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Abstract

:

Metals are widely used in various industrial applications due to their advantageous properties, but they often exhibit signs of degradation over time because of prolonged exposure to environmental conditions. To prevent corrosion, coatings have gained popularity owing to their practicality in maintaining the original shape and dimensions of the object being protected. Nevertheless, traditional coatings may pose significant toxicological and environmental concerns, leading researchers to explore eco-friendly alternatives such as chitosan-based coatings. Chitosan, a biopolymer derived from chitin, is abundant in nature and has been extensively studied for its physicochemical properties, including its potential in the development of new materials. Chitosan-based coatings have shown promise as effective corrosion inhibitors, and this study aims to develop a crosslinked chitosan-based coating from shrimp waste as an alternative to expensive, commercial coatings. Chitosan, and chemically modified polyethylene glycol, polyvinylpyrrolidone, and ammonium paratungstate chitosan coatings of high- and medium molecular weight prepared by the sol-gel technique, were used for the study of corrosion protection of aluminum in 3.5% synthetic seawater. The molecular interactions and structural alterations following cross-linking of chitosan-based coatings was supported by FTIR-ATR. Surface morphology analysis by AFM indicated good coating adsorption on aluminum surfaces. Contact angle measurements showed hydrophilic properties with contact angles >62° and <90°. Physicochemical characterization (molecular weight (kDa), deacetylation (%), humidity (%), and ash (%)) was also carried out. The corrosion inhibition effectiveness was assessed by gravimetric tests after immersion studies, and the results highlighted the MMW-Chi-based coating’s performance.
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1. Introduction


Metals are frequently utilized in the construction of industrial structures, machinery, and equipment considering their advantageous properties, such as resistance to atmospheric factors, ductility, and thermal and electrical conductivity, among others. Nonetheless, prolonged use and exposure to environmental conditions often lead to signs of degradation or corrosion in the metal surface, and the species involved in this phenomenon may be toxic to human health and the environment [1]. Consequently, the degradation of these materials impacts the economy because of the replacement or restoration of the damaged units [2].



Corrosion can be defined as the deterioration of a material due to its exposure to certain environmental conditions, like acidic or alkaline media [3]. This problem can reduce the service life and hinder the optimal performance of equipment, necessitating their replacement in a relatively short time. It has been estimated that corrosion costs the global industry USD 2.5 trillion, a figure equivalent to approximately 3.4% of world GDP [4]. Various techniques are available to prevent corrosion, principally coatings, galvanization, painting, and implementation of inhibitors like chromates and molybdates. Inhibitors are substances that interact with the metal surface or the surroundings, impeding corrosion through the reduction of diffusion, increasing anodic or cathodic polarizations, or just by reducing the diffusion of ions toward the material. The most employed techniques involve applying paints and varnishes. However, their anticorrosive pigments have been associated with substantial toxicological and environmental risks [5,6,7].



Coatings are increasingly being utilized because they function as a physical barrier between the substrate and the corrosive environment, thus preventing damage, while simultaneously serving as a storage place for inhibitor agents [8,9,10]. Coatings also offer the possibility of using natural polymers as a means of corrosion protection, thereby providing economic and environmental benefits. The main advantage of this approach is the low environmental impact and the potential to modify the polymer structure by incorporating corrosion inhibitors or cross-linking agents, unlike other anti-corrosion techniques [11,12]. Organic coatings based on biopolymers are commonly employed as an alternative to extending the lifespan of metals against corrosion, considering their eco-friendly nature that prevents the formation of harmful compounds. Nonetheless, these coatings encounter issues of adhesion and degradation in the presence of the metal and the surrounding environment, respectively. Consequently, a novel alternative approach is the use of organic coatings based on chitosan, a polysaccharide that can be attached to other compounds through ionic or cationic cross-linkages [13,14]. Chitosan is a biopolymer that can adsorb onto metal surfaces in its function as a corrosion inhibitor, forming a protective coating because of its inborn functional groups that serve as adsorption sites. Chitosan has an affinity for the metal surface, particularly the amino (-NH2) and hydroxyl (-OH) groups. These electron-rich groups promote bond formation with the metal by interacting with it. It should be noted that the positively charged amino group (-NH2) contributes to this adsorption process, improving contact with the negatively charged metal surface [15].



