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Abstract

:

In this paper, potentiostatic and galvanostatic deposition (electrochemical deposition) processes have been used for the obtained of a new composite polymer: N-methylpyrrole-sodium 1-dodecanesulfonate/poly 2-methylthiophene (PNMPY-1SSD/P2MT) coatings over brass electrode for corrosion protection. The sodium 1-dodecanesulfonate as a dopant ion employed in the electropolymerization procedure can have a meaningful effect on the anti-corrosion protection of the composite polymeric film by stopping the penetration of corrosive ions. The composite coatings have been characterized by cyclic voltammetry, Fourier transform infrared (FT-IR) spectroscopy, and scanning electron microscopy (SEM) procedures. The anti-corrosion performance of PNMPY-1SSD/P2MT coated brass has been investigated by potentiostatic and potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) practices in 0.5 M H2SO4 medium. The corrosion assessment of PNMPY-1SSD/P2MT coated brass was noticed to be ~9 times diminished than of uncoated brass, and the efficiency of these protective coatings of this coating is above 90%. The highest effectiveness is realized by the electrochemical deposition of PNMPY-1SSD/P2MT obtained at 1.1 V and 1.4 V potential applied and at 0.5 mA/cm2 and 1 mA/cm2 current densities applied in molar ratio 5:3. The outcomes of the corrosion tests denoted that PNMPY-1SSD/P2MT coatings assure good anti-corrosion protection of brass in corrosive media.
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1. Introduction


The development of protective coatings of conducting polymers on active metals is one of the on a wide scale elaborated area in the domain of corrosion protection [1,2,3,4,5]. Organic coatings are repeatedly utilized to protect these metals and their alloys from corrosion. At present, conducting polymers have acquired meaningful interest, for example, protective coatings for varied metals and their alloys, because the main action of these composite coatings is to behave as a barrier for the corrosive agents [5,6,7,8,9]. This behavior can be perfected by achieving organic coatings, which have an important application in diverse domains of materials that are plain to attain and pliable to start at a large range. It was established that the electrochemical and physical features of polymers are notably affected by the type of dopant and electrolyte regarding the electrodeposition procedure. In recent years, conducting polymers has attracted considerable attentiveness in scientific and technological domains in agreement with their chemical, environmental, biological, electrical, thermal, and optical characteristics, the ease of their obtaining, and their wide applications. Brass is an alloy (Cu–Zn) frequently employed in nearly all industries for practical or esthetic scopes. Brass materials own interesting properties specifically, good physical properties, mechanical strength, high thermal and electrical conductivity, and higher resistance to biofouling. Brass is utilized in some industrial practices, such as automotive, electronics, fuel gas, water distribution devices, water treating oneness, condensers, desalination, telecommunications, and marine. This material is sensitive to atmospheric corrosion, which was the theme of several examinations to defend them. While the effect of the environment and numerous chemicals may be insignificant, in corrosive environments, brass is susceptible to corrosion. Some investigators have explored brass corrosion [6,7,8,9]. Several procedures are utilized to enhance the anti-corrosion endurance of the brass employed like mechanical pieces in manufacture. The application of inhibitors, using organic, metallic or inorganic coverings, cathodic and anodic defense, electrochemical polymerization method, and nanostructure coating are techniques for metallic materials anti-corrosion protection [7,8,9,10,11,12]. Corrosion of metallic materials divulges a considerable economic and manufacturing (technological) concern. In technological practices, the metal areas employed are exhibited to greatly corrosive acids and basis media that cause significant corrosion and damage. In consequence, the goals of electrodeposition of these coatings on varied metals and establishing their corrosion defense characteristics have taken to rising attention. While corrosion is a significant part of the destruction of manufacturing structures, a large number of investigations were accomplished to find procedures to diminish corrosion and “wear costs”. Sulfuric acid solutions are employed in a number of technological processes that currently cause severe metallic corrosion of varied metal structures and equipment in manufacturing environments. Some examinations carried out for the protection of metallic materials in the zone of engineering have determined that composite coatings are utilized as the most efficacious and plain way to hinder the deterioration of these materials in corrosive media [11,12,13,14,15,16,17]. In addition, the rate of corrosion that the metallic materials display in an acidic solution is greatly raised, mainly when soluble corrosion results are acquired. The composite materials obtained from conducting polymers have a number of specific features, also improved chemical steadfastness, thermostability, favorable to the environment, and appropriate barrier provided [17,18,19,20,21]. Conducting polymers such as polyaniline, polypyrrole, polythiophene, and their derivatives are the most currently employed for protecting coverings [22,23,24,25,26,27,28,29,30,31,32]. Therefore, the incorporation of hydrophobic functionary groups is supposed to raise the polymer protection ability. The dopant ions incorporated into conducting polymers exercise an impact on both the electropolymerization procedure and the features of the acquired polymeric composites [33,34,35,36,37,38]. The dopant ion used by electrochemical deposition can have a significant effect on the ion-exchange selectiveness numeral of conducting polymers. In several events, the integration of larger hydrophobic dopant ions, e.g., anionic surfactant, arises in the formation of a polymer effective for cation exchange with completely hydrophobic characteristics [38,39,40,41,42]. As an example, the methylpyrrole-methylthiophene coating electrochemical synthesized from a solution including the 1SSD− 1dodecanesulfonate) dopant ion is permeable only to cations, and therefore, aggressive ions retard the touching of the polymer film sample surface. Hence, the utilization of this dopant throughout the electropolymerization of monomers assures a considerable diminution in the corrosion rate of metallic materials [40,41,42,43].



