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Abstract

:

In the field of corrosion protection coatings, layered double hydroxide (LDH) has gained wide attention as a novel controlled-release nanocontainer. In this paper, by using a co-precipitation to store corrosion inhibitors in layered double hydroxide with barrier properties, an environmentally friendly gallic acid (GA) intercalated layered double hydroxide corrosion protection filler (GA-LDH) was prepared. The epoxy coating was then modified with GA-LDH to improve its corrosion protection performance. The structure, composition, and release behavior of GA-LDH were investigated by a series of characterizations, such as field emission scanning electron microscopy (FE-SEM), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR) and ultraviolet-visible spectrophotometry (UV-vis). Electrochemical impedance spectroscopy (EIS) and a neutral salt spray test (NSS) were performed to evaluate the effect of EP coating containing GA-LDH on corrosion protection for Q235 steel. The results show that GA-LDH added to an epoxy coating can achieve excellent corrosion protection performance and is expected to be widely used in marine corrosion protection contexts.
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1. Introduction


Metal is inevitably corroded in the marine environment, which will not only cause substantial economic losses, but the structural damage caused by corrosion will bring more severe safety problems [1,2]. Therefore, it is essential to improve corrosion protection performance to prevent or slow down the corrosion of metal [3]. The application of corrosion protection coatings to avoid direct exposure of the metal substrate surface to corrosive media is, up to present, the most common way to protect metallic materials [4]. Epoxy resin has excellent adhesion, good mechanical properties, thermal stability and is widely used for corrosion protection coatings [5,6]. Nevertheless, the curing of epoxy resin is done during the evaporation of the solvent, which can leave the generation of micropores and cracks that cause corrosive media to enter the coating and shorten its life [7,8]. To solve this problem, fillers such as two-dimensional layered materials [9], MOFs [10], silicates [11], and phosphates [12] have received increasing attention. Among them, the incorporation of nanomaterials with two-dimensional structure is a good choice. Their high aspect ratio will prolong the diffusion path of the corrosive medium in the coating and may delay the coating failure [13].



Layered double hydroxide (LDH) is a unique structure of two-dimensional material, also commonly referred to as a hydrotalcite-like compound. The molecular formula of LDH is usually denoted by [M     1 − x   2 +    M    x  3 +    (OH)2]x+[A     x / n   n −    ]·mH2O, where M2+ and M3+ are the metal cations of mixed metal hydroxide layers, and An− is an anion present in the interlayer channel. An− is loosely bound to the main layer structure by electrostatic interaction, so it can perform exchange reactions with other anions [14,15]. Thus, layered double hydroxide serves as a typical nanocontainer that can encapsulate organic or inorganic corrosion inhibitors. Corrosive anions are captured, and interlayer corrosion-inhibiting anions are released through exchange reactions, thus providing corrosion protection [16]. For example, Na Wang et al. [17] synthesized tripolyphosphate intercalated LDHs by a co-precipitation method to modify waterborne epoxy resin. In both EIS and salt spray test results, for the performance of STPP-LDHs composite coating with each addition the ratio was much better than pure EP coating. Ang Liu et al. [18] used the ion exchange method and the exfoliation and reassembly to incorporate 5-methyl-1,3,4-thiadiazole-2-thiol (MTT) into LDH, respectively. It was shown that the exfoliation and reassembly had about four times higher loading capacity than the anion-exchange method. Moreover, more MMT would be released during protection, improving the corrosion inhibition efficiency by about 30%. E. Alibakhshi et al. [19] successfully inserted PO    4  3 −     into Mg-Al LDH by anion exchange. Their experiment verified that Mg-Al-PO    4  3 −     released PO    4  3 −     during the dissolution of LDH support, which formed an inhibitory film on the mild steel surface. It showed a significant corrosion inhibition effect and effectively improved the adhesion strength to mild steel. However, since the organic and inorganic corrosion inhibitors produced are often harmful, research on environmentally friendly corrosion inhibitors to replace conventional ones is attracting increasing interest.



Gallic acid (GA), a green corrosion inhibitor, is inexpensive, renewable, and widely found in various plants [20,21,22]. Previous studies have shown that GA is often used as an essential component of rust converters [23,24]. In the structure of GA, the two neighboring phenolic hydroxyl groups on the benzene ring have a strong chelating ability that can form stable bidentate chelates with Fe2+ and Fe3+, which will retard the corrosion reaction of the cathode [25]. However, GA has a strong water absorption and will inevitably damage the coating performance when added to the coating. If one wants to apply GA to the coating, storing it in a container will be a better method.