Chitosan is primarily obtained from chitin, which is the second-largest natural polymer after cellulose. Chitin is widely distributed in the shells of crustaceans, crabs, insect shells, fungi, algae, mollusks, marine arthropods, and shrimp shells [16]. Chitin can be synthesized into chitosan through thermochemical deacetylation. Due to their amino cations, chitosan macromolecules have amazing qualities including hydrophilicity, non-toxicity, biodegradation, non-toxic, bacteriostatic, fungistatic, and excellent film-forming properties, high biocompatibility, and low cost. Food, healthcare, and other industries use chitosan extensively. Chitosan can also be modified through the addition of new elements enhancing its properties according to specific requirements. It has been noted in this regard that the mechanical, adhesive, and barrier characteristics of chitosan-based coatings can be successfully enhanced by incorporating organic and inorganic compounds; copolymerization is the most popular chitosan modification technique [17,18].



Chitosan has been therefore the subject of extensive research by numerous investigators due to its physicochemical properties. Its molecular structure permits various mechanical and chemical modifications, leading to intensified or acquired properties [19]. Furthermore, chitosan can interact with metal surfaces because of its active sites, which can form complexes with metal ions; as a result, chitosan is believed to have significant potential for developing new materials, primarily thanks to its biocompatibility property. The production of coatings based on modified chitosan has been considered a viable alternative, which could provide both mechanical and antimicrobial properties. This could help extend the metals’ lifespan [20,21]. Several authors have investigated the anticorrosive properties of chitosan over the years utilizing its synergistic corrosion-inhibiting effect, specifically in hybrid, composite, or modified coatings, with results highlighting chitosan’s defensive qualities significantly improved [22,23]. The benefits of crosslinked and raw chitosan offer a promising alternative to expensive and harmful coatings. Recent research has focused on the use of chitosan coatings for magnesium and steel alloys. However, there are not many publications discussing the use of chitosan for aluminum and related alloys [24]. Finally, researchers encourage readers to think about the barrier corrosion protection provided by chitosan as a transient and reversible solution with a substantial research domain [25]. The goal of this research is to develop an alternative approach for corrosion inhibition of aluminum with medium- and high-molecular-weight crosslinked chitosan-based coatings; the crosslinking reagents used were ammonium paratungstate (PTA), polyethylene glycol (PEG), and polyvinylpyrrolidone (PVP). Shrimp shells, a waste product, will be used as the source of chitosan. The corrosion behavior was assessed by gravimetric tests, and the characterization of the substrate surfaces was performed by Fourier transform infrared spectroscopy (FTIR-ATR), contact angle, and atomic force microscopy (AFM) studies.




2. Materials and Methods


2.1. Reagents


Aluminum substrates cut into 5 × 5 cm pieces were purchased from a local store. Chitosan was extracted from locally collected shrimp shells; 25% Glutaraldehyde (Glu), Ammonium paratungstate (PTA), and polyvinylpyrrolidone (PVP) were purchased from Sigma-Aldrich; 37.4% chlorohydric acid and Polyethylene glycol (PEG) were purchased from Merck; 99.5% acetic acid (glacial) and 99.5% acetone were purchased from FAGA lab; and synthetic seawater salt was obtained from Instant Ocean.



Chitosan characterization consisted of molecular weight determination by intrinsic viscosity measurements and molecular structure analysis through FTIR. Deacetylation degree, ash, and humidity percentage of chitosan were calculated. Coatings were characterized by contact angle, FTIR-ATR, and AFM studies. Finally, the coating’s ability to inhibit the corrosion of aluminum in a corrosive medium was assessed by gravimetric tests.




2.2. Chitosan Extraction


Chitosan was synthesized by alkaline deacetylation of the chitin extracted from locally collected shrimps in a three-step process based on the methodology proposed by Sánchez-Duarte et al. [26], that involved demineralization, deproteinization, and deacetylation of chitin through hydrolysis of its acetamide groups with some modifications. Shrimp shells were washed and dried prior to the chemical treatment. First, the dried samples were demineralized in a 1 N HCl solution for 4 h at room temperature. Next, the demineralized samples were deproteinized with a NaOH 4.5% solution at 60 °C in an oil bath, stirring for 4 h. Finally, samples were deacetylated with NaOH 45% at 110 °C in an oil bath with stirring for 2 h for high-molecular-weight chitosan and 3 h for medium-molecular-weight chitosan. Chitosan flakes were washed thoroughly with distilled water until neutral pH was obtained, and then were allowed to dry at room temperature.