The aim of this research is to achieve new conductive polymers proper for the anti-corrosion defense of usual metals. Additionally, expanding appropriate electrochemical polymerization procedures that will offer the capacity to acquire dense, uniform, good-adhesion composite coatings on metallic electrodes. Another focus zone is attaining and optimizing new composite polymers of the best anti-corrosion estates for some metallic materials in corrosive environments. These new composite coatings are distinct from those related to the specialty literature and accomplish higher experimental results. This paper implicates the electrochemical synthesis and spectroscopic and electrochemical exploration of the novel composite poly (N-methylpyrrole-sodium 1-dodecanesulfonate/2 methylthiophene) and the corrosion comportment of this new coatings. This inquiry is a continuance of previous papers on attain and the assessment of some composite coating adequate for the protection of the metals and their alloys versus corrosion in corrosive media. The new composite material (PNMPY-1-SSD/P2MT) was electrodeposited onto brass substrate by potentiostatic and galvanostatic process from solutions of synthesis of 0.1 M N-methylpyrrole, 0.1 M 2-methylthiophene, and 0.02 M sodium 1-dodecanesulfonate and 0.3 M oxalic acid. The analysis of the new coatings has been achieved by cyclic voltammetry, Fourier transform infrared (FT-IR) spectroscopy, and scanning electron microscopy (SEM) practices. Corrosion determinations of PPMPY-1-SSD/P2MT-covered brass were considered by potentiostatic and potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) practices in 0.5 M sulfuric acid medium.




2. Experimental


2.1. Materials and Methods


In this work, a brass specimen was used as a working sample for the corrosion exploration. The chemical constitution of the brass is: Cu% 65.60, Zn% 34, Fe% 0.29, Si% 0.06, Pb% 0.05; and the corrosive solution was 0.5 M H2SO4 that was acquired by dilution of AG 96% H2SO4 (from Merck) with bi-distilled water. All chemicals were reagent grade, sodium 1-dodecanesulfonate (1SSD), N-methylpyrrole (NMPY), 2-methylthiophene (2 MT) were taken from Aldrich (>98%), oxalic acid dehydrate (H2C2O4) was obtained from Merck. In all determinations, the solutions for synthesis were realized by bi-distilled water: NMPY 0.1 M, 1-SSD 0.02 M, 2 MT 0.1 M, and 0.3 M H2C2O4. Electrochemical polymerization and exploration of novel polymer coatings were carried out by a single-electrochemical cell of the three standard electrodes set up at room temperature. The electrochemical cell was attached to a VoltaLab potentiostat/galvanostat connected to PC operating VoltaMaster software. A saturated calomel electrode (SCE) has been utilized as the reference electrode, and a platinum plate as an auxiliary electrode. The working sample is brass in cylindrical form and of a surface of 0.5 cm2. This shape is selected because it provides an appreciable and borderless area. The working specimen was mechanically abraded by a succession of emery papers of varied dimensions (200–4000 grid) up to mirror-sheen. Then, the brass specimen was cleansed in benzene to remove all remnants of grease; after that, it was washed in by-distilled water, dried at room temperature, and placed in the electrochemical cell. All determinations were effectuated at 25 °C in atmospheric oxygen without stirring. Above the electrodeposition of the composite layers, the brass electrode was passivated in 0.3 M oxalic acid solution by cyclic voltammetry over a field potential of −500 mV up to 1200 mV for SCE on a potential scan rate 20 mV/s by implementing 4 cycles. The poly (N-methylpyrrole–1SSD/2 methylthiophene) coatings were electrodeposited from 0.1 M N-methylpyrrole, 0.02 M 1-SSD, 0.1 M 2-methylthiophene and 0.3 M oxalic acid onto brass passivated substrate by potentiostatic and galvanostatic process (Scheme 1). Each experimental assay was repeated three times to verify the reproducibility. Electrochemical polymerization has been obtained by potentiostatic procedure at the applied potential: 1.1 V, 1.2 V, and 1.4 V and by the galvanostatic process to constant current densities 0.5 mA/cm2, 1 mA/cm2, and 3 mA/cm2 and in different molar ratios (3:5 and 5:3) and the electrodeposition was allowed for 20 and 30 min. The electrochemical comportment of coatings was considered in a solution of 0.3 M oxalic acid by cyclic voltammetry procedure. The anti-corrosion protection of the covered and uncovered samples was explored by potentiostatic and potentiodynamic polarization practices and by electrochemical impedance spectroscopy in acidic media. Additionally, long-term corrosion investigations of the coatings at various intervals up to 144 h in sulfuric acid medium by the electrochemical methods were carried out. Examination of Tafel polarization curves was performed by sweeping the potential from cathodic to anodic potentials for open circuit potential at a scan rate of 2 mV/s. Electrochemical impedance spectroscopy determinations were performed in the frequency range of 100,000 Hz to 0.04 Hz, and signal amplitude was 10 mV, to the open circuit potential of coated and uncoated specimens. All potentials have been registered versus the SCE. The adhesion of the coating was performed by the “standard sellotape test”, was achieved by the “standard sellotape test” which depicts cutting the film into small squares, sticking the tape, and then removing it. Proportional adherence has been achieved by considering the report of the number of remaining adherent cover squares to the total number of squares (see Scheme 2).




