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Abstract

:

Multifunctional nanocomposite coatings were synthesized by reinforcing a polymeric matrix with halloysite nanotubes (HNTs) loaded with corrosion inhibitor (NaNO3) and urea formaldehyde microcapsules (UFMCs) encapsulated with a self-healing agent (linseed oil (LO)). The developed polymeric nanocomposite coatings were applied on the polished mild steel substrate using the doctor’s blade technique. The structural (FTIR, XPS) and thermogravimetric (TGA) analyses reveal the loading of HNTs with NaNO3 and encapsulation of UFMCs with linseed oil. It was observed that self-release of the inhibitor from HNTs in response to pH change was a time dependent process. Nanocomposite coatings demonstrate decent self-healing effects in response to the external controlled mechanical damage. Electrochemical impedance spectroscopic analysis (EIS) indicates promising anticorrosive performance of novel nanocomposite coatings. Observed corrosion resistance of the developed smart coatings may be attributed to the efficient release of inhibitor and self-healing agent in response to the external stimuli. Polymeric nanocomposite coatings modified with multifunctional species may offer suitable corrosion protection of steel in the oil and gas industry.
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1. Introduction


In the oil and gas industry, corrosion is considered to be the most damaging phenomenon which causes major changes in materials resulting in massive economic loss, safety threats, and unfortunate accidents if not addressed in a timely manner [1,2]. Various methods have been developed to prevent materials from corroding, including cathodic protection, coatings, and use of corrosion inhibitors [3,4,5]. The protection of materials through applying suitable coatings has been considered to be among the most effective methods for many years [6]. However, once the coating is damaged or detached, the system cannot stop the corrosion process [7]. In order to improve the performance of coatings to meet the industrial requirements, coating systems known as ‘smart coatings’ have been developed with attractive multifunctional characteristics such as self-healing and self-inhibition [8,9,10]. Any external stimuli, such as a change in pH, metal ions, and/or electrochemical interactions, causes triggering of multifunctional responses [11].



Corrosion rate has been effectively concealed with the addition of appropriate inhibitors. Earlier chromate based coatings were used to protect the metals against corrosion but those were found to be carcinogenic which eventually led to their prohibition [5]. The inhibitors need to be environment friendly, less toxic, and less polluting [12,13]. Organic corrosion inhibitors such as benzotriazole (BTA) [14], thioaldehydes [15], and papaverine [16] and inorganic corrosion inhibitors composed of phophates, sulphates, nitrites, and nitrates are widely used these days providing effective inhibition in response to specific stimuli [17]. However, previous studies have reported that direct addition of any inhibitor into a coating system is not adequate because of reasons like (i) its reaction with coating materials and (ii) its solubility in coatings resulting in low concentration of inhibitor and thus poor barrier properties [18,19]. An advanced solution to avoid any interaction of the inhibitor and the coating matrix is the encapsulation or loading of the inhibitor into nanocontainers [7,20]. Nano containers can insulate the loaded/encapsulated inhibitor, thus avoiding leakage and provide its controlled release when and where required [21].



The multifunctional coatings with inhibitors and self-healing agents are considered to be promising. The concept of corrosion inhibition with self-healing helps to heal cracks/damages automatically without an external intrusion [22]. The encapsulation of self-healing species that are sensitive to any external stimuli (pH, moisture, light, or crack propagation) is attractive to introduce functionalities that can heal the damage. Various coating systems with self-healing agents have been studied [23]. One of the most studied smart coating systems is the one composed of urea formaldehyde microcapsules (UFMC) encapsulated with various inhibitors and self-healing agents reinforced into polymeric matrix [24].



Various nanocontainers have been introduced including polymer containers [25], halloysite [26], ion exchange organic resins [27], nanocontainer with a polyelectrolyte shell [28], layered double hydroxide (LDH) conductive polymer matrix [29], montmorillonite [30], and mesoporous inorganic materials [31]. Haddadi et al. [32] successfully synthesized a carbon hollow sphere using the silica templating method and encapsulated 2-mercaptobenzimidazole (MBI) inhibitor. Karekar et al. [33] studied the release of benzotriazole (BTA) from a layer by layer nanocontainer based on zinc molybadate. Ubaid et al. [34] synthesized titania nanotubes (TNTs) using the hydrothermal method and encapsulated with dodecyl amine (DOC) as the corrosion inhibitor to study the effect of concentration of DOC loaded TNTs on corrosion protection of steel. Xing el al [1] successfully loaded Na2MoO4 into halloysite nanotubes (HNTs) and encapsulated them with a BTA-Cu complex to guard carbon steel against corrosion. Shchukina et al. [21] carried out a comparative study of 8-hydroxyquinoline loaded into HNTs and mesoporous silica on corrosion protection of polyepoxy powder coating and successfully inhibited the formation of pitting corrosion. Falcon et al. [35] produced SiO2 nanocontainers using the layer by layer technique to encapsulate DOC for corrosion protection of steel. However, synthesis of these nanocontainers is not cost friendly limiting their application. An alternative way is to use natural occurring biocompatible and environmental friendly nanocontainers such as halloysite nanotubes (HNTs) [18,36,37,38]. Halloysite is an alumino-silicate nanoclay (Al2Si2O5(OH)4·2(H2O)) which exhibits a cylindrical arrangement with exceptional hollow core structure or successions of voids with a diameter range of 16–50 nm. This unique structure is suitable for trapping active agents within the walls of cylinders [39] and thus making HNTs a promising delivery system to develop smart coatings.



In this work we studied the self-healing performance of novel smart nanocomposite coatings composed of HNTs loaded with NaNO3 (corrosion inhibitor) and urea formaldehyde microcapsules encapsulated with linseed oil (self-healing agent). The coatings were prepared by reinforcing a polymeric matrix with HNTs loaded with NaNO3 and UFMCs encapsulated with linseed oil named as UFMC/LO. The structural, morphological, thermal, chemical, and electrochemical characterizations of the prepared nanocomposite coatings were conducted to elucidate the beneficial role HNTs, the self-healing agent, and the corrosion inhibitor in multifunctional nanocomposite coatings to combat corrosion. The results reveal that the developed polymeric nanocomposite coatings demonstrate decent anticorrosion properties due to appropriate selection of nanocontainers and compatible self-healing agent and inhibitor. The improved performance may also be attributed to the competent coating system that ensures efficient release of the self-healing agent and the inhibitor in response to external stimuli. Self-healing ability and corrosion inhibition effects of the polymeric smart coatings have been combined together in a single layer as schematically shown in Figure 1.




2. Experimental


2.1. Materials and Chemicals


Halloysite nanotubes (HNTs) were used as nano containers, purchased from Sigma Aldrich, Darmstadt, Germany. Sodium nitrate (NaNO3) was used as corrosion inhibitor, also procured from Sigma Aldrich, Darmstadt, Germany. The other chemicals and materials used in the study are linseed oil, epoxy resin (815 °C) and its curing agent, hydrochloric acid, sodium hydroxide pallets, urea, formaldehyde, ammonium chloride (NH4Cl), resorcinol, and polyvinyl alcohol (PVA) which were also obtained from Sigma Aldrich, Darmstadt, Germany. Carbon steel (30 × 30 × 1.0 mm3) used as substrates were purchased from a local source. The substrates were cleaned and polished using silicon carbide (SiC) abrasive papers purchased from Hebei Yineng Pipeline Group Co., Ltd, China. The prepared substrates were thoroughly rinsed with water and finally cleaned with ethanol before applying coatings.