2.3. Aluminum Substrates Pretreatment


Aluminum substrates were sanded using sandpaper ranging from grade 200 to 2000, and then thoroughly rinsed with distilled water. Next, the sanded substrates were immersed in an acetone solution and subjected to ultrasonic treatment for 15 min to remove any residues from the sanded process and grease on the surfaces. The ultrasonicated substrates were subsequently rinsed with distilled water and air-dried at room temperature. Afterwards, the substrates were dipped into a 0.1 M NaOH dissolved in distilled water solution for 30 s, followed by a thorough distilled water rinse and drying in a drying oven Yamato DX402C for some time. The pretreated substrates were allowed to dry for 24 h at 60 °C in a drying oven. Finally, substrates were kept in a desiccator until ready for use.




2.4. Coatings Preparation


For the coating’s preparation, the required solutions were elaborated prior to usage according to Table 1. Solution A was prepared by dissolving medium-molecular-weight chitosan (MMW-Chi) 1 w/v% in 2% acetic acid solution. For solution B preparation, the same procedure was followed using high-molecular-weight chitosan (HMW-Chi). Solution C was prepared by adding glutaraldehyde to solution A in the relation 1:2, along with PEG in the relation 1:3. Solution D was prepared by adding glutaraldehyde and PEG in the relation 1:3 to the B solution. For solution E preparation, glutaraldehyde was added in the relation 1:2 to the A solution along with PEG maintaining the same relation. Solution F was prepared by adding glutaraldehyde and PVP in the relation 1:3 to the B solution. Solution G was prepared by dissolving PTA 1 mM in distilled water; 3.5% synthetic seawater was prepared by dissolving the seawater salt into distilled water.



Coatings were prepared according to the sol-gel technique and cured at room temperature. The procedure consisted of taking the pre-treated aluminum substrates into the precursor solutions of chitosan and its modifications (solutions A-F) and withdrawing them at the defined rate of 5 cm/min [27]. For the preparation of the Medium-Molecular-Weight Chitosan Coating (MMW-Chi), the pre-treated substrates were dipped into solution A, then withdrawn at the defined rate, and dried at room temperature for 24 h. For the High-Molecular-Weight Chitosan Coating (HMW-Chi), the same procedure was followed using solution B instead of solution A. Medium-Molecular-Weight Chitosan crosslinked with PEG coating (MMW-Chi/PEG) was prepared by dipping the pre-treated substrates into the C solution, withdrawing it, and drying at room temperature. The procedure was repeated for the High-Molecular-Weight Chitosan crosslinked with PEG coating (HMW-Chi/PEG) using solution D instead of solution C. The same procedure was repeated for the preparation of the Medium-Molecular-Weight Chitosan crosslinked with polyvinylpyrrolidone coating (MMW-Chi/PVP) and High-Molecular-Weight Chitosan crosslinked with polyvinylpyrrolidone coating (HMW-Chi/PVP) using solutions E and F, respectively.



For the preparation of High-Molecular-Weight Chitosan crosslinked with PTA and Medium-Molecular-Weight Chitosan crosslinked with PTA (HMW-Chi/PTA and MMW-Chi/PTA), the previously prepared MMW-Chi and HMW-Chi coatings were afterward crosslinked with PTA by impregnation, the coated substrates were immersed in solution G at a speed of 1 cm/min and kept in the solution for 15 min, and withdrawn immediately, rinsed with distilled water, and dried at room temperature for 24 h. Coated substrates were dried in the oven at 60 °C for at least 2 h and then kept on a desiccator until use. All coatings were prepared in triplicate.




2.5. Gravimetric Tests


To evaluate the corrosion inhibition ability behavior of the protective chitosan-based coated naked substrates, they were placed in flasks containing the 3.5% synthetic seawater solution previously prepared as a corrosive medium. The substrates were withdrawn and thoroughly rinsed with distilled water after 24, 48, and 72 h of immersion time at the beginning and then every week for up to 150 days. The rinsed substrates were dried in the oven at 60 °C for 12 h followed by weight measurement.