2.2. Instruments


A VoltaLab PGZ 402 potentiostat/galvanostat setup was employed in all electrochemical experiments. The coating was performed by Bruker optics FT-IR spectrometer by ATR attachment (with a diamond crystal) in the spectral range 4000–650 cm−1 at a resolution of 4 cm−1.



Morphologies of coated samples were considered by scanning electron microscope (SEM). Specimen morphology analysis was accomplished by SEM in a dual beam FEI Quanta 3D FEG model, working in a high vacuum means with an accelerating voltage of 15 to 30 kV. Minimal specimen preparation involves immobilizing the electrodes on a double-sided carbon tape without coating.





3. Results and Discussion


3.1. Electrochemical Synthesis of PNMPY-1-SSD/P2MT Coating on Brass


The electropolymerization of NMPY-1SSD and 2MTP monomers was carried out by employing the potentiostatic and galvanostatic procedures on the surfaces of the passivated brass substrate. The passivation method has been realized by utilizing the voltammetry practice in the domain from −0.5 V to 1.4 V vs. SCE at a 20 mV/s scan rate in 0.3 M oxalic acid solution by applying four cycles, and this process was presented in previous papers [27,32,33,34]. The insoluble compounds attained by the passivation mechanism are copper oxides and copper oxalates, which impede the dissolution of the metal without hindering the electropolymerization procedure. The passivated specimen brass under the electropolymerization process has also been introduced in the specialty literature [28,29,30,31,32,33,34]. By improving the polymerization features, we can obtain polymeric films of PNMPY-1SSD/P2MT that have a meaningful corrosion protection effect. The electropolymerization of NMP and 2 MT monomers was performed onto passivated brass substrates. Following passivation, the electropolymerization of the monomers was established without changing the polymerization circumstances. A valuable deposition requires obtaining a passive film, which could be effective in preventing the dissolution of the oxidizable metal without obstructing the permissiveness of the monomer and its subsequent oxidation. The final result is to acquire a homogenous polymeric layer, compact and adhering to the sample surface. The PNMPY-1SSD/P2MT composite coating has been accomplished from 0.3 M oxalic acid, 0.1 M N-methylpyrrole, 0.02 M sodium 1-dodecanesulfonate, and 0.1 M 2-methylthiophene by potentiostatic practice at: 1.1 V, 1.2 V and 1.4 V applied potential and by galvanostatic proceeding at current densities: 0.5 mA/cm2, 1 mA/cm2 and 3 mA/cm2 in varied molar ratio. The electrodeposition was allowed for 20 min and 30 min. From Figure 1, it can be noted that “current density–time” curves achieved during the constitution of PNMPY-1SSD/P2MT coatings on brass at 1.1 V, 1.2, and 1.4 V applied potential in various molar ratios. Following the oxidation time of 1200 s and 1800 s, the initial format of the “current density–time” curves during the evaluation of the polymer electrodeposition shows that this depositing has been determined by nucleation and growth onto the brass substrate [12,20,21,22,23,24].