Inspired by the above considerations, a one-step preparation of gallic acid (GA) intercalated layered double hydroxide (LDH) green corrosion protection filler (GA-LDH) was carried out by a co-precipitation method. On the basis of improving the denseness of the epoxy coating, the green corrosion inhibitor is released through the absorption of chloride ions by the nano-container. It can chelate with metal ions and form a shielding layer on the surface of the substrate to achieve enhanced corrosion protection of the epoxy coating. Potentially harmful effects of nanoparticles on the environment and coatings are effectively avoided.




2. Experimental


2.1. Materials


Gallic acid (99.0%, Macklin, Shanghai, China) (C7H6O5, GA), zinc nitrate hexahydrate (99.0%, SCR, Shanghai, China) (Zn(NO3)2·6H2O), aluminum nitrate nonahydrate (99.0%, McLean) (Al(NO3)3·9H2O), sodium hydroxide (96.0%, SCR) (NaOH), ethanol (99.7%, SCR) (EtOH), and sodium chloride (99.5%, SCR) (NaCl) were all purchased chemicals and solvents and can be used directly without purification.



The following were also obtained: epoxy resin (6101, Sinopec, Yueyang, China) ((C11H12O3)n, EP), xylene (99.50%, Sinopec), n-butanol (99.90%, Sinopec), dispersing agent (BYK-110, BYK-CHEMIE), leveling agent (BYK-320, BYK-CHEMIE, Tongling, China), defoamer (BYK-530, BYK-CHEMIE), phenolic amine hardener (Nx2015, Cardolite, Zhuhai, China), Q235 plate (150 mm × 70 mm × 2 mm, Xiamen Qianfeng Machinery Co., Xiamen, China).




2.2. The Synthesis of LDH and GA-LDH


GA-LDH was synthesized by using a co-precipitation method [26,27]. 0.01 mol GA was dissolved in 50 mL of mixed solution (1:1 ethanol to deionized water by volume), and the pH was adjusted to approximately 10 by using a 1 M NaOH solution. Under a nitrogen flow with magnetic stirring, 50 mL of aqueous solutions of 0.02 mol Zn(NO3)2·6H2O and 0.01 mol Al(NO3)3·9H2O were added dropwise while maintaining the pH with 1 M NaOH solution. The precipitates were aged at ambient temperature for 24 h, then centrifuged and washed with deionized water. The target product GA-LDH was finally obtained by freeze-drying, and its structure schematic diagram is shown in Figure 1b.



Zinc-aluminum LDH (Figure 1a) was synthesized in the same way without GA [28]. Under a nitrogen flow, 1 M NaOH solution was slowly added to the aqueous solution of Zn(NO3)2·6H2O and Al(NO3)3·9H2O mixed under the same conditions as above until the pH was about 10. Next, the solutions was aged at ambient temperature for 24 h, and then centrifuged and washed with deionized water, and freeze-dried for use.




2.3. Preparation of Protective Coatings


A certain proportion of LDH and GA-LDH (1 wt.%) was added to 3 g diluent (7:3 volume ratio of xylene to n-butanol) and ultra-sonic treatment was performed for 30 min [29]. Then 16 g epoxy resin 6101 was added, along with 1 wt.% BYK-110 dispersing agent, BYK-320 leveling agent, and BYK-530 defoaming agent, and stirred for 10 min [30]. Subsequently, 10.56 g phenolic amine hardener Nx2015 (66 wt.% 6101) was added and stirred for 10 min. The coatings were uniformly brushed onto Q235 steel with a small brush and cured at ambient temperature for 72 h and named LDH/EP and GA-LDH/EP, respectively. Meanwhile, pure EP coating was prepared for comparison according to the above procedure.