2.6. Chitosan Characterization Studies: MW and DDA


The molecular weight (MW) of the obtained chitosan was determined according to the technique described for Masuelli M [28] using the Mark–Houwink equation (Equation (1)) where ƞ is the intrinsic viscosity, K and a are constants, and Mv is the average viscosimetric molecular weight to analyze the relation between the measured intrinsic viscosity and the viscosimetric molecular weight. An Ubbelohde capilar (Viscometer cal 100, Simga-Aldrich, St. Louis, MI, USA) was employed in a thermostatic bath (30 ± 0.1 °C). Humidity and ashes were measured following the previous method described by [26].


    η   = K     M   v     a    



(1)







The molecular structure and deacetylation grade (DDA) of the medium- and high molecular weight was determined using Fourier transform infrared spectroscopy (FTIR) on a Thermo Scientific Spectrum model Nico-let iS5, recorded under dry air at room temperature within the wave number range of 400–4200 cm−1 with a spectral resolution of 100 cm−1.




2.7. Coatings Characterization Studies


Surface characterization of the coated substrates was carried out using Contact Angle, Molecular Structure, and Surface Morphology studies. The sessile drop method was assessed to determine the contact angle (CA) through Dataphysics equipment, model OCA 15EC, using the SCA20 1.0 software (Dataphysics, Filderstadt, Germany). The surface substrates analysis was measured on at least 5 spots; the results were presented as average along with the standard deviation. In order to analyze the coating’s molecular structure Fourier transform infrared spectroscopy (FT-IR-ATR) studies were conducted. A small section from each coating was taken for analysis, which was subjected to freeze-drying to remove moisture. The freeze-dried samples were then analyzed using FTIR-ATR using a Fourier transform infrared spectrometer (Thermo Scientific Spectrum model Nicolet iS5, Waltham, MA, USA) recorded on KBr under dry air at room temperature within the wave number range of 4000–500 cm−1 with a spectral resolution of 100 cm−1.



Surface morphology (SM) of the substrate surfaces was examined by atomic force microscopy (AFM workshop, Signal Hill, CA, USA) (model TT-AFM) before and after immersion in the corrosive medium. A solubility test was carried out by dissolving 2 g of chitosan in 10 mL of acetic acid and stirring for 24 h at 25 °C approximately.





3. Results and Discussion


3.1. Chitosan Characterization


The obtained molecular weight (MW), humidity, deacetylation degree, and ashes were determined as previously described and the results can be observed in Table 2. The MW of chitosan can vary in the range of 80–1500 kDa, and it is commonly classified into categories of low molecular weight (LMW), medium molecular weight (MMW), and high molecular weight (HMW) [27]. However, precise limits for each category of MW are not universally agreed upon, leading to some ambiguity in the literature.



Some studies report that chitosan with a MW below 50 kDa is considered LMW chitosan, while chitosan with a MW ranging from 50–150 kDa falls within the MMW category. Nevertheless, other researchers consider chitosan with a MW greater than 50 kDa as HMW [36,37]. Regardless, different limits have been proposed by other authors for these categories. For example, some researchers suggest that LMW chitosan must be below 100 kDa, while the range of 100–1000 kDa is categorized as MMW chitosan, and HMW refers to chitosan greater than 1000 kDa [38,39].



It is worth mentioning that these classifications may vary among studies and depend on the criteria established by each author. The values for the MMW and HMW chitosan used in this study can be found in Table 2. The average MW of the chitosan obtained after 2 h in the deacetylation treatment was 463.493 kDa (HMW), and for the chitosan obtained after 3 h in the deacetylation treatment, the average was 397.43 kDa (MMW). The MW classification established in this work was consistent with the classification exhibited by Villegas-Peralta et al. [40], where the MWs reported for medium and high MW chitosan were 322.17 kDa and 501.59 kDa, respectively. Similar classifications were addressed for authors like Umoren et al., Mouaden et al., and Chauhan et al. [29,30,41].