At first, the current suddenly decreased owed to the electro-adsorption of the electrolyte and PY-MT monomers. Subsequent to about 40 s, the current raised, and this is owing to the dissolving of the passive layer and forming of the polymer on the brass surface. In the last step, the current was kept constant as the composite films were achieved on the brass electrode. The transient change of the upper part is linear with the variation of the nucleation time, the electrochemical verification, and the differentiation in the molar ratio of PPY: NEA. At the time when the applied potential was 1.1 V at 5:3 and 3:5 molar ratio, the current was almost constant at 0.6 mA/cm2 and 0.8 mA/cm2, the current was higher than in other situations of potentiostatic deposition, and the acquired coatings were uniform and adherent. Additionally, it can be observed in Figure 1 that the potentiostatic deposition at 1.1 V applied constant potential in 3:5 for NMPY: 2 MT molar ratio has a greater induction time for attained of PMPY-1SSD/2MT coating, and it was of less advantageous to the formation of a polymeric film of superior characteristics. Electrochemical features such as the applied potential were instituted to have a large effect on the induction time. It should be noted that the 1.4 V, 1.2 V, and 1.1 V applied constant potential in 5:3 and 3:5 molar ratio for PPY: PNEA has a little induction time for the development of the deposited layer, and it was favorable for obtaining the coating’s superior quality. The anionic surfactant 1SSD similar to a dopant ion utilized in electrodeposition (introduced in methylpyrrole), can have an important impact on the selectivity of ion enhancement by assuring the conductivity of the polymer. The visual investigation of the brass sample following electrochemical polymerization indicates the constitution of a black PNMPY-1SSD/P2MT layer. The coating is dense, homogeneous, and adherent to the brass electrode. Adhesion of the coating, as evaluated by “the standard sellotape”, was established to be ~85% [30,31,32,33].



Figure 2 shows the “potential-times” curves acquired by obtaining the polymeric layer as poly (N-methylpyrrole-sodium 1-dodecanesulfonate/2-methylthiophene) on the brass substrate (PNMPY-1SSD/P2MT/brass) at varied applied current densities in various molar ratio. Following the oxidation interval of 1200 s and 1800 s, the initial form of the “potential–time” curves by the polymer electrochemical deposition practice designates that the electrodeposition was realized by “nucleation and growth” onto brass substrate [12,16,17,18,19,20,21]. Examining Figure 2, at applied current densities of 0.5 mA/cm2 and 1 mA/cm2 at some molar ratios, lower induction range results, and induction interval as less than 10 s was noted in the electrochemical polymerization of the layer composite of NMPY-1SSD and 2 MT and its value decreases by rising the molar ratio and the raising of the nucleation potential. The polymerization potential is different between 6 V and 11 V versus SCE for applied current densities: 0.5 mA/cm2 and 1 mA/cm2 in 5:3 and 3:5 molar ratios for NMPY-1SSD and 2 MT. The coatings possess the densest and most adherent appearance at applied current densities of about 0.5 mA/cm2. The visual verification of the brass sample surface following deposition divulges the constitution of a black-colored PNMPY-1SSD/P2MT/brass layer. The adhesion of the coating assessed by “the standard sellotape” was determined to be ~78%–80%.




3.2. Electrochemical Characterization PNMPY-1SSD/P2MT Coating


The electrochemical comportment of the modified PNMPY-1SSD/P2MT/brass electrode in a monomer-free 0.3 M oxalic acid is shown in Figure 3 to the potential range of −0.3 and +1.2 V vs. SCE and the scan rate of 20 mV/s. Cyclic voltammetry practice was effectuated in the extended potential interval in order to examine all the physical and electrochemical characteristics of this composite. Analyzing Figure 3, it can be said that the electrochemical behavior of coating is affected by the number of cycles and the electrochemical deposition characteristics. The endurance of any conducting polymer in reduced and oxidized conditions is a relevant feature for various applications. The essential cause that constitutes the lifetime of a conducting polymer is the constant chemical attendance of the matrix itself [4,27,28,29,30,31]. The steadfastness PNMPY-1SSD/P2MT composite was established by cyclic voltammetry in a monomer-free oxalic acid solution (see Figure 3).



Thus, this composite could often be cycled from the oxidized and reduced form without considerable degradation of the polymeric composite; the current density diminishes by each cycle and eventually reaches a constant value. The polymer that shows a minimum decrease in current density at repetitive cycling (except the first cycle, which is more intense) is electrochemically more stable.




