this work, a natural corrosion inhibitor caffeine (CAF) was encapsulated in polysaccharide-based nanoparticles, capable of the responsive release of CAF during corrosion. The nanoparticles were prepared using electrostatic complexation between two natural polysaccharides which are oppositely charged—chitosan (CHI) and sodium alginate (ALG), crosslinked by tripolyphosphate (TPP). The particle size distribution and zeta potential were evaluated using dynamic light scattering and laser Doppler velocimetry. The encapsulation efficiency and release of CAF from nanocontainers was evaluated with UV-spectroscopy. The nanoparticles were incorporated via electrodeposition into the zinc coating on low-carbon steel to ensure self-healing. Cyclic voltammetry demonstrated the cathodic and anodic processes in the starting electrolytes. Surface hydrophobicity was investigated by water contact angle (WCA). The corrosion resistance of the coatings was estimated with polarization resistance (Rp) measurements and potentiodynamic polarization (PDP) curves. The study of the chemical composition of the coatings was carried out with X-ray photoelectron spectroscopy. The data obtained confirm the indisputable influence of the nanoparticles/nanocontainers on the protective feature of the hybrids—the latter have about twice-higher Rp values compared to the ordinary zinc.
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1. Introduction


The electrodeposition of zinc on the surface of steel materials is one of the most extensive techniques for ensuring a sacrificial protection and barrier effect against steel corrosion in aggressive media. The disruption of this metal in a corrosion medium with neutral pH containing Cl−-ions results in the appearance of a layer of corrosion products with a low solubility value (hydroxides, hydroxide chlorides, oxides, etc.) on the surface [1,2,3]. This layer plays the role of a physical barrier and makes the access of corrosive species to the surface of the metal difficult, protecting and enhancing in such a way the lifetime of the metal. However, once microdefects are formed in the coating, the latter will begin to lose its barrier properties. The addition of a corrosion inhibitor to the coating can heal the microdefects, which will ensure the prevention of the corrosive media from reaching the coating/steel interface. The direct addition of the inhibitor can cause adverse effects due to its possible reaction with the metal substrate in advance [4]. Encapsulation of the corrosion inhibitor into micro- or nanocarriers is a good way to avoid the above drawbacks, offering an inhibitor release on demand for better protection of the substrate (self-healing effect) [5,6,7,8]. The release of the corrosion inhibitor at the right moment is a key to the long-term protection of the coating. For example, the encapsulation of the corrosion inhibitor in pH-sensitive nanocarriers is expected to reduce the corrosion rate in the case of local changes in pH during a corrosion attack.



Scientists have been forced to use natural and biodegradable inhibitors for metal protection in different media due to the serious hazards of chemical inhibitors [9]. Caffeine, a naturally derived nontoxic and environmentally friendly alkaloid (Figure 1), demonstrates well-expressed properties of an effective corrosion inhibitor, having oxygen and nitrogen heteroatoms, π-electrons, and polar functions that are centers for adsorption on metal substrates [10]. The application of CAF in the role of an inhibitor against corrosion has been evaluated for different metals including steel [11,12], zinc [13], and copper [14]. Due to a synergistic effect that contributed to the formation of a protective film containing the Fe2+– caffeine complex and Zn(OH)2, caffeine has also been demonstrated to have an excellent inhibition efficiency for mild steel in the presence of Zn2+ cations [15].



In recent years, wide applications have found materials made from polysaccharides as a “green” option to synthetic polymers due to their nontoxicity, biocompatibility, and biodegradability. Polysaccharide complexes of chitosan and alginate have been extensively applied and studied [16,17]. Chitosan is a cationic polysaccharide consisting of β-(1,4)-linked 2-deoxy-2-amino-D-glucopyranose units, derived from chitin by alkaline deacetylation. It has been applied in many industries like engineering, food, pharmaceutical, biomedical, chemical, and agricultural industries [18]. Alginate is an anionic polysaccharide, consisting of blocks of two uronic acids—α-Lguluronic acid and ß-L-mannuronic acid. It is obtained predominantly from the cell walls of brown algae. Alginate has also found applications in biomedical, pharmaceutical, agricultural, and tissue-engineering industries [19]. Both polysaccharides have been studied as inhibitors against the corrosion of steel since they contain nitrogen and oxygen atoms in the structures of their molecules. For example, CHI and ALG have been found to increase significantly the anticorrosion properties of steel in HCl and in 3.5% NaCl solutions [20,21].