2.2. Loading of Corrosion Inhibitor


Sodium nitrate (NaNO3), the corrosion inhibitor, was loaded into halloysite nanotubes (HNTs) following the vacuum cycling method as reported by Price et al. [39]. Firstly, NaNO3 (6.0 g) was dissolved into distilled water (50.0 mL) as purchased HNTs (3.0 g) were added into this solution and put into a sonicator to form a suspension. The suspension was then transferred into a vacuum chamber having a pressure of 10−3 mbar. Because of the maintained vacuum, air is removed from the HNTs and replaced by NaNO3. This vacuum condition was maintained for some appropriate time to ensure the loading process and then was cycled back to atmospheric pressure. This process was repeated many times and suspension was placed in this sealed condition for 24 h. The suspension was then centrifuged at 5000 rpm for 30 min to collect the separated product. The supernatant was removed and the product was dried in an oven at 60 °C to remove moisture from it. The dried powder was collected and saved for further characterization and coating.




2.3. Synthesis of Urea Formaldehyde Microcapsules (UFMCs) and Their Encapsulation


Urea formaldehyde microcapsules (UFMCs) were synthesized by the in-situ polymerization technique [40]. During this process, 290.0 mL of deionized water and 10.0 mL (5.0 wt% of aqueous solution) of PVA were mixed in a beaker at room temperature. During stirring, 5.0 g of urea, 0.5 g of NH4Cl, and 0.5 g resorcinol were dissolved in the solution by adjusting the pH to 3.5. After adding 1–2 drops of octanol as an antifoaming agent, 30.0 mL of linseed oil was also added slowly into the solution and allowed to stabilize for 10 minutes. After that, 11.6 mL (37 wt% aqueous solution) of formaldehyde was added by constant stirring at 900 rpm and the reaction temperature was set at 55 °C for 4 h. After cooling down to room temperature, the microcapsules were then washed with distilled water and then with xylene. The microcapsules were then filtered and dried under vacuum.




2.4. Characterization of Loaded Nanotubes and Urea Formaldehyde Microcapsules


The morphology and elemental composition of the synthesized UFMCs and HNTs loaded with corrosion inhibitor was studied by a field emission scanning electron microscope (FE–SEM–Nova Nano-450, FEI, New York, NY, USA) coupled with Energy-dispersive X-ray spectroscopy (EDX) tool. A transmission electron microscope (TEM TALOS F200X, FEI, New York, NY, USA) was used to study the microstructure of halloysite nanotubes. The structural and phase analysis was performed through X-ray diffraction analysis (PANanalytical, Empyrean, Royston, United Kingdom) with a scanning rate of 2°/min and scanning angle ranging between 10° ≤ 2θ ≤ 90°.



Fourier transform infrared (FTIR) spectra were recorded using a FTIR Frontier (PerkinElmer, Waltham, MA, USA) spectrometer in the range of 4000–500 cm−1 to study the presence of functional groups of HNTs loaded with the inhibitor and UFMCs encapsulated with linseed oil.



In order to have deep insight into the synthesized smart containers and to confirm the loading/encapsulation of the inhibitor and the self-healing agent, HNTs and UFMCs were also characterized by X-ray photoelectron spectroscopy (XPS) (AXIX Ultra DLD, Kratos, UK) employing a monochromatic X-ray source (Al Kα source). XPS survey spectra were recorded in the binding energy range of 0 to 800 eV and the binding energy of C 1s (284.6 eV) was used as reference. Thermal stability studies of as received HNTs, HNTs loaded with the inhibitor, and UFMCs were conducted using Thermogravimetric analysis (TGA) analyzer pyris 4000 (PerkinElmer) ranging from 30 to 600 °C at the heating rate of 10 °C/min. Size distribution of the prepared microcapsules was determined using a particle size analyzer (Malvern, Master Sizer 2000, Panalytical, USA). To study the release of the inhibitor from HNTs at different pH values, UV-Vis spectroscopic analysis (LAMBDA 650 UV/Vis Spectrophotometer, PerkinElmer) was conducted. For this purpose, a small amount (0.5 g) of loaded product was added into 5.0 mL of 0.1 M NaCl solution to form suspension. pH of the solution was adjusted at 2, 5, 7, 9, and 11 by adding suitable amounts of HCl or NaOH and the released amount of NaNO3 was plotted as a function of time for analysis.




2.5. Synthesis of Smart Coatings


HNTs at 5.0 wt% loaded with NaNO3 (corrosion inhibitor) and 5.0 wt% UFMCs encapsulated with linseed oil (self-healing agent) microcapsules were added into the epoxy resin (5.0 g). After that, curing agent (1.25 g) was added and the mixture was stirred for 5 min. In order to make a uniform dispersion, the mixture was continuously stirred for 10 min. This coating mixture was then applied on steel substrates using the doctor’s blade technique. The samples were left for curing for 2 weeks until the coating was completely dried and hardened with a final thickness of 150 µm.




2.6. Characterization of Smart Coatings


FE–SEM was used to study the dispersal of HNTs loaded with NaNO3 and UFMCs encapsulated with linseed oil in the epoxy matrix. EDX was employed to study the elemental composition of the developed coatings. The structural analysis of coatings was done by FTIR spectroscopy. Thermal stability of the synthesized coatings was evaluated by TGA analysis. The self-healing capability of the synthesized coating was analyzed through controlled damage of the coating. For this purpose, the coated samples were artificially scratched and the healing process was observed through SEM.



The anticorrosion properties and self-healing abilities of the synthesized coatings in 3.5 wt% NaCl solution were investigated using the electrochemical impedance spectroscopy (EIS) technique. For this purpose, the coatings were subjected to a controlled damage and then put into EIS testing. The electrochemical measurements were carried out using a Gamry 3000 (30K BOOSTER Potentiostat/Galvanstate/ZRA, USA) having a three electrode system. In this study, the coated sample was used as the working electrode whereas the graphite rod and Ag/AgCl were used as the counter and the reference electrodes, respectively. EIS measurements were commenced after attaining a steady value for the open circuit potential. The frequency range for the EIS experiment was within 0.1–100 kHz from higher to lower value and the root mean square (RMS) signal was 10.0 mV. The measured EIS data were analyzed by Gamry E-Chem 3000 software and fitting parameters were determined by the suitable equivalent circuits. Figure 2 schematically represents the complete experimental methodology adopted in the current study.





3. Results and Discussion


3.1. Morphological and Structural Analysis


Figure 3a–c shows the scanning electron microscopic (SEM) analysis of HNTs, loaded HNTs, and UFMCs. In Figure 3a, HNTs display a elongated hollow rod like structure with accretion of tubes. Figure 3b shows that HNTs loaded with the inhibitor reveal a smooth surface similar to pristine HNT confirming the absence of adsorbed NaNO3 on the surface of HNTs. A comparison of EDX analysis of HNTs (Figure 3d) and HNTs loaded with NaNO3 (Figure 3e) indicates that HNTs loaded with NaNO3 are comprised of Na, N, and O confirming the presence of NaNO3 in HNTs. The SEM images of UFMCs encapsulated with linseed oil are shown in Figure 3c. A denser and more diffused structure is achieved. A spherical morphology of UFMCs is achieved without any cracks. There is some variation in the sizes of microcapsules depending on the stirring speed employed during the synthesis process. It is reported that high stirring speed usually leads to finer spherical morphology [41]. The rough outer surface of the microcapsules shown in SEM develops better bonding to the coating matrix. Figure 3e,g shows the SEM images for nanocomposite coating.