3.2. FTIR Analysis


In pursuit of identifying the functional groups of the coatings, as well as confirming the incorporation of crosslinking agents into the polymeric matrix of chitosan, infrared spectroscopy analysis was performed. The molecular structure of the High- and Medium-Molecular-Weight chitosan (HMW-chi and MMW-chi) was also investigated through Fourier transform infrared spectroscopy (FT-IR) and the results are presented in Figure 1. Stretching vibrations of O-H and N-H were detected at bands the 3200 cm−1 and 3500 cm−1. The same vibrations were reported in studies published by Shamsheera et al. and Oliveira et al. [32,42]. The IR peaks at 3455.03 cm−1 correspond to the O-H functional group of chitosan. The presence of carbon peaks (C-N, C-O-C bonds) at the bands 1645 cm−1 and 1570 cm−1 confirms the presence of amine, acetamide, and hydroxyl groups in chitosan [43]. The peak detected at 2880 cm−1 corresponds to the stretching vibration of C-H bonds; the same behavior was reported by Sambyal et al. [9]. The bands at 1420 cm−1 and 1315 cm−1 were attributed to the flexion vibrations of O-H and C-H to N-H, respectively [32].



The molecular interactions of the individual HMW-chi and MMW-chi and their structural modifications after cross-linking were also investigated through FTIR; the results are presented in Figure 2 and Figure 3. HMW-Chi spectra show the presence of O-H and N-H characteristic bonds of chitosan at the 3200 cm−1 and 3500 cm−1 peaks. The same behavior was reported by Sambyal et al. [9]. Characteristic stretching and flexion vibration bands of amide I and amine groups (C=O, N-H, O-H) were detected at the 1660 cm−1 and 1570 cm−1 peaks, along with the deformation vibration bands of the amide III group (C-H, N-H) at the 1314 cm−1 peak. Bands at 1150 cm−1 and 894 cm−1 correspond to the presence of glycosidic bonds of chitosan [21,22,23,24,25,26,27,28,29,30,31,32]. Regarding the difference in the MW of the two chitosan coatings, no significant difference was observed. A weak signal of the C-H stretching vibration peak at 2885 cm−1 C-H was detected for the HMW-chi/PVP and MMW-chi/PVP coating spectra presented in Figure 2 and Figure 3 [44]. The 1550 y 1650 cm−1 peaks corresponding to C=O and CH2 bending in pure chitosan are also shown, but at a lower intensity compared to the HMW and MMW chitosan spectra; this can be attributed to the increase in bond vibration intensity given for the presence of glutaraldehyde, and hence cross-linkage is demonstrated. The absorption bands observed approximately at 1250 and 1000 cm−1 correspond to C-N and C-O stretching vibrations of the PVP structure, confirming the presence of PVP in the coating matrix for both HMW and MMW chi/PVP [45]. Pyrrolidone exhibited stretching absorption vibrations at 2947 cm−1 of CH2 and C=0 groups, confirming the absorption of PVP in the matrix [46,47]. As can be observed in Figure 3, despite the difference in the MW for the HMW-chi/PEG and MMW-chi/PEG coatings, the spectra exhibited very similar behavior where peaks at approximately 2850 and 1250 cm−1 were attributed to PEG presence. PEG addition shifted the C-O bands of the pure chitosan from 1660 to 1700 cm−1 due to the stretching vibration of the PEG molecules [48]. Figure 2 demonstrates that the HMW-Chi/PTA spectra show characteristic peaks of PTA at 980 and 890 cm−1, which, according to Kalpakli et al. and Pecoraro et al. [49,50], corresponds to the P-O, W-O, and W-O-W bonds. The absorption peak at 2910 cm−1 is attributed to the C-H stretching vibration and the 1570 cm−1 peak of N-H bond reappeared at 1590 cm−1 for both HMW and MMW-Chi/PTA spectra; similar results were obtained by [51].




3.3. Contact Angle


Contact angle analysis was used to determine the surface wettability of the chitosan and the chitosan-based coatings. In general terms, a surface is considered hydrophobic when it presents a contact angle of 90° or higher, and hydrophilic when it reports a contact angle below this [52]. Table 3 provides the average contact angle of all the samples. Contact angles for HMW-Chi and MMW-Chi were 69.80 ± 3.16° and 72.22 ± 1.04°, respectively; these results coincide with the results reported by authors like [24], who reported a contact angle for chitosan coatings of around 69°, and [53], who reported a contact angle of 71° for the chitosan. This hydrophilic characteristic is associated with the acetyl and amino groups present in the macromolecule of chitosan [54].