Chitosan and alginate are weak polyelectrolytes that can form complexes (hydrogel particles) as a result of electrostatic interaction between the positively charged amino (NH3+) groups of chitosan and negatively charged carboxylic (COO−) groups of alginate. Stable compact structures of CHI/ALG complexes were realized mainly at pH ≥ 5 [22,23]. The important feature of such complexes is that they swell in response to the surrounding pH changes, as the charge imbalance lowers the attraction between the oppositely charged polysaccharide molecules [23,24].



The scientific literature contains information concerning the zinc coatings which are widely used in the field of corrosion protection (mainly of low-carbon steel), since their electrochemical potential [25,26,27] is more negative compared to the iron. Zinc demonstrates a sacrificial action because in a corrosive environment its surface is overlaid by newly formed products with low solubility which slow down the disruptive influence of the aggressive ions [28]. The newly formed corrosion products demonstrate the role of a physical protective barrier. Obviously, zinc is the anode when in contact with iron providing the sacrificial protection. Many zinc coating types on steel have been elaborated and studied: electroplated, thermally sprayed, hot-dip galvanized coatings applied to steel surfaces, as well as those painted with zinc-rich coatings [25].



Nowadays, the widely applied practice is to replace the ordinary zinc coatings with composite or hybrid ones [25,28]. For example, the embedding of different inorganic or organic/polymeric particles enhances the protective characteristics of the ordinary zinc coatings [29,30,31,32,33,34]. The incorporated particles fill some of the microdefects, the latter acting as active sites for corrosion development, and minimize the development of the corrosion process. Generally, the incorporated particles participate in the formation process of “mixed” barrier layers simultaneously containing corrosion products with low solubility and embedded particles.



CHI/ALG-based nanomaterials have found applications in different fields due to their loading ability. CHI/ALG nanoparticles (with a hydrogel character) loaded with CAF are prepared using polyelectrolyte complexation in the presence of sodium tripolyphosphate which is a crosslinking agent (TPP). The resulting CHI/ALG nanoparticles are electrodeposited with zinc on a cathode (low-carbon steel) surface from a slightly acidic zinc sulfate solution. The protective properties of the obtained hybrid coating are compared to those of the ordinary zinc coating and a zinc coating containing CHI/ALG nanoparticles unloaded with caffeine.



In the present work, the encapsulation of CAF in CHI/ALG nanoparticles is applied for the obtaining of environmentally friendly nanocarriers, capable of a pH-responsive release of CAF in a zinc coating, aiming to improve the corrosion protection of mild steel in aggressive chloride media. To the best of our knowledge, the synthesis of environmentally friendly nanocontainers with CAF and their application for the improvement of the corrosive protection of metallic coatings on steel are still lacking.




2. Materials and Methods


2.1. Materials


Chitosan (Mw~50–190 kDa) with a degree of deacetylation (75–85%), sodium alginate (Mw~30–100 kDa), sodium tripolyphosphate, caffeine, acetic acid, and sodium hydroxide of analytical grade were purchased from Sigma Aldrich (Darmstadt, Germany). The stock solution of CHI with a concentration of 1 g/L was prepared by magnetic stirring for 24 h in 0.03 M acetic acid, and the pH of the solution was adjusted to 5.0 using NaOH. Stock solutions of ALG and CAF with concentrations of 1 g/L were obtained by magnetic stirring for 30 min in double-distilled water. Analytical-grade chemicals for electrodeposition of the hybrid zinc coatings, i.e., ZnSO4·7H2O, NH4Cl, and H3BO3, were supplied by Valerus Ltd., Sofia, Bulgaria.




2.2. Preparation of CHI/ALG Nanoparticles


CHI/ALG nanoparticles unloaded with CAF were obtained according to a previously described procedure with slight modification [35,36,37]. Briefly, 20 mL of ALG solution (0.45 g/L) and a 20 mL solution of sodium TPP (1 g/L) were mixed and added to 100 mL of CHI solution by applying magnetic stirring for 30 min in order to obtain a weight ratio of 11:1 for CHI and ALG and a ratio of 5:1 for CHI and TPP, respectively. The obtained suspension was homogenized by sonication for 1 min. Using the same procedure, CHI/ALG nanoparticles were loaded with CAF (1 g/L) by mixing CAF with the ALG-TPP solution before adding to the CHI solution.