3.3. FT-IR Examination


The new composite coatings were explored by FT-IR spectroscopy (see Figure 4) in the spectral range 4000–650 cm−1 at a resolution of 4 cm−1 (over five scans). FT-IR procedures can be employed to highlight the type of binding used to acquire a new polymeric composite. Representative peaks in the transmittance spectrum of PNMPY-1SSD/P2MT/brass coverings are shown in Figure 4. The FT-IR outcomes describe the appearance of the considerable absorption bands noticed in PNMPY and P2MT deposited onto the brass substrate.



The important peaks in the transmittance spectrum of NMPY (monomer) and 2 MT (monomer) that were exposed in Figure 4a,b are the outcome of the spectrum of NMPY, shown in Figure 4a, where the significant features of bands for the aromatic ring in NMPY are obvious to 1548 and 1454 cm−1 for C=C stretching, being clearly noted. The band positioned at 1677 and 1634 cm−1 is related to the C=C stretching. The characteristic bands at 1386 and 1315 cm−1 are attributed to the N-H stretching vibration of the pyrrole ring. The small peak at 2943 cm−1 is ascribed to the CH3 stretch of the N-methylpyrrole units. Peaks that can be assigned as “in-plane and out-of-plane” of the CH chains at 1103, 1075, and 676 cm−1 are noted in the polymer. From Figure 4b, the spectrum of 2 MT shows the peak at 2988 cm−1 is designated to the CH3 stretch of 2-methylthiophene parts, and the peaks corresponding to the asymmetric and symmetric C=C stretching vibrations of the 2 MT ring are observed at 1561 cm−1 and 1426 cm−1. The band appearing at about 1042 cm−1 and 777 cm−1 shows the C-S-C stretching vibration of the thiophene ring. The spectra of PMPY-1SSD/P3MT/brass electrochemical deposition by potentiostatic and galvanostatic procedures are displayed in Figure 4c–e. The bands observed at 3472 and 3106 cm−1 are assigned to the N-H stretching vibration in the polymer. The peaks showing at about 3520 and 3442 cm−1 correspond to the OH stretch of the counterions. The band about 3100–2900 cm−1 is attributed to the CH3 stretching of N-methylpyrrole components. The peak at about 1226 cm−1 describes the C-N of the pyrrole ring. Significant assignments of the aromatic ring peaks in PNMPY are apparent at 1576, and 1456 cm−1 for C=C stretch, being obviously decided. The appearance absorption bands located at 1574, 1548, 1486, and 1456 cm−1 are disclosed in the stretching vibration of the quinoid rings (Figure 4c–e). The peaks positioned at 1386 and 1315 cm−1 are attached to N-H stretching vibration of the methylpyrrole ring; the bands at 1664 and 1644 cm−1 are associated with the C=C stretching. In the composite coverage spectrum, bands corresponding to the asymmetric and symmetric C=C stretching vibrations of the 2-methylthiophene ring are noted at 1568 cm−1 and 1456 cm−1 (Figure 4c–e) [19,31,32,33,34,35,36]. The bands disclosed around 1049 cm−1 and 773 cm−1 submit the C-S-C stretching vibration of the 2-methylthiophene ring, and the band at about 1536 cm−1 is related to the C=C stretching vibration. The bands placed at 1454 and 1315 cm−1 are connected to the “stretching vibration” of the CH2 and CH3 constituents in the anionic surfactant, and the small peaks around 1074 cm−1 and 673 cm−1 are ascribed to the S=O stretching vibration of surfactant anion. The appearance of the bonds C=O and CH are shown by stretching modes at 1682 cm−1 and 1248 cm−1, which were most likely linked to the consolidation of the surfactant in the polymer matrix (see Figure 4c–e). Peaks at about 1075, 831, 776, and 1006 cm−1 are assigned to the “in-plane” and “out-plane” C-H of the aromatic rings and to the “out-of-plane” vibration of C-H doped of PNMPY in oxalic acid solution (Figure 4c–e). [19,36,37,38]. The bands at approximately 711 cm−1 and 674 cm−1 may ensue from the O-C=O and C-C-O in-plane deformation of the oxalate anion. Distinguishing “in-plane” and “out-of-plane” of the N-H bond peaks at 1049, 114,1, and 673 cm−1 are presumed to be adequate in the PNMP-1SSD/P2MT/brass composite coating Comparing Figure 4a,b by Figure 4c,e, it can be supposed that the PNMPY-1SSD/P2MT composite is electrochemically deposited onto the brass substrate. The peaks related to the monomer spectrum (MPY and 2 MT) are shown in the spectrum of the composite coating (PNMPY-1SSD/P2MT) on the brass substrate.