2.4. Characterization


The morphology of the samples was observed by field emission scanning electron microscopy (FE-SEM, ZEISS 112 ULTRA55, Dresden, Germany) and high-resolution transmission electron microscopy (HR-TEM, JEM-2100F, JEOL, Tokyo, Japan). The structure was characterized by X-ray diffraction (XRD, XPERT-PRO, Almelo, The Netherlands) with Cu Kα radiation (λ = 0.154 nm) at 40 kV and 40 mA. The chemical composition of the samples was confirmed by using X-ray energy spectrometry (EDS, Oxford, UK) and Fourier transform infrared spectroscopy (FT-IR, Nexus 670, Madison, WI, USA). An X-ray photoelectron spectrometer (XPS, PHI 5000 Versaprobe III, Chigasaki, Japan) was used to test the surface elemental state of the samples. The mass loss changes of the samples at 30 to 800 °C were analyzed by a thermogravimetric analyzer (TG-DTG, Rigaku TG/DTA8122, Tokyo, Japan) with a temperature rise rate of 10 °C/min. The controlled release of GA-LDH was investigated by using an Ultraviolet-visible spectrophotometer (UV-vis, Cary 5000, Agilent, Kuala Lumpur, Malaysia) at the wavelength λmax = 269 nm. Next, 1 g GA-LDH was added to a 100 mL NaCl solution at a concentration of 3.5 wt.%, and the absorbance was measured by taking a trace amount of liquid at a predetermined time. The release concentration can be obtained from the equation of the calibration curve. The following calibration curve equation was used: y = 5.181 × 10−2x − 3.358 × 10−2, R2 = 0.99993, where x represents the GA concentration and y represents the absorbance in μg/mL.



An AC impedance tester (CS353, CorrTest, Wuhan, China) was used to perform electrochemical impedance spectroscopy (EIS) tests in a standard three-electrode system. The system consists of an Ag/AgCl reference electrode, a platinum sheet counter electrode, and a mild steel plate as the working electrode. Samples immersed in 3.5 wt.% NaCl solution for 7, 14, 21, 28, and 35 days were measured at 100 kHz to 0.01 Hz by using 10 mV AC amplitude over an area of 7.065 cm2 exposed to the working electrode. The neutral salt spray test (NSS) was carried out concerning the GB/T10125-2012 standard to research the corrosion protection of the samples in harsh environments. The length of manual scratches on the coated samples was about 5 cm. The coatings were photographed and recorded at 1, 2, 6, 10 and 14 d (days), respectively. For obtaining valid experimental data, three parallel samples of each coating were used in EIS and NSS tests.





3. Results and Discussion


3.1. Characterization of GA-LDH


For LDH and GA-LDH prepared by the co-precipitation method in this study, the compositions and structures were characterized by various testing means. The microstructure and morphology of LDH and GA-LDH were visualized by using FE-SEM and HR-TEM, as shown in Figure 2. It was evident from the FE-SEM images that both prepared samples had inhomogeneous crystal morphology, showing different degrees of agglomeration and differed significantly from each other in terms of surface morphology. LDH exhibited an irregular lamellar structure and the presence of particles of different sizes, which was probably caused by the effect of pH on crystal nucleation and the incomplete growth of the crystals [31]. The GA-LDH sample also showed a lamellar structure with the typical characteristics of hydrotalcite-like structure, but with a relatively rougher surface. The reason for this feature may be the adsorption of gallic acid on the crystal surface [32]. As shown in Figure 2c,f, the HR-TEM images also show the lamellar structure of both samples with aggregation, and the curled edges of LDH can be seen. The EDS results of the samples in Figure 3 agreed with expectations, with the ratio of Zn and Al atoms in both samples close to two. The LDH contained 23.62% C and 8.94% N. The presence of N elements can be attributed to NO    3 −   . In addition, the appearance of C may be due to surface contamination of the sample and CO    3  2 −     which had a relatively strong affinity for LDH [33]. It is noteworthy that the GA-LDH samples contained high contents of C, which revealed the successful loading of gallic acid.



Figure 4 shows the XRD patterns of LDH and GA-LDH. The LDH presented intense and symmetric diffraction peaks at 10.03°, 19.93°, 33.80° and 60.34°, corresponding to the reflections of (003), (006), (009) and (110), respectively. The layer spacing in the (003) plane was calculated to be 0.88 nm by using the Bragg equation, indicating the existence of nitrate anions between the layers of LDH [34,35]. The typical characteristic diffraction peaks in LDH were also observed in the GA-LDH curve. The 2θ value of the (003) diffraction peak was 7.01°, so the layer spacing was 1.26 nm. Compared with LDH, the (003) diffraction peak of GA-LDH shifted to a lower diffraction angle and the layer spacing increased, which implies that GA successfully intercalated into the layers of LDH.