2.3. Characterization of CHI/ALG Nanoparticles


The size distribution and surface charge density of the CHI/ALG nanoparticles, both unloaded and loaded with CAF, were evaluated using dynamic light scattering (DLS) and laser Doppler velocimetry (Zetasizer Pro Red Label, Malvern Panalytical Ltd., Malvern, UK) measurements. The mean size (hydrodynamic diameter) and zeta (ζ) potential of both types of nanoparticles were measured in aqueous solutions at pH 5.0. As a light source, a He-Ne laser was used, and the intensity of the scattered light was measured by a detector at 173°.




2.4. Zinc Coating Electrodeposition on Low-Carbon Steel Substrates


Present investigations were realized with test samples of ordinary zinc and two types of hybrid zinc coatings. Low-carbon steel lamellas with sizes of 2 cm × 1 cm × 0.1 cm were used as substrates. The composition of the starting electrolytes was 150 g/L ZnSO4·7H2O, 30 g/L NH4Cl, and 30 g/L H3BO3. Furthermore, two kinds of additives were applied—wetting agent AZ1 (50 mL/L, IPC-BAS, Sofia, Bulgaria) and brightener AZ2 (2 mL/L, IPC-BAS, Sofia, Bulgaria). The experimental pH value of the starting electrolytes was 4.5–5.0. The electrodeposition was held in a glass cell (volume 600 mL) at room temperature, with a cathode current (direct current) density of 2 A/dm2 and the application of metallurgical zinc anodes. The obtained two types of hybrid coating types were marked as follows:




	-

	
CS—hybrid zinc coatings with incorporated nanoparticles;




	-

	
CS CAF—hybrid coatings with incorporated nanocontainers loaded with caffeine.









For the comparison of the most important electrochemical characteristics, ordinary zinc coatings were also obtained from a solution having a composition of 150 g/L ZnSO4·7H2O, 30 g/L NH4Cl, and 30 g/L H3BO3 and with the following electrodeposition conditions: pH 4.5–5.0, cathodic current density 2 A/dm2, soluble zinc anodes, and both additives described above.



During electrodeposition, the hybrid samples were prepared in an ultrasonic bath aiming to minimize the influence of the aggregation and to ensure incorporation of uniformly distributed particles into the coatings. To realize credible experimental data for comparison, all the investigated coatings had a thickness of ~12 µm.




2.5. Surface Characterization of the Coatings


For analysis of the structure morphology and chemical composition of the experimental hybrid and ordinary zinc-based coatings, scanning electron microscopy (INCA Energy 350 unit, Oxford Instruments, Oxford, UK), equipped with energy-dispersive X-ray spectroscopy (EDX), was applied.




2.6. Corrosion Characterization


The protective ability of the investigated coatings was evaluated using potentiodynamic polarization curves and polarization resistance measurements. PDP is a well-known accelerated method, while generally Rp measurements are realized for a longer time interval. The electrochemical processes like cathodic electrodeposition and anodic dissolution were investigated by application of cyclic voltammetry (CVA) in the starting electrolytes for the obtaining of hybrid or ordinary zinc coatings. These studies were done using a scan rate of 10 mV/sec in the potential interval between −1.4 V and 0 V. Electrochemical tests were realized with a PAR “VersaStat 4” device. The reference electrode was a saturated calomel electrode (SCE), and a platinum plate was the counter electrode. The state of the tested sample during the PDP test was checked visually by the “naked eye”, and after the registration of the low-carbon steel substrate, the external polarization was stopped. The experiments with the Rp method had a duration of 40 days.




2.7. Water Contact Angle Measurements


Water contact angle measurements were carried out with an Easy Drop DSA20E Krűss GmbH apparatus (Hamburg, Germany) at ambient temperature. A sessile droplet of distilled water (10 μL) controlled by a computer-dosing system was deposited onto the samples. Computer analysis of the images of the droplet realized by DSA1 software (v 1.92-05) calculated the WCA. The data were averaged from 5 measurements for each sample.




2.8. XPS Studies


A VG ESCALAB II electron spectrometer was applied for the measurements at conditions of AlKα radiation with an energy of 1486.6 eV. The accuracy of the determining of the binding energies was ±0.1 eV utilizing the C1s line at 285.0 eV (from an adventitious carbon) as a reference. The chemical composition of the films was evaluated on the basis of the areas and binding energies of C1s, O1s, Zn2p, Cl2p, and Na1s photoelectron peaks (after linear subtraction of the background) and Scofield’s photoionization cross-sections.