3.4. Electrochemical Analysis


3.4.1. Potentiodynamic Polarization Practice


The anti-corrosive characteristics of the acquired PNMPY-1SSD/P2MT/brass composite were explored in 0.5 M H2SO4 by potentiodynamic polarization process and electrochemical impedance spectroscopy. The polarization curves of bare and coated PNMPY-1SSD/P2MT brass in 0.5 M H2SO4 media are shown in Figure 5, Figure 6 and Figure 7. Additionally, the polarization behavior of the brass sample was considered by brass-coated PNMPY-1SSD/P2MT composite performed by potentiostatic and galvanostatic procedures at varying current densities in various quantities and different deposition periods. In this research, one of the greatest procedures for the protection activity of brass in corrosive media is the application of composite coatings, which investigate the corrosion of anodic or cathodic mechanism and both. The surfaces coated with the PNMPY-1SSD/P2MT composite explicated considerable attenuation of the anodic and cathodic currents, which indicated the diminution of the cathodic and anodic mechanisms.



Additionally, electrochemical determinations were carried out effectuated in 0.5 M H2SO4 solution to evaluate the protective activity of the organic layers against corrosion. It can be seen from Figure 5, Figure 6 and Figure 7 that both the anodic metal dissolving and cathodic hydrogen reduction reactions have been prevented by the electrochemical deposition of these PNMPY-1SSD/P2MT coatings in the aggressive medium. This case disclosed that this covering had significant results of cathodic and anodic reactions of the electrochemical procedure. The corrosion potential (Ecorr), corrosion current density (icorr), anodic and cathodic Tafel slopes were determined by extrapolating the linear parts of the anodic and cathodic Tafel branches of brass electrode covered by PNMPY-1SSD/P2MT composite are submitted in Table 1, Table 2 and Table 3. By exploring these polarization curves, it can be noted that the corrosion potential of the coated brass substrate is shifted to a more positive potential compared to the bare specimen. This event can be due to the attack of corrosive compounds that reach the pores of the layer as a result of the formation of passive films that impede the corrosion of brass samples.



Exploration of the polarization curves from Figure 5 and Figure 6 and Table 1, Table 2 and Table 3 revealed that the electrochemical parameters of bare and coated brass sample by deposition at 1.1 V, 1.2 and 1.4 V potential applied and 0.5 mA/cm2, 1 mA/cm2, and 3 mA/cm2 current density and at 20 min and 30 min for 5:3 and 3:5 molar ratio of PNMPY-1SSD/P2MT were lower than those for brass in 0.5 M H2SO4 solution. The greatest protective effect was performed at 1.1 V and 1.4 V potential and 0.5 mA/cm2 and 1 mA/cm2 current density to 5:3 molar ratio of PNMPY-1SSD/P2MT. This coating composition has a superior protective capacity that the polymer PNMPY layer has been doped with an anionic surfactant of sodium 1-dodecanesulfonate. This sodium 1-dodecanesulfonate surfactant as a dopant ion used in electrodeposition (existing in N-methylpyrrole) can have a considerable result by the ion modifying the selectivity by providing the conductivity of the polymer. The attendance of the hydrocarbonate chains of the anionic surfactant that “competitively adsorb” on the brass electrode prevents the acting centers, and as a result, the SO42− aggressive element is hindered from attacking the brass surface and protecting action is performed [33,34,35,36,37,38].



The experimental results show that the corrosion rate of PNMPY-1SSD/P2MT covered brass was approximately ~9 times lower than that remarked for uncoated brass. It is clear that these coatings stopped the offense of the aggressive factor (H2SO4) on the brass specimen. The corrosion behavior of PNMPY-1SSD/P2MT coating established that the covered brass had remarkably greater anti-corrosion performance and lower corrosion rate than the uncovered brass sample.