Figure 4a,b shows the XRD spectra of HNTs and HNTs loaded with NaNO3. The sharpness of peaks and the absence of any extra peaks confirm the formation of high purity crystalline HNTs. HNTs show diffraction peaks and designated crystal planes at 2Ө = 11.7° (001), 20.0° (100), and 25.003° (002) [1]. After the loading of NaNO3 into HNTs, the XRD pattern shows characteristic peaks of HNTs with some new peaks at 2Ө = 29.6°, 32.16°, 61.6° corresponding to (110), (002), and (220) planes of NaNO3 (ICSD:174034, ICDD:98-017-4034) confirming the loading of the inhibitor into HNTs. A typical XRD pattern of the epoxy coating is attained by incorporation of HNTs loaded with NaNO3 and UFMCs encapsulated with linseed oil into the epoxy matrix to form nanocomposite coatings as shown in Figure 4c. XRD spectrum of the encapsulated UFMCs (inset) is also included in the figure showing the amorphous behavior of the microcapsules and the diffraction peak at 17.5° accounting for the urea formaldehyde as a shell material encapsulating linseed oil as reported in the literature [28].




3.2. FTIR Analysis of HNTs, UFMCs, and the Nanocomposite Coatings


The FTIR spectra of HNTs, NaNO3, HNTs loaded with NaNO3, encapsulated UFMCs, and the nanocomposite coatings are presented in Figure 5a–e. The FTIR spectrum of pristine HNTs (Figure 5a) confirms the presence of Al2O-H stretching absorption band at 3698 and 3624 cm−1, two Al atoms are linked to each OH in plane Si–O–Si stretching at 1118 cm−1 and Al2O-H deformation band at 909 cm−1 [42]. A comparison of three spectra as shown in Figure 5a–c displays that NaNO3 loaded in HNTs showed N=O stretching band at 1791 cm−1, and NO3 asymmetric and symmetric stretching bands at 1358 and 899 cm−1, respectively [43]. The shifts in the peaks of NaNO3 from 1787 to 1791 cm−1, 1329 to 1358 cm−1, and 835 to 899 cm−1 can be due to the hydrogen bonding involved in loading of NaNO3 into HNTs. The FTIR spectra presented in Figure 5a–c confirms the loading of NaNO3 into HNTs.



FTIR spectrum of encapsulated UFMCs is shown in Figure 5e. The spectrum shows characteristic peaks of both urea formaldehyde and linseed oil. The broad absorption band at 3320 cm−1 shows overlapping of the N–H bonds and O–H bond and can be assigned to urea–formaldehyde. The small sharp peak at 3090 cm−1 represents the C–H bands, while peaks at 2924 cm−1 and 2852 cm−1 show the presence of O–H and C–H stretching band. There is another sharp peak at 1743 cm−1 representing the carbonyl C=O bands. These bands are evidence for the presence of linseed oil. There is also a new peak at 1541 cm−1 representing the N–H band and its presence indicates the existence of urea–formaldehyde. The peak at 1462 cm−1 also represents a C–H band with a different vibration and the peak at 1242 cm−1 corresponds to the C–N band. The C–H and C–N vibrations are present in both UFMCs and pure linseed oil [44]. The presence of corresponding distinctive absorption bands of N–H at 1541 cm−1 (urea formaldehyde), C=O at 1743 cm−1 (linseed oil), and C–N at 1242 cm−1 (linseed oil) in the UFMCs confirm the encapsulation of linseed oil.



In case of nanocomposite coatings (Figure 5d), the peaks at 827, 919, 1037, 1452, 1508, and 2922 cm−1 are assigned to oxirane, stretching of oxirane, stretching of C–O–C of ether, –CH3 deformation, and C–C aromatic, respectively, which are in accordance with the previous results [45,46,47]. The FTIR analysis confirms the successful loading of NaNO3 into HNTs and encapsulation of linseed oil in UFMCs leading to the development of nanocomposite coatings upon their reinforcement into the epoxy matrix.




3.3. XPS Analysis


The synthesized containers were subjected to XPS analysis and the XPS spectra were recorded in the binding energy range of 0 to 800 eV as shown in Figure 6a–f. Carbon, oxygen, and nitrogen were the main elements detected in the surface of UFMCs while oxygen, aluminum, and silica were identified in HNTs, as expected. Figure 6a,b shows the XPS spectra of carbon and oxygen in UFMCs while Figure 6c,d represents the oxygen and silicon spectra of HNTs. For the UFMCs, carbon peaks at 284.8 eV, 286.8 eV, and 288.4 eV represent the bonding energy of C–C, C–O–C, and C=O, respectively. The oxygen peaks of UFMCs indicate the bonding energy of C–O and C=O. In the case of HNTs, the oxygen of the HNTs showed distinct fitting peaks (at 531.1 eV and 532.9 eV) which reflect the bonding energy of Al2O3 and SiO2 while that of the silicon XPS spectra shows only the bonding energy of SiO2. The mass concentration of oxygen and silicon present in the HNTs were about 69.39 and 25.17%, respectively. The results also confirm the presence of ~2–4% carbon which is considered as the organic impurities in the sample. Figure 6e,f show the survey spectra of UFMCs and HNTs with the entire elemental peaks present in their structure.



The XPS study confirms that phase pure containers have been synthesized without any impurities and the results are in agreement with the previously published reports [48,49]. It is also confirmed that the inhibitor (NaNO3) and the self-healing agent (linseed oil) are present inside the core of the containers rather than sticking on the surface with absence of any related elements to NaNO3 and linseed oil.




3.4. Particle Size Analysis of the Urea Formaldehyde Microcapsules


Figure 7 and Table 1 show the particle size of the UFMCs. The sizes of the microcapsules are in the range of 0.01–2000 μm. The majority of the particles resides in the range of 125–250 μm, while only 0.13% are in the range of 1000–2000 μm. This analysis also shows that the average size of the UFMCs is ~133.57 μm. Particle size depends on the stirring speed; the higher the stirring speed, the smaller and finer the particle size [41].




3.5. Thermal Stability of the Smart Containers and Nanocomposite Coatings


Thermal stabilities of HNTs, HNTs loaded with NaNO3, UFMCs, and the smart coating were studied by thermogravimetric analysis. It is observed from Figure 8a that HNTs show good thermal stability up to 400 °C without any significant weight loss. The initial weight loss (at 100 °C) was probably due to evaporation of moisture present in the HNTs. In the second stage, there was no prominent weight loss and weight almost remained constant until 380 °C. However, with further increases in temperature (above 500 °C), weight loss of ~13 to 15% was noticed which can be ascribed to the loss of interlayer water due to the dehydration process [50]. In the case of HNTs loaded with NaNO3 (Figure 8b), similarly, three stages in the TGA curve were observed. In the first stage, about 2% weight loss was noticed which may be due to the loss of moisture content in HNTs. In the second stage, there was no prominent weight loss and weight almost remained constant until 380 °C similar to pristine HNTs. However, further increases in temperature resulted in a significant weight loss unlike the pristine HNTs (Figure 8a) which is mainly due to the decomposition of NaNO3 into NaNO2 and oxygen gas. This behavior was expected due to the boiling point of NaNO3 (380 °C). Further heating leads to decomposition of NaNO2 into sodium oxide and nitrogen oxide. Based on the weight loss during the TGA analysis, we can assume that ~5.0 wt% of NaNO3 was loaded into the HNTs.