The FT-IR spectra (Figure 5) were utilized to further characterize the functional groups of LDH and GA-LDH. For the FTIR spectra of LDH, the relatively broad peak around 3450 cm−1 was caused by the stretching vibration of –OH on the LDH surface and hydroxyl groups of interlayer water molecules, and 1646 cm−1 was the deformation vibration of interlayer water molecules [36,37]. The absorption peak at 1361 cm−1 and a higher wave number shoulder peak were observed corresponding to NO    3 −    and CO    3  2 −     impurities, respectively [38]. The FT-IR spectra of GA-LDH also showed the same characteristic group absorption peaks of hydrotalcite-like groups. The characteristic peaks at 1220 cm−1 and 1367 cm−1 were associated with carboxyl groups [39]. In addition, 1521 cm−1 and 752 cm−1 were due to benzene ring backbone vibrations, and 1092 cm−1 was attributed to aromatic ring C-H deformation [40,41]. The presence of carboxyl and benzene ring characteristic absorption peaks in the gallic acid structure was a piece of strong evidence for the presence of GA.



To better analyze the chemical states of the elements in LDH and GA-LDH, the characterization was carried out by XPS. Figure 6a shows the XPS full spectra of LDH and GA-LDH both contain Zn, Al, C and O. However, the difference was that GA-LDH lacked N relative to LDH, meaning the interlayer anion of GA-LDH was not the nitrate anion. In addition, the C 1s and O 1s of both samples were analyzed using high-resolution XPS spectra. For LDH, the C 1s (Figure 6b) has two peaks, including the abnormal carbon at 284.8 eV and the O–C=O group associated with CO    3  2 −     at 288.91 eV [42]. The O 1s of LDH (Figure 6c) was classified as 530.37 eV, 531.02 eV, and 531.69 eV, and is attributed to M–O, C=O and adsorbed water molecules, respectively [43]. The C 1s of GA-LDH (Figure 6d) has three peaks, the binding energy at 284.8 eV was mainly associated with C–C/C=C and 288.65 eV was attributed to the carboxylate O–C=O [39]. In addition, 285.27 eV corresponded to the C–OH of the phenolic hydroxyl group [41,44]. Furthermore, the O 1s (Figure 6e) were fitted as three curves, M–O (530.86 eV), C–OH (531.42 eV), and O–C=O (532.38 eV), respectively. Thus, the XPS full spectra indicate that LDH was mainly intercalated with nitrate anion. Combined with the analysis of GA-LDH high-resolution XPS spectra, successful GA loading was likewise demonstrated.



The thermal decomposition processes of LDH and GA-LDH were investigated by TG-DTG curves. The curve of LDH is shown in Figure 7a, and the process underwent four mass losses. The first mass loss occurred at 30 to 120 °C, which was ascribed to the removal of physisorbed water molecules. The second mass loss occurred at 120 to 170 °C which was probably related to the elimination of water molecules between the LDH layers. The third mass loss occurred at 170 to 280 °C, and the corresponding DTG curve showed a shoulder peak at 213 °C, indicating that the two processes may have occurred concurrently over this temperature range. This phenomenon was thought to be the dehydroxylation of hydrotalcite-like sheets and the decomposition of a small number of interlayer carbonate anions [45,46]. The fourth mass loss occurred at 280 to 510 °C, and the peak of the DTG curve in this range appeared at 371 °C, indicating that it may be due to the decomposition of nitrate [47]. For the thermal degradation curve of GA-LDH (Figure 7b), the cause of mass loss occurring at 30 to 170 °C was the same as that of LDH. However, GA-LDH lost more weight than LDH in this temperature range, which may be the result of GA water absorption. The second mass loss caused by dehydroxylation occurred at 170 to 300 °C. The third mass loss was at 300 to 480 °C, which was thought to be the decomposition of the GA between the layers [48]. The fourth mass loss occurred at 480 to 620 °C, and it was related to the collapse of the hydrotalcite-like layers [49].