2.9. Test Medium and Reproducibility


A model test medium of 3.5% NaCl solution (pH~6.7) was applied for the realization of the electrochemical-corrosion experiments. The presented results were averaged from the data received from five samples per type, i.e., either ordinary zinc or hybrid zinc coatings.





3. Results


Polyelectrolyte complexes are materials formed via the ionic interaction between oppositely charged polyelectrolytes [38]. In the case of chitosan and alginate, electrostatic interactions between positively charged (–NH3+) groups of chitosan and negatively charged (–COO−) groups of alginate lead to the production of CHI/ALG nanoparticles with a hydrogel character. Having in mind that the pKa of CHI is 6.5 and the pKa of ALG is about 3.5, a pH 5 of the solutions is accepted to provide optimal conditions for the spontaneous ionic gelation of CHI-TPP and concomitant complexation with ALG [35,37]. The crosslinking agent TPP is used to enhance the water-barrier characteristics of the CHI/ALG hydrogel particles.



The polysaccharide nanoparticles prepared by us are non-stoichiometric polyelectrolyte complexes with an excess of CHI, and their pH-dependent behavior is similar to that of pure CHI. The electrostatic interactions between positively charged molecules of CAF (pKa of CAF is 10.4 [39]) and negatively charged groups of ALG and TPP might explain the CAF entrapment in the CHI/ALG nanoparticles. The interactions between the carbonyl groups of CAF and primary amide groups of CHI are also discussed as a reason for CAF loading into CHI/TPP nanoparticles [40,41].



3.1. Characterization of CHI/ALG Nanoparticles


Under the conditions for the preparation of the CHI/ALG nanoparticles (water solutions with pH 5), the suspensions are stable, and the nanoparticles are positively charged, which favors their electrodeposition on the cathode (steel) surface. The TEM images of CHI/ALG nanoparticles before and after loading with CAF are presented in Figure 2.



Figure 3A shows the hydrodynamic diameters of the CHI/ALG nanoparticles, both unloaded and loaded with CAF. Here are two families of nanoparticles in both suspensions, obtained after 1 min of sonication. The larger ones show peaks at 326 ± 21 nm and 298 ± 19 nm for unloaded and loaded-with-CAF CHI/ALG nanoparticles, while the smaller particles show peaks at 80 ± 10 nm and 57 ± 6 nm, respectively. This indicates a medium polydispersity of the samples (Table 1), although the suspensions are stable against aggregation as a whole.



Figure 3B shows the zeta potential values for both types of nanoparticles. They are +35 ± 5 mV and +43 ± 1 mV for the particles unloaded and loaded with CAF, respectively, which are potentials high enough to provide stabilization of the suspensions [42]. It is interesting to note that the hydrodynamic diameters of the CHI/ALG nanoparticles loaded with CAF are smaller than those of the particles not containing CAF. This could be related to the higher zeta potential values for the particles loaded with CAF, leading to less agglomeration because of the stronger electrostatic repulsions between similar charged nanoparticles.



Bearing in mind that the density of the surface charge of the particles decreases in the bath solution (as a result of the increase in ionic strength), additional measurements of the particles sizes and zeta potentials were carried out in zinc sulfate solutions before electrodeposition of the hybrid zinc coatings. The results presented in Table 1 reveal 2–3 times (and even more) larger hydrodynamic diameters of the particles in the zinc sulfate solution, which is attributed to a significant decrease in their zeta potential values, leading to particle agglomeration. These data are of importance for the analysis of the surface morphology of the coatings on steel substrates.




3.2. Surface Morphology of Hybrid Zinc Coatings on Steel Substrates


The surface morphology of the hybrid zinc coatings obtained by the incorporation of CHI/ALG nanoparticles into the matrix of pure zinc coatings is represented in Figure 4. The SEM images of the coatings demonstrate that the electrodeposition of CHI/ALG nanoparticles without CAF leads to the formation of a coating with large spots of materials with different morphology (Figure 4A). This is better observed at a higher magnification of one spot (inset in Figure 4A), showing a crystalline structure similar to that found in the investigations of Zhai et al. [43]. According to these authors, large and well-formed crystallographic chitosan–zinc complexes incorporate into the zinc matrix at close to our conditions. When CHI/ALG nanoparticles loaded with CAF are embedded into the zinc coating, the surface morphology differs (Figure 4B). The surface becomes more homogeneous, containing also chitosan–-zinc crystals (similar to those in the above coating) and new flat spots related to the availability of CAF (inset in Figure 4B).