Figure 8c presents the TGA of UFMCs. There was gradual weight loss with increasing temperature up to 500 °C. Initially (up to 200 °C), the weight loss was relatively slow which may be associated to the removal of absorbed moisture content in the UFMCs. In the next stage (200 to 400 °C), the UFMCs showed rapid weight loss which can be associated with the decomposition of encapsulated linseed oil into UFMCs and UF resin. The degraded curve at 230 °C is attributed to decomposition of UF [40]. The boiling point of linseed oil is about 175 °C. These results further confirm that microcapsules contain both linseed oil and UF. The thermal stability of the nanocomposite coatings was also evaluated as shown in Figure 7d. The synthesized coatings did not show substantial weight loss until about 350 °C and a weight loss of about 4 to 5% was noticed. However, after 350 °C, there was considerable weight loss (80–85%) when the temperature was increased from 350 to 500 °C. This weight loss can be ascribed to the breakdown of long chains in the epoxy resin bond. After 500 °C, the weight loss was because of other additives in the coating. These results are in agreement with the previous studies [51,52].




3.6. Self-Release of Inhibitor from Nanocontainers


Figure 9a–c shows the UV-Vis spectra of HNTs loaded with the inhibitor. For this purpose, HNTs loaded with the inhibitor were immersed into 0.1 M NaCl solution at five different pH values (2, 5, 7, 9, and 11) and UV-Vis spectra were recorded at different intervals of immersion time (24, 48, and 72 h). For all the pH values, an absorption peak at about 300.0 nm was present in the UV-Vis spectra which is the characteristic absorption peak of NaNO3 due to the p*← n transition [53,54]. After 24 h of immersion time (Figure 9a), a small release of inhibitor was observed at all pH values owing to the small intensity of the absorption peak. However, as the immersion time was increased to 48 h as shown in Figure 9b, the absorption peak intensity also increased for all pH values indicating higher amounts of release of inhibitor into the solution. A significant release of the inhibitor was noticed with a further increase in immersion time (72 h) for all pH values as shown in Figure 9c. This analysis suggests that release of the inhibitor is sensitive to immersion time which triggers the release of the inhibitor into the solution. Even though the inhibitor can be effective in various corrosive environments due to its release in all pH values, release of the inhibitor is more efficient at pH 5 and 7 suggesting its application in the mild acidic to neutral environment. The release of the inhibitor increases with the increase in the immersion time providing a confidence that it may provide an efficient self-healing effect.




3.7. Self-Healing Performance of Nanocomposite Coatings


The purpose of acquiring self-healing coatings is to attain good healing performance when cracks or scratches occur on the coatings. In order to achieve this objective, self-healing performance of the developed nanocomposite coatings was evaluated. During this process, the coatings were subjected to controlled damage. In order to study the self-healing performance of the developed nanocomposite coatings, SEM imaging of the damaged nanocomposite coatings was taken at different time intervals, as presented in Figure 10. There happened to be noticeable self-healing of the nanocomposite coatings with increasing time interval. The width of the crack at day 1 (upon scratching) is 109.0 µm which is reduced to 43.0 µm within 72 h (day 3) demonstrating self-healing efficiency of about 60%. The possible self-healing mechanism may be explained as below.



In response to the mechanical damage, the self-healing agent (linseed oil) is released into the crack (damaged area) from the embedded encapsulated UFMCs and fills the crack, providing a self-healing effect. The released linseed oil helps in self-healing of scratched coating and creates the passive layer to prevent direct contact of metal from the harsh environment. During this process, linseed oil polymerizes in air and a solid film is formed on the crack surface as linseed oil is cross linked to cover the crack on the coating. The new layer formed on the crack provides a considerable barrier from water and oxygen and thus provides improved corrosion resistance. The presence of a considerable amount of saturated fatty acids in linseed oil containing carbon double bond is responsible for this cross linking which auto oxides when exposed to air [24]. Furthermore, initiation of corrosion at the damaged area causes the change in localized pH that helps to trigger the release of NaNO3 from HNTs. It is because of the fact that the release of NaNO3 depends on the localized change in pH and its release helps to inhibit the further corrosion. The improvement in corrosion protection and stability of developed nanocomposite coatings can be attributed to two factors that include (i) self-healing from the cross linking of linseed oil and (ii) inhibition effect due to the release of NaNO3. The self-healing ability of the developed nanocomposite coatings is proven with experimental evidence which encourages the possible application of this novel coating system in many types of corrosive environments.




3.8. Corrosion Behavior Evaluation


Figure 11 shows the EIS spectra for a scratched unmodified coating specimen after immersion in 3.5 wt% NaCl solution for different exposure times. Figure 11a–c presents the Nyquist, bode, and phase angle plot, respectively. Figure 11d presents the equivalent circuit for the EIS data analysis as the solution resistance (Rs), pore resistance (Rpo), and charge transfer resistance (Rct), and constant phase elements (CPE1, CPE2) refer to the obtained electrochemical parameters from the data fitting as presented in Table 2.



The Nyquist plot gives a typical figure of a defective coating in aqueous media with two noticeable peaks with a coating and corrosion representative response as seen in Figure 11a [55]. Corrosion resistance decreases continuously with increasing time of immersion as R1 looses 25% of its value after 4 days as seen in Table 2, attributed to the corrosion activity on the metal surface. The pore resistance gives a fluctuation attitude resulting from the deterioration behavior of the pure coating itself [56]. In bode and phase angle plots, two capacitive loops were observed. These loops decrease at high and low frequencies with immersion time [57]. Additionally, the magnitude of the impedance modulus is directly proportional to the capacitive loop as shown in Table 2, and the impedance value would follow the following equation [58,59]:


    Z  t o t a l   =  Z L  +  Z H  ,   



(1)




where     Z  t o t a l      is the total impedance (Ωcm−2).     Z L     is the impedance at low frequency, and     Z H     is the impedance at high frequency.



The electrochemical impedance graphs with the equivalent circuit for the coating modified with the self-healing microcapsule are depicted in Figure 12a–d. The Rpo and Rct shifted higher from 143.9 and 210.7 kΩ cm2 to 204 and 290 kΩ cm2, respectively, after two days of immersion. This would be due to the breakage of the microcapsules surrounding the scratched region and release of the linseed oil which has a solidification attitude on the scratched region [60]. The Rpo and Rct values continue their increase on the third day reaching to 231.9 and 401.2 kΩ cm2 as seen in Table 2, due to the inhibition activity of linseed oil [61]. On day 4, the Rpo withdrew to 191.1 kΩ cm2 while Rct reached to 550.1 kΩ cm2. This is probably due to the slowdown release of the linseed oil with a complete coverage for the bare steel in the scratched region which enhances the Rct value [62,63]. The self-healing process is attached with a diffusion step which can be noticed in the low frequency range of impedance figures and presented as a Warburg diffusion coefficient (w) in Figure 12d. The diffusion process has a considerable effect on retarding the Cl− ions penetrating through the coating as the total impedance value would follow the following equation [64,65,66]:


    Z  t o t a l   =  Z L  +    Z w    1 + j ω  Z w   C  d l       



(2)






    Z w  =  Z H  + W   



(3)




where Zw is the sum of the high frequency impedance and the Warburg diffusion impedance (Ω cm−2); ω is the angle frequency (rad s−1); j is an imaginary unit (−1)1/2; and Cdl is the double layer capacitance.



The double layer capacitance is expressed by the equation [67,68]:


    C  d l   =  Y O  ×  ω  n − 1     



(4)




where YO is the constant phase element (CPE); ω is the angle frequency (rad s−1); and n is a factor that satisfies the condition 0 ≤ n ≤ 1. When n = 1, the CPE becomes equivalent to the ideal capacitor and when n = 0, the CPE becomes equivalent to the resistor.