UV-vis spectroscopy measured the concentration of components released from GA-LDH at predetermined times in a 3.5 wt.% NaCl solution. The release curve in Figure 8 shows that the release of gallate anion increases with time. The whole release process in general can be summarized in two phases. First, the gallate anion release tended to increase rapidly during the initial 24 h, with a release rate of about 11.6%. The trend of increase then slowed down. The whole measurement process lasted 120 h and released a total of about 15.5%. This result confirms the anion exchange ability of GA-LDH and indicates that the anion exchange of gallate anion was a slow and persistent process. The phenomenon of slow release of the gallate anion may be caused by the decreasing chloride ion concentration of the ion exchange reaction with the reaction and the stronger interaction between the hydroxyl group of GA and the substrate [40].




3.2. Characterization of Coatings Corrosion Protection Performance


The corrosion behavior of the prepared pure EP, LDH/EP, and GA-LDH/EP coatings was explored by EIS. Figure 9 shows the Nyquist and Bode Phase plots for all coatings after being soaked at different times. The scatter points in the figure were the raw data and the solid line data were obtained by the equivalent circuit fitting in Figure 10.



Figure 9a,c,e show the results of impedance tests expressed as Nyquist curves. After the pure EP coating was immersed for 7 days, two time constants appeared in the Nyquist curve, which implies that the corrosive medium came into contact with the substrate via the micropores left by curing and that corrosion occurred [50]. The presence of Warburg impedance in the low-frequency region of the Nyquist curve suggests that corrosion was controlled by a change from the charge transfer to diffusion processes. As the immersion time of the coating increased, more defects appeared in the coating, resulting in a rapid decrease in the impedance arc radius. For the LDH/EP coating, the second time constant appeared later, and the impedance arc radius was larger, which reflected the good barrier effect of the hydrotalcite-like structure in the EP coating. However, it is remarkable that the radius of the circle of the Nyquist curve for the GA-LDH/EP was considerably larger than the other two control coatings, which represents a better impedance behavior, and is visually reflected in the effect of gallic acid intercalation.



The low-frequency impedance mode values can reflect the ease of ion passage through the coating [51]. The Bode plot results show a rapid drop of |Z|0.01 Hz from 6.37 × 107 Ω cm2 to 5.69 × 105 Ω cm2 after 35 days of immersion in the pure EP coating. The situation may be that a large amount of corrosion medium infiltration accelerates the electrochemical reaction that occurs at the interface. For LDH/EP, the |Z|0.01 Hz for 35d was 4.78 × 106 Ω cm2, which is an order of magnitude higher than that of the pure EP coating in the end. This was a result of the addition of LDH nanosheets. LDH nanosheets made up for some of the deficiencies, and corrosive media were more difficult to penetrate the coating. However, the |Z|0.01 Hz of the coating with GA-LDH nanosheets added reached 4.52 × 109 cm2 after 7 days of immersion and dropped to 5.88 × 108 cm2 after 21 days. However, the decrease in the low-frequency impedance modulus became slow after 21 days. This was attributed to the generation of a chelate shield at the interface of the coating substrate by the released gallate anions, which hindered corrosion expansion [52]. Moreover, the superiority of GA-LDH corrosion protection was reflected by the wider frequency range of the maximum phase angle of GA-LDH/EP. The above results show that the improved corrosion protection performance of GA-LDH was not only generated by the “labyrinth effect” of the lamellar structure but also because of the positive effect of the gallate anion released from the nanocontainer to chelate the metal ions to form a stable shielding layer.



The raw experimental information was fitted by way of the equivalent circuit shown in Figure 10, where Rs is the solution resistance, Rc and Qc are the coating resistance and capacitance, Rct and Qdl represent the charge-transfer resistance and double layer capacitance and Zw is the Warburg impedance [53]. When the coating was immersed for a while, the corrosion medium began to diffuse to the coating-substrate interface, and the equivalent circuit diagram at this point is shown in Figure 10a. If the impedance spectrum contains Warburg impedance, and the circuit diagram of Figure 10b is chosen. Table 1 shows the relevant parameters fitted by the equivalent circuit. Comparing all coatings, it is obvious that the GA-LDH/EP coating had the highest Rc and Rct values. Rc can indicate the denseness of the coating, and it is critical data for judging the corrosion protection performance of the coating. Therefore, this result reflects that GA-LDH added to the coating can reduce the number of defects and protect the substrate with remarkable effects.