It is interesting to underline that, in the presence of CAF, the coating surface (apart from the chitosan–zinc crystals) contains almost equal amounts of zinc (42 wt%) and iron (47 wt%) (Table 2). In contrast, the EDX analysis of the coating without CAF shows a zinc amount close to 80 wt%. This observation could be regarded as a possible sign that a large number of loaded-with-CAF nanocontainers are electrodeposited directly onto the steel surface.




3.3. Entrapment Efficiency and Release of CAF from CHI/ALG Nanoparticles


Using UV–vis spectroscopy, the entrapment efficiency of CAF in the CHI/ALG nanoparticles obtained at pH 5 was evaluated. After centrifugation of the CHI/ALG suspension (at 15,000 rpm for 1 h at 4 °C), the CAF concentration in the supernatant was measured, and the entrapment efficiency was determined by comparing the amounts measured in the supernatant and the initial amount of CAF used for the preparation of the particles loaded with CAF.



A calibration curve for CAF was obtained at λ = 275 nm (Figure 5). The supernatant was diluted five times before measuring to improve the quality of the results. The amount of CAF measured in the supernatant was 0.173 g/L, which means that the entrapped amount of CAF in the CHI/ALG nanoparticles was 0.827 g/L, i.e., entrapment efficiency of 82.7%.



Since caffeine displays good corrosion inhibition in acidic and neutral conditions [7,8], the release of CAF from the CHI/ALG nanoparticles was measured under neutral (pH 7) and acidic (pH 4 and pH 5) conditions. For the measurements, the precipitated CHI/ALG nanoparticles loaded with CAF were redispersed by sonication in 3.5% NaCl solutions of a defined pH for 1 min. After 24 h, the suspensions were centrifuged (at the above conditions), and the supernatants were collected for UV-vis analysis. The process of centrifugation and redispersion by sonication was repeated, and the cumulative release amounts of CAF after 48 h were calculated. They were equal to 29 mg/L, 32 mg/L, and 36 mg/L for the samples studied at pH 7, 5, and 4, respectively (Figure 5). The results show a higher released amount of CAF at lower pH values, which can be attributed to the increased swelling of the CHI/ALG complexes under acidic conditions [24]. Since the corrosion process has been found to reduce pH in the region close to the zinc layer on steel (due to metal hydrolysis) [44], the increased amount of released CAF at lower pH is expected to provide a more effective protective ability to the coating in the case of a corrosion attack.



In addition, CAF protonates better in acidic solutions [45,46], which enhances the repulsion between positively charged CAF and positively charged CHI (being in excess in our CHI/ALG nanoparticles) to facilitate the CAF release in acidic media. The obtained results indicate that the CHI/ALG nanoparticles loaded with CAF are potential candidates to hinder the corrosion processes of galvanized steel under neutral and acidic conditions. For comparison, similar amounts of CAF have been found to ensure about 95% protection for carbon steel in well water (pH 8.5) in the presence of Zn2+ ions (50 ppm of CAF and 50 ppm of Zn2+) [12].




3.4. SEM of Corrosive-Treated Samples


The surface morphology of corrosive-treated hybrid coatings is demonstrated in Figure 6. It is obvious that some differences (better visible at lower magnification) occur in both samples. The surface of the coating without CAF seems more uneven and rough with some protruded zones (Figure 6A). Contrary to this, the surface of the coating with CAF is more uniform, although some areas with small pits are also present. Separate white spheres, most probably part of the embedded nanocontainers, are also registered (Figure 6B). Interestingly, the higher magnifications of the images look very similar—see the insets.




3.5. Measurements with Cyclic Voltammetry


The CVA investigation data of ordinary zinc, as well as of CS and CS CAF samples, are demonstrated in Figure 7A,B. As already mentioned, CVA tests were conducted in the starting electrolytes, from which the ordinary zinc and both hybrid coatings are electrodeposited. Obviously (Figure 7A), the electrodeposition process of the ordinary zinc occurs at a much higher cathodic current (in A): (−0.051) and starts at a more negative potential value compared to both hybrid coatings. This observation is a definite sign that the cathodic process of the zinc proceeds harder (with more difficulties), i.e., the electrodeposition is overpolarized. Contrary to this, the cathodic electrodeposition of both the hybrid coatings investigated takes place at more positive cathodic potentials and lower cathodic currents, i.e., the process is depolarized and is realized easier compared to the ordinary zinc coating. The values of the cathodic currents of the hybrid coatings (which are much lower) are (in A): −0.018 for the CS coating and −0.016 for the CS CAF coating, respectively. It can be calculated that the cathodic electrodeposition peak of the zinc is about three-times higher compared to the CS and CS CAF coatings. In addition, it seems that after the cathodic peaks of CS (in V) (−1.236) and CS CAF (−1.241), the electrodeposition of the hybrid coatings occurs under diffusion control until the vertex potential. This is a sign that in such a case the potential changes do not affect the current values, which for a given potential interval remain unchanged.