Figure 13 presents the impedance analysis with its equivalent circuit for the composite coating containing the self-healing microcapsule embedded with halloysite nanotubes as a carrier for NaNO3. The recent additives make the explanation for the mechanism of corrosion resistance ambiguous and complicated and for that reason three time constants would be used for the elucidation [69,70]. The nanocomposite coating, after one day of immersion in 3.5 wt% NaCl, gave impedance values similar to the coating with self-healing agent only, while using the best fitting data obtained from the two-time constant circuit. This is attributed to the blitz action of the self-healing process compared to the nanocontainer inhibitor release [71,72,73]. The corrosion inhibitor makes a slight change in the diffusion process as seen in Table 2. The Rpo and R1 increased by 3.11 and 3.42-fold, respectively, compared to that in the previous coating. A new impedance reported (R2) with 3.9 MΩ cm2 emanated from the synergistic effect of the inhibitor release with the solidification of the linseed oil in the defected region [74]. The R1 and R2 reached to the optimum values 2.04 and 5.61 MΩ cm2, respectively, after three days of immersion, which agrees with the self-healing anticorrosion mechanism and giving the barrage values due to a continuous release of the inhibitor with the exposure time [19,74]. The Rpo gives the maximum impedance after four days of immersion as a result of the complete curing of the artificial crack with the presence of the inhibitor inside the coating. It can be concluded that the sequence for the impedance magnitude for the coatings is as follows: smart coating > plain coating > pure coating.





4. Conclusions


Multifunctional polymeric based nanocomposite coatings were developed and their self-healing performance was evaluated. Structural and morphological analyses confirm the loading of the inhibitor and the self-healing agent into HNTs and UFMCs, respectively. The UV-Vis spectroscopic analysis indicates that self-release of the inhibitor from HNTs is sensitive to the pH of the corrosive environment and the release process itself depends upon the immersion time. The nanocomposite coatings demonstrate attractive anticorrosion properties due to the efficient release of the inhibitor and the self-healing agent from the smart containers in response to external stimuli. The improved properties of the developed nanocomposite coatings make them attractive for their potential application in the oil and gas industry.







Author Contributions


Conceptualization, S.H.; Data curation, S.H., A.K. and M.H.R.S.; Formal analysis, M.N.; Funding acquisition, R.A.S. and R.K.; Investigation, S.H. and M.N.; Methodology, S.H. and A.K.; Project administration, R.A.S.; Resources, R.A.S., A.M.A. and A.Z.; Software, M.H.R.S.; Supervision, R.A.S.; Validation, S.H., M.H.R.S. and A.Z.; Writing—original draft, S.H.; Writing—review & editing, R.A.S. and R.K.




Acknowledgments


This publication was made possible by NPRP Grant 9-080-2-039 from the Qatar National Research Fund (a member of the Qatar Foundation). Statements made herein are solely the responsibility of the authors. This research work was also partially supported by QU internal grant-QUCG-CAM-2018/2019-3.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Xing, X.; Wang, J.; Li, Q.; Hu, W.; Yuan, J. A novel acid-responsive HNTs-based corrosion inhibitor for protection of carbon steel. Colloids Surf. A Physicochem. Eng. Asp. 2018, 553, 295–304. [Google Scholar] [CrossRef]

	



Shen, N.Z.; Wei, H.; Wang, Y.; Guo, Z.; Jiang, D.; Zhang, X.; Yan, X.; Zhu, J.; Shao, L.; Lin, H. Advanced micro/nanocapsules for self-healing smart anticorrosion coatings. J. Mater. Chem. A 2015, 3, 469–480. [Google Scholar]

	



Lu, H.; Zhang, S.; Li, W.; Cui, Y.; Yang, T. Synthesis of Graphene Oxide-Based Sulfonated Oligoanilines Coatings for Synergistically Enhanced Corrosion Protection in 3.5% NaCl Solution. ACS Appl. Mater. Interfaces 2017, 9, 4034–4043. [Google Scholar] [CrossRef] [PubMed]

	



El-Mahdy, G.A. 2,4-Dihydrazino-6-Morpholino-1,3,5-Triaizne (DHMT) and 2,4-Dihydrazino-6-Piperidino-1,3,5-Triaizne (DHPT) as Promising Corrosion Inhibitors of Steel in Acidic Media. Int. J. Electrochem. Sci. 2016, 11, 5459–5472. [Google Scholar] [CrossRef]

	



Mahvash, F.; Eissa, S.; Bordjiba, T.; Tavares, A.C.; Szkopek, T.; Siaj, M. Corrosion resistance of monolayer hexagonal boron nitride on copper. Sci. Rep. 2017, 7, 42139. [Google Scholar] [CrossRef]

	



Bramfitt, B.L. Carbon and alloy steels. In Mechanical Engineers’ Handbook: Materials and Mechanical Design, 3rd ed.; Wiley: New York, NY, USA, 2007; Volume 1, pp. 25–65. [Google Scholar]

	



Moehwald, H.; Shchukin, D.G. Smart nanocontainers as depot media for feedback active coatings. Chem. Commun. 2011, 47, 8730. [Google Scholar]

	



Quinet, M.; Neveu, B.; Moutarlier, V.; Audebert, P.; Ricq, L. Corrosion protection of sol–gel coatings doped with an organic corrosion inhibitor: Chloranil. Prog. Org. Coat. 2007, 58, 46–53. [Google Scholar] [CrossRef]

	



Gao, X.-Z.; Liu, H.-J.; Cheng, F.; Chen, Y. Thermoresponsive polyaniline nanoparticles: Preparation, characterization, and their potential application in waterborne anticorrosion coatings. Chem. Eng. J. 2016, 283, 682–691. [Google Scholar] [CrossRef]

	



Montemor, M.; Montemor, F. Functional and smart coatings for corrosion protection: A review of recent advances. Surf. Coat. Technol. 2014, 258, 17–37. [Google Scholar] [CrossRef]

	



Bryant, D.; Greenfield, D. The use of fluorescent probes for the detection of under-film corrosion. Prog. Org. Coat. 2006, 57, 416–420. [Google Scholar] [CrossRef]

	



Mazumder, M.A.J.; Nazal, M.K.; Faiz, M.; Ali, S.A. Imidazolines containing single-, twin- and triple-tailed hydrophobes and hydrophilic pendants (CH2CH2NH)nH as inhibitors of mild steel corrosion in CO2–0.5 M NaCl. RSC Adv. 2016, 6, 12348–12362. [Google Scholar] [CrossRef]

	



Taylor, P.; Fouda, A.S.; Megahed, H.; Ead, D.M. Desalination and Water Treatment Lanthanides as environmentally friendly corrosion inhibitors of iron in 3.5% NaCl solution. Desalin. Water Treat. 2013, 37–41. [Google Scholar] [CrossRef]

	



Fu, Z.; Yan, K.; Rosenberg, A.; Jin, Z.; Crain, B.; Athas, G.; Heide, R.S.V.; Howard, T.; Everett, A.D.; Herrington, D.; et al. Improved Protein Extractionand Protein Identification from Archival Formalin-fixed Paraffin-embedded Human Aortas. Proteom. Clin. Appl. 2013, 7, 217–224. [Google Scholar] [CrossRef] [PubMed]

	



Bouklah, M.; Hammouti, B.; Benkaddour, M.; Benhadda, T. Thiophene derivatives as effective inhibitors for the corrosion of steel in 0.5 m H2SO. J. Appl. Electrochem. 2005, 35, 1095–1101. [Google Scholar] [CrossRef]