The NSS test was performed on the prepared coating samples in high humidity and high salinity environments. Figure 11 shows the test results for all samples after 1, 2, 6, 10 and 14 days of exposure, respectively. It can be observed that pure EP, LDH/EP, and GA-LDH/EP show different degrees of corrosion, with a significant accumulation of corrosion products and peeling around the artificially scratched region. However, the pure EP coating peeling area was relatively large, and in 14 days there were two corrosive points, indicating that the corrosion was more serious. In contrast, the addition of LDH and GA-LDH effectively slowed down the corrosion, and the edges of the scratched region only started to blister after 6 days for both sample coatings. The peeled area was significantly reduced after 14 days of exposure compared to the pure EP coating. This was due to a few facts. On the one hand, both fillers can capture corrosive Cl−. On the other hand, the lamellar structure of the filler effectively increased the corrosion channel path and effectively hindered the diffusion of corrosive media. Compared with the LDH/EP coating, the GA-LDH/EP coating had relatively fewer corrosion products in the scratched region and was less likely to peel off. The reason for this phenomenon was that the released GA played an active role in corrosion inhibition. According to the results of the above analysis, the addition of GA-LDH was beneficial for the EP coating to show more excellent performance in the NSS test.




3.3. Corrosion Protection Mechanism of the GA-LDH/EP Coating


In summary, Figure 12 presents the protection mechanism of the GA-LDH/EP coating. When the coating is exposed to NaCl solution over an extended period, corrosive Cl−, H2O, and O2 penetrate the coating through micro-pores and micro-cracks to form corrosion channels. In contrast, the addition of GA-LDH has a laminar structure that effectively prolongs corrosion channels and delays the onset of corrosion. When the GA-LDH filler comes into contact with the Cl− that penetrates the coating and traps it, an anion exchange reaction occurs to release gallate anions to maintain a charge balance. At the same time, the released gallate anion can act as a chelating agent to chelate with Fe2+ and Fe3+ through the o-phenolic hydroxyl group to form Fe–O–C bonds. The chelate formed with Fe2+ will be gradually oxidized to the more stable Fe3+ chelate [54]. The resulting chelate improves corrosion resistance and reduces the corrosion rate, and this chelation bonding improves the force of the EP coating on the Q235 steel surface [23,55]. This mechanism explains why GA-LDH can improve the corrosion protection performance of EP coatings.





4. Conclusions


In this paper, GA intercalated layered double hydroxide (GA-LDH) was successfully synthesized by the co-precipitation method and was added to epoxy coatings as filler to improve the corrosion protection performance. According to the XRD results, the layer spacing of GA-LDH samples increased to 1.26 nm, which successfully confirms the gallate anion embedding in LDH. Meanwhile, the UV-vis test confirms that gallate anion can be gradually released in solution with corrosive chloride ions. In addition, GA-LDH/EP performed well at all stages of the electrochemical testing process. The addition of GA-LDH greatly improved the impedance value of the EP coating, dropping by only one order of magnitude in 35 days of immersion. In the neutral salt spray test, the GA-LDH/EP shows fewer corrosion products at the scratches and less peeling area around the scratches. In short, GA-LDH plays an active and protective role as an environmentally friendly corrosion protection filler. The lamellar structure hinders the diffusion of corrosive media, while GA-LDH captures corrosive Cl- and releases gallate anions as chelating agents, effectively protecting metal substrates.
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Figure 1. Schematic diagrams of the structure of (a) LDH and (b) GA-LDH. 
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Figure 2. (a,b) FE-SEM images and (c) HR-TEM image of LDH; (d,e) FE-SEM images and (f) HR-TEM image of GA-LDH. 
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Figure 3. EDS results of (a) LDH and (b) GA−LDH. 
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Figure 4. XRD patterns of LDH and GA−LDH. 
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Figure 5. FT−IR spectra of LDH and GA−LDH. 
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Figure 6. XPS spectra of (a) LDH and GA-LDH. High-resolution XPS spectra of LDH (b) C 1s, (c) O 1s and GA-LDH (d) C 1s, (e) O 1s. 
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Figure 7. TG−DTG curves of (a) LDH and (b) GA−LDH. 
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Figure 8. Release curve of gallate anion in 3.5 wt.% NaCl solution. 
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Figure 9. (a,c,e) Nyquist and (b,d,f) Bode plots of (a,b) pure EP; (c,d) LDH/EP; and (e,f) GA−LDH/EP coatings coated on Q235 steel.(The insets in (a,c,e) are Nyquist plots of the respective magnified high-frequency regions.). 
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[image: Coatings 13 00128 g009]