HMW-Chi/PTA contact angle slightly decreased in comparison to HMW-Chi contact angle, thus exhibiting a hydrophilic interaction between chitosan polymer chains and PTA. The same behavior was reported in the research of [12], where the native chitosan coatings changed from 100° to 20° after incorporating PTA. These results were accredited to the increased polarity of the surface due to the presence of ionic PTA in chitosan. Similar behavior was reported for the MMW-Chi/PTA coatings, where the contact angle was around 63.80 ± 3.08°.



For HMW-Chi/PEG, the contact angle was expected to be lower due to the hydrophilic behavior of the PEG; nevertheless, the contact angle was approximately 73 ± 2.04°. This could be attributed to the presence of glutaraldehyde in the matrix, which has a hydrophobic behavior, contrary to the PEG behavior. The given contact angle results were very similar to the 77 ± 1.46° reported by [55]. MMW-Chi/PEG contact angle slightly decreased to 67.92 ± 4.84° in comparison to MMW-Chi. The above can be ascribed to the strong hydrophilic behavior of the PEG and to the uncovered PEG area [43]. In this case, the result was slightly higher than the ones obtained and reported by authors like Bakmaz et al. [56], who reported contact angles that decreased as the PEG concentration increased from 63.14° to 50.15°.



HMW-Chi-PVP and MMW-Chi/PVP contact angles were 72.83 ± 3.08° and 70.92 ± 5.08°, respectively. These results are similar to those reported by [16]. In this work, the contact angle reported for Chi-PVP was around 79.3° and as in the PEG case, with the increase in PVP concentration, the contact angle decreased, thus due to the hydrophilicity amino and carboxyl groups of PVP. In the present work, the contact angles reported for PVP coatings did not present a drastic drop, which could be attributed to the presence of glutaraldehyde in the coating’s matrix.



In general terms, it was observed that HMW-Chi/PTA and MMW-Chi/PTA coatings exhibit lower contact angles compared to the other evaluated coatings. This suggests better wettability and higher affinity towards synthetic seawater. On the other hand, HMW-Chi/PEG, HMW-Chi/PVP, MMW-Chi/PEG, and MMW-Chi/PVP coatings showed slightly higher contact angles, indicating lower wettability compared to HMW-Chi/PTA and MMW-Chi/PTA coatings.




3.4. AFM Analysis


The surface morphology of the coatings, as well as the adsorption mode of the coating’s protection at the subatomic level, were supported by AFM analyses. Table 4 presents the results in terms of roughness average (Ra) for naked and coated substrates. The substrates utilized for the essays were previously exposed to a chemical etching process with NaOH in the pre-treatment before the coating process, thus enhancing the increase in roughness parameters which allowed the coating to adhere more effectively to the substrate. Hu et al. and Zhang et al. [57,58] mentioned in their works that increased roughness before the coating process was observed to play an important role in determining the adhesion strength between the metal surface and the coating improving the bonding area.



Ra for coated substrates exhibited a noticeable decrease in comparison to the Ra of the naked aluminum, thus enhancing the smoothness of the samples, which, according to Ashassi-Sorkhabi and Kazempour, and Srivastava et al. [22,59], could be attributed to the good adsorption of the coatings on the aluminum surface, thus conferring protection against corrosion, while the barely noticeable decrease in Ra for some may be attributed to a fine crack network formed when applying the coating blend over the samples [2]. In general terms, the notable decrease in the roughness parameter in the presence of the coatings could be beneficial for hindrance of the mass passage to avoid corrosion according to [42].



The AFM average surface roughness findings for the samples before and after 150 days of immersion in 3.5% synthetic seawater medium are presented in Table 5. It can be observed in the results that the unprotected aluminum Ra increases from 187.75 nm (Figure 4) to 417.25 nm after immersion time (Figure 5a). The increase in the surface roughness for the naked aluminum was directly related to the wear of the material.



The HMW-chi/PTA coating exhibited an increase in Ra from 42.65 nm to 202.02 nm before and after immersion in the corrosive medium, respectively, this can be depicted in Figure 5b. This indicates a significant increase in roughness after exposure to synthetic seawater.