	



Fouda, A.; Al-Sarawy, A.; El-Katori, E.; Fouda, A. Pyrazolone derivatives as corrosion inhibitors for C-steel in hydrochloric acid solution. Desalination 2006, 201, 1–13. [Google Scholar] [CrossRef]

	



Rani, B.E.A.; Basu, B.B.J. Green Inhibitors for Corrosion Protection of Metals and Alloys: An Overview. Int. J. Corros. 2012, 2012, 380217. [Google Scholar] [CrossRef]

	



Joshi, A.; Abdullayev, E.; Vasiliev, A.; Volkova, O.; Lvov, Y. Interfacial Modification of Clay Nanotubes for the Sustained Release of Corrosion Inhibitors. Langmuir 2013, 29, 7439–7448. [Google Scholar] [CrossRef] [PubMed]

	



Zahidah, K.A.; Kakooei, S.; Ismail, M.C.; Raja, P.B. Halloysite nanotubes as nanocontainer for smart coating application: A review. Prog. Org. Coat. 2017, 111, 175–185. [Google Scholar] [CrossRef]

	



Shchukin, D.G.; Möhwald, H. Self-Repairing Coatings Containing Active Nanoreservoirs. Small 2007, 3, 926–943. [Google Scholar] [CrossRef] [PubMed]

	



Shchukina, E.; Shchukin, D.; Grigoriev, D. Halloysites and mesoporous silica as inhibitor nanocontainers for feedback active powder coatings. Prog. Org. Coat. 2018, 123, 384–389. [Google Scholar] [CrossRef]

	



Nazeer, A.A.; Madkour, M. Potential use of smart coatings for corrosion protection of metals and alloys: A review. J. Mol. Liq. 2018, 253, 11–22. [Google Scholar] [CrossRef]

	



Abdullayev, E.; Lvov, Y. Clay nanotubes for corrosion inhibitor encapsulation: Release control with end stoppers. J. Mater. Chem. 2010, 20, 6681–6687. [Google Scholar] [CrossRef]

	



Lang, S.; Zhou, Q. Synthesis and characterization of poly(urea-formaldehyde) microcapsules containing linseed oil for self-healing coating development. Prog. Org. Coat. 2017, 105, 99–110. [Google Scholar] [CrossRef]

	



Nawaz, M.; Yusuf, N.; Habib, S.; Shakoor, R.A.; Ubaid, F.; Ahmad, Z.; Kahraman, R.; Mansour, S.; Gao, W. Development and Properties of Polymeric Nanocomposite Coatings. Polymers 2019, 11, 852. [Google Scholar] [CrossRef] [PubMed]

	



Fix, D.; Andreeva, D.V.; Lvov, Y.M.; Shchukin, D.G.; Möhwald, H. Application of Inhibitor-Loaded Halloysite Nanotubes in Active Anti-Corrosive Coatings. Adv. Funct. Mater. 2009, 19, 1720–1727. [Google Scholar] [CrossRef]

	



Williams, G.; Geary, S.; McMurray, H.; McMurray, H. Smart release corrosion inhibitor pigments based on organic ion-exchange resins. Corros. Sci. 2012, 57, 139–147. [Google Scholar] [CrossRef]

	



Khan, A.; Ubaid, F.; Fayyad, E.; Ahmad, Z.; Shakoor, P.A.; Montemor, F.; Kahraman, R.; Mansour, S.; Hassan, M.; Hasan, A.; et al. Synthesis and Properties of Polyelectrolyte Multilayered Microcapsules Reinforced Smart Coatings. J. Mater. Sci. 2019, 54, 12079–12094. [Google Scholar] [CrossRef]

	



Mert, B.D.; Yazıcı, B.; Lyon, S.B.; Yazici, B. Electrochemical synthesis of novel conductive polymer and corrosion protection properties on aluminium. Corros. Eng. Sci. Technol. 2013, 48, 506–512. [Google Scholar] [CrossRef]

	



Ghazi, A.; Ghasemi, E.; Mahdavian, M.; Ramezanzadeh, B.; Rostami, M.; Mahdavian-Ahadi, M. The application of benzimidazole and zinc cations intercalated sodium montmorillonite as smart ion exchange inhibiting pigments in the epoxy ester coating. Corros. Sci. 2015, 94, 207–217. [Google Scholar] [CrossRef]

	



Borisova, D.; Moehwald, H.; Shchukin, D.G. Influence of Embedded Nanocontainers on the Efficiency of Active Anticorrosive Coatings for Aluminum Alloys Part I: Influence of Nanocontainer Concentration. ACS Appl. Mater. Interfaces 2012, 4, 2931–2939. [Google Scholar] [CrossRef]

	



Haddadi, S.; Ramazani, S.; Mahdavian, M.; Taheri, P.; Mol, J. Fabrication and characterization of graphene-based carbon hollow spheres for encapsulation of organic corrosion inhibitors. Chem. Eng. J. 2018, 352, 909–922. [Google Scholar] [CrossRef]

	



Karekar, S.E.; Bagale, U.D.; Sonawane, S.H.; Bhanvase, B.A.; Pinjari, D.V. A smart coating established with encapsulation of Zinc Molybdate centred nanocontainer for active corrosion protection of mild steel: Release kinetics of corrosion inhibitor. Compos. Interfaces 2018, 25, 785–808. [Google Scholar] [CrossRef]

	



Ubaid, F.; Naeem, N.; Shakoor, R.; Kahraman, R.; Mansour, S.; Zekri, A. Effect of concentration of DOC loaded TiO2 nanotubes on the corrosion behavior of smart coatings. Ceram. Int. 2019, 45, 10492–10500. [Google Scholar] [CrossRef]

	



Falcón, J.; Batista, F.; Aoki, I.; Aoki, I. Encapsulation of dodecylamine corrosion inhibitor on silica nanoparticles. Electrochim. Acta 2014, 124, 109–118. [Google Scholar] [CrossRef]

	



Shchukina, E.; Grigoriev, D.; Sviridova, T.; Shchukin, D. Comparative study of the effect of halloysite nanocontainers on autonomic corrosion protection of polyepoxy coatings on steel by salt-spray tests. Prog. Org. Coat. 2017, 108, 84–89. [Google Scholar] [CrossRef]

	



Yang, Q.; He, Y.; Xu, W.; Tang, R.; Zhang, C. pH-Responsive nanovalves based on encapsulated halloysite for the controlled release of a corrosion inhibitor in epoxy coating. RSC Adv. 2015, 5, 90609–90620. [Google Scholar]

	



Jafari, A.; Hosseini, S.; Jamalizadeh, E. Investigation of Smart Nanocapsules Containing Inhibitors for Corrosion Protection of Copper. Electrochim. Acta 2010, 55, 9004–9009. [Google Scholar] [CrossRef]

	



Price, R.R.; Gaber, B.P.; Lvov, Y. In-vitro release characteristics of tetracycline HC1, khellin and nicotinamide adenine dineculeotide from halloysite; a cylindrical mineral. J. Microencapsul. 2001, 18, 713–722. [Google Scholar] [CrossRef]

	



Suryanarayana, C.; Rao, K.C.; Kumar, D. Progress in Organic Coatings Preparation and characterization of microcapsules containing linseed oil and its use in self-healing coatings. Prog. Org. Coat. 2008, 63, 72–78. [Google Scholar] [CrossRef]

	



Mamaghani, K.R.; Naghib, S.M. The Effect of Stirring Rate on Electrodeposition of Nanocrystalline Nickel Coatings and their Corrosion Behaviors and Mechanical Characteristics. Int. J. Electrochem. Sci. 2017, 12, 5023–5035. [Google Scholar] [CrossRef]