[image: Coatings 13 00128 g010 550] 





Figure 10. Schematic diagram of the equivalent circuit used to fit the EIS data. (a) diffusion of the corrosive medium to the coating-substrate interface; (b) with Warburg impedance. 
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Figure 11. Optical photographs of pure EP, LDH/EP, and GA−LDH/EP coatings after neutral salt spray tests at different times. The area where the coating blisters and peels off around the scratched region is plotted by the red dotted line. 






Figure 11. Optical photographs of pure EP, LDH/EP, and GA−LDH/EP coatings after neutral salt spray tests at different times. The area where the coating blisters and peels off around the scratched region is plotted by the red dotted line.



[image: Coatings 13 00128 g011]







[image: Coatings 13 00128 g012 550] 





Figure 12. Schematic diagram of the corrosion protection mechanism of the GA−LDH/EP coating. 
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Table 1. Values of electrochemical corrosion parameters obtained by fitting EIS date.
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Coating

	
Time (d)

	
Rc (Ω·cm2)

	
Qc (F·cm−2)

	
nc

	
Rct (Ω·cm2)

	
Qdl (F·cm−2)

	
ndl

	
Zw (Ω·cm2)






	
Pure EP

	
7

	
5.04 × 107

	
1.96 × 10−10

	
0.97

	
1.08 × 106

	
1.66 × 10−8

	
0.60

	
1.30 × 10−7




	
14

	
7.49 × 106

	
2.06 × 10−10

	
0.98

	
1.64 × 106

	
1.45 × 10−7

	
0.95

	
7.60 × 10−7




	
21

	
4.87 × 106

	
3.46 × 10−10

	
0.93

	
1.53 × 106

	
6.87 × 10−7

	
0.40

	
9.43 × 10−7




	
28

	
1.83 × 106

	
2.30 × 10−10

	
0.97

	
1.39 × 106

	
1.28 × 10−6

	
0.36

	
1.75 × 10−6




	
35

	
3.77 × 105

	
4.38 × 10−10

	
0.94

	
1.03 × 106

	
5.18 × 10−6

	
0.39

	
3.81 × 10−5




	
LDH/EP

	
7

	
8.20 × 107

	
1.65 × 10−10

	
0.98

	
7.58 × 107

	
1.18 × 10−10

	
0.61

	




	
14

	
4.31 × 107

	
1.89 × 10−10

	
0.97

	
3.90 × 107

	
4.24 × 10−9

	
0.48

	




	
21

	
8.29 × 106

	
1.83 × 10−10

	
0.97

	
1.86 × 107

	
7.87 × 10−8

	
0.24

	
7.87 × 10−8




	
28

	
2.48 × 106

	
2.14 × 10−10

	
0.97

	
1.68 × 107

	
1.47 × 10−7

	
0.28

	
1.10 × 10−8




	
35

	
1.29 × 106

	
2.64 × 10−10

	
0.96

	
3.81 × 106

	
1.65 × 10−7

	
0.35

	
1.98 × 10−7




	
GA-LDH/EP

	
7

	
1.10 × 109

	
4.88 × 10−11

	
0.97

	
4.00 × 109

	
2.12 × 10−10

	
0.49

	




	
14

	
3.29 × 109

	
2.92 × 10−11

	
0.97

	
1.66 × 109

	
1.76 × 10−9

	
0.41

	




	
21

	
4.71 × 108

	
2.82 × 10−11

	
0.97

	
1.50 × 109

	
3.70 × 10−9

	
0.63

	
3.70 × 10−9




	
28

	
3.38 × 108

	
4.72 × 10−11

	
0.97

	
9.57 × 108

	
1.81 × 10−8

	
0.65

	
5.85 × 10−9




	
35

	
1.77 × 108

	
3.70 × 10−11

	
0.97

	
3.46 × 108

	
1.61 × 10−8

	
0.74

	
6.89 × 10−9
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