The result of raising the 0–144 h immersion interval on corrosion protection of PNMPY-1SSD/P2MT coatings to brass corrosion in 0.5 M sulfuric acid has been explored by potentiodynamic polarization (polarization curves). The impact of protection effectiveness of these composites by immersion times is displayed in Figure 7 and Table 3. It can be noted from Figure 7 and Table 3 that the protection efficiency slowly diminishes with growth in time. It can be seen that during the continuation of the immersion period, the corrosion rate of the coating layer obtained at 1.1 V (3:5 molar ratio, t = 20 min) remains constant, but for composites achieved at 1.4 V (5:3 molar ratio, t = 20 min) from 96 h, a slight increase in corrosion rate and decrease in protection yield. This result is due to the deterioration of the surface morphology by raising immersion time as a result of the modification of the active surface and can be established to the accompanying defects of the composite film that allow the penetration of the aggressive ions into the brass/coating interface. It is also clear that after an immersion period of 96 h, the coating performance is still 97% and 80% for PNMPY-1SSD/P2MT composite acquired at 1.1 V, 3:5, t = 20 min and at 1.4 V, 5:3, t = 30 min showing that this composite is an effective long-term protector on brass in 0.5M H2SO4 solution. It displayed a non-destructiveness topography after 96 h of immersion in the corrosive environment, further examining its higher protective capability. Anyway, some existing imperfections in the coating could influence the corrosion behavior over a long time of immersion in this corrosive environment. In Figure 5, Figure 6 and Figure 7 and Table 1, Table 2 and Table 3, it is shown that the little corrosion rate and the highest anti-corrosion effect were accomplished by PNMPY-1SSD/P2MT coating at 1.1 V and 1.4 V (at 5:3 molar ratio, t = 20 and 30 min), at 0.5 mA/cm2 (at 5:3 and 3:5 molar ratios, t = 30 min) applied current density (at 5:1, 3:5 molar ratio) and very good protection obtained at 1.2 V (at 5:3 molar ratio, t = 30 min) and 1 mA/cm2 (at 5:3 molar ratio, t = 20 min) against to bare brass in corrosive medium-0.5 M H2SO4.



The corrosion mechanism of bare and composite-coated brass in sulfuric acid solution can be realized as follows [24,25,26,27,28,30,31,32,33,34,35,36]:



Anodic process:



-dissolution of Metal (M = Cu-Zn) as anodic process


M→Mn+ + ne










PMPYundoped−ne−→PMPYdoped










P2MTundoped−ne−→P2MTdoped











Cathodic process:



The oxygen reduction as a cathodic reaction:


   1 2   O 2  +  H 2  O + 2 e → 2   HO  −   










2H+ + 2e−→H2










PMPYdoped + ne−→PMPYundoped










P2MTdoped + ne−→P2MTundoped











In the acidic solutions, the metal is oxidized to a higher valence estate by dissolution in an anodic reaction. Compounds dissolved in the solution as oxygen, hydrogen ions are reduced by electrons accepted from the metal in a cathodic reaction.



The porosity (P) of the coating layer (PNMPY-1SSD/P2MT) (see Table 1 and Table 2) is a specific characteristic for determining when a coating layer is appropriate or not for protecting the substrate against corrosion. The porosity of the coatings has been evaluated by the subsequent relationship (1) [30,31,32,33,34,35,36]:


  P =    Rp ( uncoated )     Rp ( coated )      10   − ( I Δ  E  c o r r   I /  β a  )    



(1)







P is total porosity, Rp- is the polarization resistance for bare brass and coated samples, ΔEcorr-the difference from the corrosion potential of coated and uncoated electrodes, and βa is the anodic Tafel slope for brass samples. Additionally, the porosity of PNMPY-1SSD/P2MT coated brass specimen by potentiostatic and galvanostatic electrochemical deposition practice are 0.005, 0.006, 0.008, 0.026, 0.029, and 0.031 (at 1.1 V and 1.4 V potential applied and at 0.5 mA/cm2 and 1 mA/cm2 current densities applied in 5:3 molar ratio). The considerable size of the porosity in the PNMPY-1SSD/P2MT layers establishes an appreciable improvement of the protection result by stopping the access of the corrosive factor (SO42−) to the electrode surface and additionally diminishes the corrosion of the underlying specimen substrate. The greatest efficiency is achieved of PNMPY-1SSD/P2MT made by electrochemical deposition at an applied potential 1.1 V and 1.4 V and to a current density 0.5 mA/cm2 in molar ratio 5:3. The experimental measurements obtained in this exploration can be introduced by the protective performance of composite layer on the electrochemical ascribes of brass the specimen. It was determined that the PNMPY-1SSD/P2MT coatings indicate a lower value of porosity, denoting the showed density of the composite layer and the homogeneous constitution of the coatings.




3.4.2. Electrochemical Impedance Spectroscopy (EIS) Investigations


The protective action of novel PNMPY-SSD/P2MT composite coated on brass in an acidic environment was explored by electrochemical impedance spectroscopy (EIS). Impedance determinations were performed at open circuit potential in the frequency domain from 100,000 Hz to 0.04 Hz with an AC wave of ±10 mV (peak-to-peak), and the impedance experiments were performed at a rate of 10 points per decade modified in frequency. EIS outcomes give acquaintance concerning the assessment of the protective capability of the new composite as a corrosion protection film. Figure 8a–d represents the Nyquist impedance plots acquired for PNMPY-1SSD/P2MT coatings of the brass substrate and for uncoated brass in sulfuric acid environments.