	



Li, R.; Zhu, J.; Zhou, W.; Cheng, X.; Li, Y. Thermal properties of sodium nitrate-expanded vermiculite form-stable composite phase change materials. Mater. Des. 2016, 104, 190–196. [Google Scholar] [CrossRef]

	



Trivedi, M.K.; Trivedi, A.B.D.; Branton, A.; Trivedi, D.; Nayak, G.; Bairwa, K.; Jana, S. Spectroscopic Characterization of Disodium Hydrogen Orthophosphate and Sodium Nitrate after Biofield Treatment. J. Chromatogr. Sep. Tech. 2015, 6, 282. [Google Scholar] [CrossRef]

	



Thanawala, K.; Khanna, A.S. Development of Self-Healing Coatings Using Encapsulated Linseed oil and Tung Oil as Healing Agents. In Proceedings of the NACE International Corrosion Conference, Vancouver, BC, Canada, March 2016. [Google Scholar]

	



González, M.G.; Cabanelas, J.C.; Baselga, J. Applications of FTIR on Epoxy Resins-Identification, Monitoring the Curing Process, Phase Separation and Water Uptake. Infrared Spectrosc.-Mater. Sci. Eng. Technol. 2012. [Google Scholar] [CrossRef]

	



Saba, N.; Jawaid, M.; Alothman, O.Y.; Paridah, M.T.; Hassan, A. Recent advances in epoxy resin, natural fiber-reinforced epoxy composites and their applications. J. Reinf. Plast. Compos. 2016, 35, 447–470. [Google Scholar] [CrossRef]

	



Vijayan, P.P.; El-Gawady, Y.M.H.; Al-Maadeed, M.A.S.A. A comparative study on long term stability of self-healing epoxy coating with different inorganic nanotubes as healing agent reservoirs. Express Polym. Lett. 2017, 11, 863–872. [Google Scholar] [CrossRef]

	



Li, H.; Wang, R.; Hu, H.; Liu, W. Surface modification of self-healing poly(urea-formaldehyde) microcapsules using silane-coupling agent. Appl. Surf. Sci. 2008, 255, 1894–1900. [Google Scholar] [CrossRef]

	



Ng, K.-M.; Lau, Y.T.R.; Chan, C.-M.; Weng, L.-T.; Wu, J. Surface studies of halloysite nanotubes by XPS and ToF-SIMS. Surf. Interface Anal. 2011, 43, 795–802. [Google Scholar] [CrossRef]

	



Deng, S.; Zhang, J.; Ye, L.; Wu, J. Toughening epoxies with halloysite nanotubes. Polymer 2008, 49, 5119–5127. [Google Scholar] [CrossRef]

	



Njoku, D.I.; Cui, M.; Xiao, H.; Shang, B.; Li, Y. Understanding the anticorrosive protective mechanisms of modified epoxy coatings with improved barrier, active and self-healing functionalities: EIS and spectroscopic techniques. Sci. Rep. 2017, 7, 15597. [Google Scholar] [CrossRef]

	



Feng, Y.; Cheng, Y.F. An intelligent coating doped with inhibitor-encapsulated nanocontainers for corrosion protection of pipeline steel. Chem. Eng. J. 2017, 315, 537–551. [Google Scholar] [CrossRef]

	



Butorac, V.; Simeon, V.; Tomisic, V. Effect of Temperature on UV Spectra of Concentrated NaNO3 Aqueous Solutions. Croat. Chim. Acta 2007, 80, 533–539. [Google Scholar]

	



Jiao, L.; Dong, D.; Zheng, W.; Wu, W.; Feng, H.; Shen, C.; Yan, H. Determination of Nitrite Using UV Absorption Spectra Based on Multiple Linear Regression. Asian J. Chem. 2013, 25, 2273–2277. [Google Scholar] [CrossRef]

	



Thompson, I.; Campbell, D. Interpreting Nyquist responses from defective coatings on steel substrates. Corros. Sci. 1994, 36, 187–198. [Google Scholar] [CrossRef]

	



Cotting, F.; Aoki, I.V. Smart protection provided by epoxy clear coating doped with polystyrene microcapsules containing silanol and Ce (III) ions as corrosion inhibitors. Surf. Coat. Technol. 2016, 303, 310–318. [Google Scholar] [CrossRef]

	



Wang, W.; Wang, H.; Zhao, J.; Wang, X.; Xiong, C.; Song, L.; Ding, R.; Han, P.; Li, W. Self-healing performance and corrosion resistance of graphene oxide–mesoporous silicon layer–nanosphere structure coating under marine alternating hydrostatic pressure. Chem. Eng. J. 2019, 361, 792–804. [Google Scholar] [CrossRef]

	



Abdelaal, M.M.; Mohamed, S.; Barakat, Y.F.; Derbala, H.A.Y.; Hassan, H.; Al Zoubi, W. N-Aminophthalimide as a Synthon for Heterocyclic Schiff bases: Efficient Utilization as Corrosion Inhibitors of Mild Steel in 0.5 mol.L-1 H2SO4 Solution. Egyptian J. Chem. 2018. [Google Scholar] [CrossRef]

	



Hsu, C.H.; Mansfeld, F. Technical Note:Concerning the Conversion of the Constant Phase Element Parameter Y0into a Capacitance. Corrosion 2001, 57, 747–748. [Google Scholar] [CrossRef]

	



Siva, T.; Sathiyanarayanan, S. Self healing coatings containing dual active agent loaded urea formaldehyde (UF) microcapsules. Prog. Org. Coat. 2015, 82, 57–67. [Google Scholar] [CrossRef]

	



Li, J.; Li, Z.; Feng, Q.; Qiu, H.; Yang, G.; Zheng, S.; Yang, J. Encapsulation of linseed oil in graphene oxide shells for preparation of self-healing composite coatings. Prog. Org. Coat. 2019, 129, 285–291. [Google Scholar] [CrossRef]

	



Çömlekçi, G.K.; Ulutan, S. Acquired self-healing ability of an epoxy coating through microcapsules having linseed oil and its alkyd. Prog. Org. Coat. 2019, 129, 292–299. [Google Scholar] [CrossRef]

	



Navarchian, A.H.; Najafipoor, N.; Ahangaran, F. Surface-modified poly(methyl methacrylate) microcapsules containing linseed oil for application in self-healing epoxy-based coatings. Prog. Org. Coat. 2019, 132, 288–297. [Google Scholar] [CrossRef]

	



Gomes, J.-M.; Bedard, C.; Valtcheva, S.; Nelson, M.; Khokhlova, V.; Pouget, P.; Venance, L.; Bal, T.; Destexhe, A. Intracellular Impedance Measurements Reveal Non-ohmic Properties of the Extracellular Medium around Neurons. Biophys. J. 2016, 110, 234–246. [Google Scholar] [CrossRef] [PubMed]

	



Orazem, M.E.; Tribollet, B. Electrochemical Impedance Spectroscopy. In Developments in Electrochemistry: Science Inspired by Martin Fleischmann; Wiley: New York, NY, USA, 2014; pp. 349–365. [Google Scholar]

	



Lelidis, I.; Barbero, G. Role of the displacement current on Warburg-type behavior. Phys. Rev. E 2017, 95, 52604. [Google Scholar] [CrossRef] [PubMed]

	