On the other hand, AFM analysis of the HMW-chi/PEG coatings yields a Ra of 47.94 nm before and 332.05 nm after immersion time, as evidenced in Figure 6a. Meanwhile, the HMW-chi/PVP coating displays a Ra of 62.92 nm before and 113 nm after immersion time, as is visible in Figure 6b. These results suggest that all HMW chitosan-based coatings experienced an increase in Ra after immersion time but to a lesser extent than the obtained for the specific case of the HMW-chi/PEG coating.



Regarding the MMW-chi coatings, the MMW-chi/PTA coating exhibits a Ra of 61.37 nm and 232.21 nm before and after immersion, as illustrated in Figure 7, while the MMW-chi/PEG coating reveals a Ra roughness of 52.95 nm before and 154.75 nm after immersion time (Figure 8a). The MMW-chi/PVP coating yields a Ra of 151.21 nm before and 269.81 nm after immersion time, respectively (Figure 8b).



It can be inferred that all coatings experienced an increase in roughness after the immersion test, which may be presumed to be related to the interaction between the coating and the aqueous medium. Roughness values were higher for medium-molecular-weight chitosan-based coatings in comparison to the higher-molecular-weight chitosan-based coatings these results are consistent with what was reported by [18].



In general, as the samples were removed from the immersion medium, their surfaces showed a noticeable increase in roughness. According to Yee et al. [60], this could be clarified by the development of irregularly shaped pits due to exposure to the saline environment for the uncoated substrates and by the chipping of the top layer of the coatings caused by exposure to aggressive conditions, resulting in changes in the surface roughness profile for the coated substrates [61].




3.5. Gravimetric Tests


The weight loss percentage of the coatings after immersion time in 3.5% synthetic seawater was the chosen method to evaluate the corrosion inhibition behavior according to Equation (2). The results are presented in Figure 9 and Figure 10.


   Weight   loss      %   =     W   O   −   W   1       W   O     × 100  



(2)




where WO and W1 represent the weight of the samples before and after immersion, respectively.



In Figure 9, the HMW-Chi coatings exhibited a gradual increase in weight loss percentage over time. After day 21 of immersion, a decrease in the rate of weight loss was clearly observed; this may suggest that the coating reached a certain stability and provided efficient protection against corrosion. The HMW-Chi and HMW-Chi/PTA coatings yield an increase in weight loss percentage. However, the HMW-Chi/PTA coating shows a slightly lower trend in weight loss compared to HMW-Chi coatings. This could indicate that the addition of PTA to the coating improves the corrosion protection capacity of the chitosan-based coatings in terms of weight loss. HMW-Chi/PEG and HMW-Chi/PVP coatings show a gradual increase in weight loss percentage over time. However, compared to HMW-Chi and HMW-Chi/PTA, they exhibit a higher overall weight loss percentage. The above might suggest that these coatings offer lower corrosion protection.



The HMW-Chi coating exhibited a higher weight loss throughout the experiment. On the other hand, the HMW-Chi/PVP and HMW-Chi/PEG coatings displayed a minor percentage of weight loss. This may be attributed to the greater length of chitosan HMW chains that cause the polymer to expand with difficulty in the solution, hence hindering the crosslinking process [62].



Figure 10 displays the weight loss percentage behavior for the MMW based-chitosan coatings. The results for this group are comparable to those obtained for the HMW-chitosan-based coatings, highlighting a gradual increase in the weight loss percentage over time. However, the weight loss percentage seems to be lower compared to HMW-Chi coatings, indicating higher corrosion protection in terms of weight loss. Both MMW-Chi/PTA and MMW-Chi/PEG coatings showed an increase in the weight loss percentage. This occurred to a lesser extent than with the MMW-Chi coatings. This indicates an improvement in corrosion protection capacity due to the incorporation of PTA and PEG in the polymer matrix.



Unlike other MMW-Chi coatings, the MMW-Chi/PVP coating shows variability in weight loss results at different time points. This may indicate lower stability of the coating and a potential decrease in its corrosion protection capacity in terms of weight loss.



Contrary to the results obtained for the HMW chitosan-based coatings, Chi/PVP coating presented higher values of weight loss, while the MMW-Chi/PTA coating exhibited a lower percentage of weight loss, followed by the MMW-Chi/PEG coating. In general, the MMW chitosan-based coatings presented lower percentages of weight loss in contrast with the values obtained for the HMW chitosan-based coatings. As mentioned by [2], the demotion of the coating is highly related to the diffusion of salts and ions present in the medium through the coatings.