In the anodic area is presented the dissolution process of the investigated samples. The availability of anodic parts of the CVA curves is proof for the existence of electrodeposited metallic mass (coatings) on the low-carbon steel, which is formed as a result of the cathodic polarization. It is obvious that the zinc dissolution peak is the greatest one (0.065 A at −0.725 V), which indicates the presence of a greater electrodeposited metal quantity. The anodic peaks of both hybrid coatings are much lower (in A), i.e., 0.044 for CS and 0.038 for CS CAF. Figure 7B shows clearly the peculiarities of the occurring cathodic processes.



The availability of CHI/ALG nanoparticles or CHI/ALG nanocontainers with CAF in the starting electrolytes can be regarded as an essential reason for the obtained results. The nanoparticles/nanocontainers are bigger in size compared to the zinc ions and can physically block the substrate for electrodeposition of zinc ions, impeding in such a way the obtaining of the hybrid coatings.




3.6. Potentiodynamic Polarization Curves


The results obtained via the potential polarization method are presented in Figure 8. Generally, this method is applied as an accelerated test and gives the possibility to obtain information about the corrosion behavior of the investigated coatings at external polarization. As shown in Figure 8, the corrosion potential of the ordinary zinc coating is placed at more negative values, i.e., at (in V) −1.07, compared to both hybrid coatings. The corrosion potential (in V) of CS is −1.04 and that of CS CAF is −1.02.



The corrosion current densities, registered under external polarization, also differ—the Icorr of the ordinary zinc coating is higher compared to both hybrid coatings. This is an indication of the accelerated corrosion process of the sample. The zinc anodic curve is growing gradually in the potential area after the corrosion potential demonstrating a maximal value, i.e., a higher anodic current density, at a potential (in V) of about −0.8. Thereafter, this coating is fully dissolute in the potential area of about −0.6 (in V) and as a result the “bare” low-carbon steel surface arises. Contrary to this, both hybrid zinc coatings CS and CS CAF show different behavior. It is obvious that the anodic parts of the hybrids are longer compared to that of the ordinary zinc coating, which is better presented especially for CS CAF. This result confirms that the newly elaborated hybrid coatings are more stable and corrosion resistive at external anodic polarization. The length of the anodic curve (in V) of the CS sample is up to about −0.52 and that of CS CAF is until −0.38. In the maximal anodic dissolution area, both hybrid samples have relatively lower maximal current densities compared to the same parameter registered for the ordinary zinc coating. Table 3 contains some of the electrochemical indicators taken from the figure.




3.7. Measurements of the Polarization Resistance


The experimental data from the polarization resistance measurements after a 40-day period of stay for the tested coatings in a 3.5% NaCl solution are presented in Figure 9. Obviously, the ordinary zinc coating demonstrates the lowest Rp values of about 780–850 ohm·cm2 during the immersion period. The maximal Rp can be observed after 25 days of investigation.



Contrary to this, the experimental maximal Rp values for CS (~1150 ohm·cm2) and CS CAF (~1750 ohm·cm2) are between 1.5- and 2-times higher. This is a sign that the presence of nanoparticles/nanocontainers in the zinc matrix influences positively the anticorrosion characteristics of the zinc coating, better expressed for the hybrid coating with embedded nanocontainers containing CAF.




3.8. Water Contact Angle Studies


According to many experimental results, a more hydrophobic surface is beneficial for the anticorrosion protection of metal materials. The wettability of both hybrid coatings was estimated by measuring the water contact angle (Figure 10). As observed, the CS coating is less hydrophobic than CS CAF, and it could be supposed that the latter will demonstrate an enhanced resistance against corrosion.



The water contact angles registered have similar values. It is well known that the hydrophobicity of the sample surface is generally determined by both intrinsic chemical properties and surface microstructure. The experimental data on the dependence between hydrophobicity and corrosion resistance are to a certain degree contradictory. However, many scientists support the opinion that this parameter as a rule is a sign for an inhibited corrosion process.