Sliem, M.H.; Afifi, M.; Radwan, A.B.; Fayyad, E.M.; Shibl, M.F.; Heakal, F.E.-T.; Abdullah, A.M. AEO7 Surfactant as an Eco-Friendly Corrosion Inhibitor for Carbon Steel in HCl solution. Sci. Rep. 2019, 9, 2319. [Google Scholar] [CrossRef] [PubMed]

	



Ubaid, F.; Radwan, A.B.; Naeem, N.; Shakoor, R.; Ahmad, Z.; Montemor, M.; Kahraman, R.; Abdullah, A.M.; Soliman, A.; Ahmed, Z. Multifunctional self-healing polymeric nanocomposite coatings for corrosion inhibition of steel. Surf. Coat. Technol. 2019, 372, 121–133. [Google Scholar] [CrossRef]

	



Shchukin, D.G.; Lamaka, S.V.; Yasakau, K.A.; Zheludkevich, M.L.; Ferreira, M.G.S.; Möhwald, H.; Lamaka, S.; Yasakau, K.; Zheludkevich, M. Active Anticorrosion Coatings with Halloysite Nanocontainers. J. Phys. Chem. C 2008, 112, 958–964. [Google Scholar] [CrossRef]

	



Zahidah, K.A.; Kakooei, S.; Kermanioryani, M.; Mohebbi, H.; Ismail, M.C.; Raja, P.B. Benzimidazole-loaded halloysite nanotube as a smart coating application. Int. J. Eng. Technol. Innov. 2017, 7, 243–254. [Google Scholar]

	



Falcón, J.M.; Sawczen, T.; Aoki, I.V. Dodecylamine-Loaded Halloysite Nanocontainers for Active Anticorrosion Coatings. Front. Mater. 2015, 2, 4464. [Google Scholar] [CrossRef]

	



Abdullayev, E.; Price, R.; Shchukin, D.; Lvov, Y. Halloysite Tubes as Nanocontainers for Anticorrosion Coating with Benzotriazole. ACS Appl. Mater. Interfaces 2009, 1, 1437–1443. [Google Scholar] [CrossRef]

	



Huang, M.; Yang, J. Salt spray and EIS studies on HDI microcapsule-based self-healing anticorrosive coatings. Prog. Org. Coat. 2014, 77, 168–175. [Google Scholar] [CrossRef]

	



Behzadnasab, M.; Mirabedini, S.; Esfandeh, M.; Farnood, R. Evaluation of corrosion performance of a self-healing epoxy-based coating containing linseed oil-filled microcapsules via electrochemical impedance spectroscopy. Prog. Org. Coat. 2017, 105, 212–224. [Google Scholar] [CrossRef]








[image: Polymers 11 01519 g001 550] 





Figure 1. Schematic representation of multifunctional nanocomposite coating concept. 
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Figure 2. Schematic representation of complete experimental procedure adopted. 
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Figure 3. Field emission scanning electron microscope (FE–SEM) analysis of: (a) halloysite nanotubes (HNTs), (b) HNTs loaded with NaNO3, (c) urea formaldehyde microcapsules/linseed oil (UFMC/LO), and (e,g) nanocomposite coatings; and EDX analysis of: (d) HNTs, (f) HNTs loaded with NaNO3, and (h) nanocomposite coatings. 
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Figure 4. XRD analysis: (a) HNTs, (b) HNTs loaded with NaNO3, and (c) Nanocomposite coatings. Inset shows the XRD of UFMCs. 
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Figure 5. Fourier transform infrared (FTIR) spectra of (a) HNTs, (b) NaNO3, (c) HNTs loaded with NaNO3, (d) nanocomposite coatings, and (e) UFMCs. 
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Figure 6. XPS spectra of synthesized containers; (a,b) C1s and O1s spectrum of UFMCs, (c,d) O1s and Si2p spectrum of HNTs, and (e,f) survey spectrum of UFMCs and HNTs. 
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Figure 7. Particle size analysis of the synthesized UFMCs. 
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Figure 8. Thermogravimetric (TGA) curves: (a) pristine HNTs, (b) HNTs loaded with NaNO3, (c) encapsulated UFMCs, and (d) nanocomposite coatings. 
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Figure 9. UV-Vis spectra of HNTs loaded with inhibitor immersed in 0.1M NaCl solution at various pH levels for different immersion time intervals, (a) 24 h, (b) 48 h, and (c) 72 h. 
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Figure 10. SEM images of the scratched samples after different time intervals. 
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Figure 11. Electrochemical impedance curves for scratched pure coating immersed in 3.5 wt% NaCl for different exposure times: (a) Nyquist plot, (b) bode plot, (c) phase angle plot, and (d) the applicable equivalent circuit for the data fitting. 
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Figure 12. Electrochemical impedance curves for scratched plain coating immersed in 3.5 wt% NaCl for different exposure times where (a) Nyquist plot, (b) bode plot, (c) phase angle plot, and (d) the applicable equivalent circuit for the data fitting. 
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Figure 13. Electrochemical impedance curves for scratched smart coating immersed in 3.5 wt% NaCl for different exposure times: (a) Nyquist plot, (b) bode plot, (c) phase angle plot, and (d) the applicable equivalent circuit for the data fitting. 
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Table 1. Particle size distribution.
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	Size (µm)
	0–4
	4–63
	63–125
	125–250
	250–500
	500–1000
	1000–2000





	Volume (%)
	0.64
	9
	34.96
	40.88
	13.07
	1.32
	0.13
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Table 2. EIS parameters for neat coatings, plain coatings, and layered coatings in 3.5 wt% NaCl at room temperature.






Table 2. EIS parameters for neat coatings, plain coatings, and layered coatings in 3.5 wt% NaCl at room temperature.





	
Coating

	
Exposure Time, Days

	
Rs

kΩ cm2

	
Rpo

kΩ cm2

	
Ypo × 10−6

Ω−1 sncm−2

	
R1 kΩ cm2

	
Y1 × 10−6

Ω−1 sncm−2

	
R2

kΩ cm2

	
Y2 × 10−9

Ω−1 sncm−2

	
W × 10−6

Ω−1 sncm−2






	
Pure

	
1st

	
0.916

	
33.17

	
0.814

	
110.3

	
0.094

	
----

	
----

	
----




	
2nd

	
0.876

	
39.68

	
0.693

	
98.42

	
0.168

	
----

	
----

	
----




	
3rd

	
0.796

	
46.39

	
0.652

	
81.37

	
0.237

	
----

	
----

	
----




	
4th

	
0.824

	
36.11

	
0.765

	
73.14

	
0.429

	
----

	
----

	
----




	
Plain

	
1st

	
0.111

	
143.9

	
0.083

	
210.7

	
0.058

	
----

	
----

	
0.677




	
2nd

	
0.241

	
204.7

	
0.059

	
290.0

	
0.046

	
----

	
----

	
1.34




	
3rd

	
0.048

	
231.9

	
0.051

	
401.2

	
0.028

	
----

	
----

	
3.54




	
4th

	
0.118

	
191.1

	
0.072

	
550.1

	
0.020

	
----

	
----

	
7.01




	
Smart

	
1st

	
0.179

	
128.19

	
0.965

	
216.92

	
0.093

	
----

	
----

	
1.68




	
2nd

	
0.116

	
635.2

	
0.011

	
992.3

	
0.006

	
3916.1

	
6.134

	
0.97




	
3rd

	
0.156

	
582.4

	
0.016

	
2041.4

	
0.001

	
5651.2

	
2.871

	
3.01




	
4th

	
0.164

	
1213.0

	
0.004

	
1648.5

	
0.001

	
34,000

	
7.396

	
2.13
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