4. Conclusions


High- and medium-molecular-weight chitosan and crosslinked polyethylene glycol, ammonium paratungstate, and polyvinylpyrrolidone chitosan coatings were prepared using the sol-gel technique.



The FTIR analysis confirmed the presence of functional groups and crosslinking agents in the chitosan-based coatings.



Gravimetric measurements served as a method to evaluate the corrosion inhibition behavior of chitosan-based coatings. In summary, HMW-Chi/PTA and MMW-Chi/PTA coatings appear to offer higher corrosion protection in terms of weight loss, while HMW-Chi/PEG and HMW-Chi/PVP coatings exhibit lower performance compared to the other coatings.



Overall, these findings highlight the potential of chitosan-based coatings for corrosion protection and provide valuable insights into their properties and behavior in corrosive environments.
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Figure 1. FITR spectra for High-Molecular-Weight Chitosan (a) and Medium-Molecular-Weight Chitosan (b). 
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Figure 2. FTIR-ATR high-molecular-weight chitosan-based spectra. 
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Figure 3. FTIR-ATR medium-molecular-weight chitosan-based spectra. 
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Figure 4. Atomic Force Microscopy (AFM) two-dimensional (2D) and three-dimensional (3D) images were obtained for naked aluminum before and after the immersion test in 3.5% synthetic seawater. 
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Figure 5. Atomic force microscopy (AFM) two-dimensional (2D) and three-dimensional (3D) images were obtained for (a) HMW-Chi and (b) HMW-Chi/PTA before and after immersion in 3.5% synthetic seawater. 
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Figure 6. Atomic force microscopy (AFM) two-dimensional (2D) and three-dimensional (3D) images were obtained for (a) HMW-Chi/PEG and (b) HMW-Chi/PVP before and after immersion in 3.5% synthetic seawater. 
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Figure 7. Atomic force microscopy (AFM) two-dimensional (2D) and three-dimensional (3D) images were obtained for (a) MMW-Chi and (b) MMW-Chi/PTA before and after immersion in 3.5% synthetic seawater. 
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Figure 8. Atomic force microscopy (AFM) two-dimensional (2D) and three-dimensional (3D) images were obtained for (a) MMW-Chi/PEG and (b) MMW-Chi/PVP before and after immersion in 3.5% synthetic seawater. 
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Figure 9. Weight loss percentage of high-molecular-weight chitosan-based coatings after 150 days of immersion in a solution of 3.5% synthetic seawater. 
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Figure 10. Weight loss percentage of medium-molecular-weight chitosan-based coatings after 150 days of immersion in a solution of 3.5% synthetic seawater. 
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Table 1. Coating preparation solutions.






Table 1. Coating preparation solutions.





	Solution
	Solute
	Solvent
	Coating





	A
	HMW-Chi
	Acetic acid
	HMW-Chi



	B
	MMW-Chi
	Acetic acid
	MMW-Chi



	C
	Glu + PEG
	Solution A
	HMW-Chi/PEG



	D
	Glu + PEG
	Solution B
	MMW-Chi/PEG



	E
	Glu + PVP
	Solution A
	HMW-Chi/PVP



	F
	Glu + PVP
	Solution B
	MMW-Chi/PVP



	G
	PTA
	Distilled water
	HMW-Chi/PTA

MMW-Chi/PTA










 





Table 2. Medium- and High-Molecular-Weight Chitosan characterization.
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	High Molecular Weight
	Medium Molecular Weight
	Reported
	References





	Molecular weight (kDa)
	463.49 ± 0.99
	397.43 ± 0.99
	5–1500
	[29,30]



	Deacetylation (%)
	81.68 ± 1.16
	90 ± 2.72
	50–95
	[31,32]



	Humity (%)
	8.265 ± 0.167
	5.12 ± 0.245
	7.6–13.10
	[33,34]



	Ash (%)
	0.497 ± 0.03
	0.2278 ± 0.09
	0.2–5.50
	[35]







Reported values are the average of n = 3 standard deviation.













 





Table 3. Contact angle of medium- and high-molecular-weight chitosan coatings.
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	Coating Sample
	Contact Angle (°