3.9. XPS Studies


An XPS study was used to evaluate the chemical state and amount of chemical elements on the surface of the corrosion-treated hybrid zinc coatings. Several elements like C, O, Zn, Cl, and Na were found on the surface, and their quantity is represented in Table 4. The shape of C1s spectra demonstrates several peaks, which are attributed to adventitious carbon, C-O, carboxyl, and carbonyl groups, respectively. The functional groups are attached to the polymer. The different types of carbon are presented in Table 5. The O1s spectra are wide and consist of three peaks, which can be associated with oxygen in a zinc hydroxide lattice at 531.1 eV and C=O and C-O bond at 532.5 eV and 533.5 eV, respectively (Figure 11). Zn2p spectra have a maximum with a binding energy of 1023.8 eV.



The Zn LMM Auger peaks are used to determine the state of zinc. They have a larger shift of chemical state. The modified Auger parameter was calculated, and it showed that the zinc was in the form of Zn(OH)2—which is a part of zinc hydroxyde chloride Zn5(OH)8Cl2.H2O—on the surface (Figure 12):


a′ = KEZnLMM + BEZn2p3/2










a′ = 985.8 eV + 1023.8 eV = 2009.6 eV => Zn(OH)2











The addition of CAF did not change the shape of the spectra. A small shift to higher binding energies of the order of 0.4 eV is observed, which is probably a result of the different surface charge due to photoemission. On the surface was recorded also Cl and a small amount of Na due to the corrosion treatment in NaCl. The coatings cover the low carbon steel substrate well, and this is evidenced by no iron peaks on the surface [47,48].





4. Discussion


The test data obtained by the application of both hybrid zinc coatings on steel substrates demonstrate similar anticorrosion characteristics and surface composition. The corrosion potential values (Ecorr) of both hybrid coatings represent positive potential shifts compared to the ordinary zinc coating, i.e., the hybrid coatings are more “noble”. In addition, their corrosion current density values, received from the potentiodynamic polarization curves, are lower compared to the ordinary zinc coating, which means that they are more corrosion resistive. It is also obvious that the anodic curves of the hybrid samples are longer than that of the zinc coating, i.e., these systems seem to last more at external anodic polarization conditions. The polarization resistance measurements during a 40-day immersion period confirm the results from the accelerated tests. This result is a sign of the better-expressed corrosion resistance and protective ability of the newly developed hybrid zinc-based coatings.



The results from the conducted investigations can be related to the newly formed corrosive products arising during the tests. According to previous studies, the expected product due to corrosion in such a corrosion medium is zinc hydroxide chloride Zn5(OH)8Cl2·H2O. Its availability leads to better-expressed protection against corrosion agents forming a protective “barrier” layer. The presence of nanoparticles/nanocontainers in the zinc matrix, on the other hand, influences positively the anticorrosion behavior of the zinc coating. When polymer nanoparticles/nanocontainers are present in the metal matrix, one can suggest that the corrosion process is localized in the metal zones surrounding the nano-objects.



Thereupon, the accelerated destruction of zinc will begin and a “mixed” film of Zn5(OH)8Cl2·H2O and the polymeric-based nanoparticles/nanocontainers will appear. Finally, the corrosion process will spread around the nanoparticles, and the probability of the obtaining of local penetrations and sudden destruction deep inside the coating will be minimized. Such a development will increase the probability for the local corrosion to be transformed into a general one, which in turn will decrease the destruction of the coating. In the case of general corrosion, the surface damages are easy to be registered, which allows the prevention to be realized in time.




5. Conclusions


	
Nanoparticles based on chitosan/alginate complexes were loaded with corrosion inhibitor caffeine to obtain environmentally friendly nanocontainers suitable for incorporation into the matrix of a protective zinc coating on mild steel. It was shown that the technique used for the preparation of the nanocontainers allows the entrapment of caffeine at a pH 5 of the initial solutions and pH-dependent release in a model corrosion medium containing 3.5% NaCl.



	
The SEM analysis reveals that the incorporation of caffeine-loaded nanocontainers leads to a more homogeneous surface of the hybrid zinc coating compared to the coating with nanoparticles not loaded with caffeine.



	
CVA studies confirm that the electrodeposition of the hybrid coatings is depolarized compared to the ordinary zinc, i.e., occurs easier.



	
The wettability of the hybrid coating containing caffeine is lower compared to the hybrid coating without the inhibitor, which is a sign of its greater hydrophobicity.



	
The corrosion investigations confirmed the positive influence of the incorporated nanoparticles and nanocontainers on the corrosion stability of the investigated hybrid coatings in the model test medium containing chloride ions as corrosion activators.
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Figure 1. Structural scheme of caffeine. 
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Figure 2. TEM images of CHI/ALG nanoparticles before (A) and after (B) loading with CAF. 
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Figure 3. Hydrodynamic diameter distributions (A) and zeta potentials (B) for the CHI/ALG nanoparticles unloaded and loaded with CAF. 
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Figure 4. SEM micrographs of hybrid zinc coatings containing CHI/ALG nanoparticles unloaded (A) and loaded (B) with CAF. 
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Figure 5. Cumulative release of CAF from CHI/ALG nanoparticles in 3.5% NaCl solutions at pH 7, pH 5, and pH 4. Inset: Calibration curve for CAF. 
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Figure 6. Surface morphology of corrosive-treated hybrid zinc coatings with entrapped CHI/ALG nanoparticles unloaded (A) and loaded (B) with CAF. 
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Figure 7. Cyclic voltammetry studies of the investigated coatings in the starting electrolytes. 
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Figure 8. Potentiodynamic polarization curves of the investigated coatings in a model medium of 3.5% NaCl solution. 
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Figure 9. Polarization resistance measurements: 1—ordinary zinc coating; 2—CS; and 3—CS CAF coatings. 
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Figure 10. Water contact angle measurements of the investigated coatings: left—CS coating; right—CS CAF coating. 
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Figure 11. Deconvolution of the C1s and O1s core-level spectra of the hybrid zinc coatings. 
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Figure 12. Photoelectron and Auger spectra of the hybrid zinc coatings. 
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Table 1. Hydrodynamic diameters and zeta potentials of CHI/ALG nanoparticles in water and zinc sulfate electrolyte.
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	CHI/ALG

Water Solution
	CHI/ALG-CAF

Water Solution
	CHI/ALG

Zinc Electrolyte
	CHI/ALG-CAF

Zinc Electrolyte





	ζ
	+35 ± 5 mV
	+43 ± 1 mV
	+4.4 ± 3.8 mV
	+4.6 ± 4.0 mV



	d1
	326 ± 21 nm
	298 ± 19 nm
	610 ± 60 nm
	1640 ± 180 nm



	d2
	80 ± 10 nm
	57 ± 6 nm
	170 ± 8 nm
	-



	PI
	0.25
	0.23
	0.3
	0.35










 





Table 2. Chemical composition of hybrid zinc coatings (wt.%) before and after treatment in 3.5% NaCl solution.
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	Spectrum

Label
	CHI/ALG
	CHI/ALG

Treated
	CHI/ALG-CAF
	CHI/ALG-CAF

Treated





	C
	9.5
	5.4
	5.8
	8.7



	N
	0.3
	0.2
	0.0
	0.0



	O
	2.0
	22.1
	1.5
	26.5



	Na
	5.1
	8.2
	3.5
	8.7



	Cl
	-
	5.3
	-
	0.8



	Fe
	3.2
	0.8
	46.9
	2.2



	Zn
	79.9
	58.0
	42.3
	53.1



	Total
	100.0
	100.0
	100.0
	100.0










 





Table 3. Electrochemical parameters obtained from Figure 8.






Table 3. Electrochemical parameters obtained from Figure 8.





	Sample
	Icorr, A·cm−2
	Ecorr, V





	Zn
	1.6 × 10−5
	−1.07



	CS
	1.5 × 10−5
	−1.04



	CS CAF
	1.3 × 10−5
	−1.02










 





Table 4. XPS results of the composition of hybrid zinc coatings.
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	Samples
	C, at. %
	O, at. %
	Zn, at. %
	Cl, at. %
	Na, at. %





	CS
	22.6
	45.4
	25.2
	6.0
	0.8



	CS CAF
	24.6
	45.4
	23.3
	5.9
	0.8










 





Table 5. The percentages of C from various species.
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Binding Energy, eV

	
Chemical Bonding

	
Concentration, %




	
CS

	
CS CAF






	
285.0

	
C-C

	
35.0

	
49.4




	
286.1

	
C-O

	
29.3

	
19.3




	
288.3

	
COOH

	
9.0

	
6.4




	
290.0

	
C=O

	
26.7

	
24.9
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