As shown in Figure 8, the Nyquist plots for the brass sample exhibited a little capacitive loop, representing that the charge transfer process was predominant during the corrosion reaction. Nyquist graphs (Figure 8a–d) for PNMPY-1SSD/P2MT coated on brass substrate show only one semicircle, which is typical for a charge transfer mechanism. Therefore, the diameters of the capacitance loops by the coatings are larger than those of bare brass, and the sizes of these loops rise once the coatings are improved, proposing that these PNMPY-1SSD/P2MT coatings have higher shielding (inhibitory) characteristics on the brass sample in an acid environment. It is evident from the Nyquist diagrams that the impedance response of brass was notably modified by the electrochemical deposition of the coverings, suggesting that the acquired protective film has been established by the application of the PNMPY-1SSD/P2MT composite. Additionally, these capacitive loops are not explicit semicircles, and this aspect is attributed to frequency dispersion, attributed in particular to the roughness and inhomogeneities of the sample surface. Figure 8 shows that the diameters of the capacitance loops for coatings made at 1.1 V, 1.2 V, and 1.4 V potential applied and at 0.5 mA/cm2 and at 1 mA/cm2 current density at 5:3, 3:5, molar ratio, (deposited time 20 and 30 min) are higher compared to this bare brass, assuming a meaningful protective effect for the brass specimen in corrosive media. It can be remarked in Figure 8 that the diameters of the capacitance loops of PNMPY-1SSD/P2MT coatings acquired by potentiostatic procedure at 1.1 V and 1.4 V potential applied (in molar ratio at 5:3 and 3:5) are larger than those performed by potentiostatic technique at 0.5 mA/cm2 and 1 mA/cm2 current densities and as an effect the protection efficacy of this coating is higher.



It can be said from Figure 8 and Table 4 and Table 5 that the PNMPY-1SSD/P2MT coatings acted as an efficient physical barrier that hindered the admission of the aggressive ions into the coatings, diminishing the charge transfer and, as a result, prevented the corrosion process. The Bode diagrams of PNMPY-1SSD/P2MT coating (Figure 9) showed that the impedance modulus, at low frequencies, raises with the increasing enhancement of this composite, designating that the deposition of the protective film of composite enlarges the anti-corrosion protection of the brass specimen investigated in an acid environment. From Figure 9, it is evident that bare brass shows one time constant approximately at a phase angle of 55° at medium and low frequencies, indicating an inductive behavior by attenuated diffusive tendency. From Figure 9, it can be noted that the existence of composite coatings on the diagram phase angle versus the frequency logarithm introduces a maximum very well caused at a phase angle of appraising 75–80°. Therefore, under these conditions, the covered specimens have good capacitive comportment in accordance with the Nyquist plots and experimental measurements obtained by the potentiodynamic polarization procedure. The increase in Zmod denotes greater protective ability, and it is clear that Zmod rises when coverage is enhanced. A higher Zmod induces superior protection efficiency. The assessment of the impedance tests were highlighted by fitting the data to the appropriate, equivalent circuit shown in Figure 10 and the varied impedance parameters as the solution resistance (Rs), the resistance of coating (Rf), the charge transfer resistance (Rct), the capacitance of coating (Cf), the capacitance of double layer (Cdl) and protection effectiveness have been presented in Table 4, Table 5 and Table 6. In this study, an equivalent circuit model has been proposed in the developed frequency range in order to fit and consider the EIS data obtained. In this case, the constant phase element, CPE, is exposed in the circuit instead of a pure double-layer capacitor (Cdl) to give a more accurate fit. The CPE is used to constitute the deformation of the capacitance semicircle, which assigns the heterogeneity of the area from surface roughness and impurities. The impedance of CPE can be considered as ZCPE = Y0−1 (jω)−n, where ω is the angular frequency, j is the imaginary number (j2 = −1), Y0 is the amplitude appropriate to capacitance, and n is the phase shift. The appraisal of the n provides characteristics about the stage of inhomogeneity of the metallic zone [28,29,30,31,32,33,34]. The larger value of the n is related to the reduced roughness of the zone, i.e., the inhomogeneity of the area is diminished. The CPE can be resistance when n = 0, Y0 = R), capacitance as n = 1 (Y0 = C), and inductance when n = −1 (Y0 = 1/L) or Warburg impedance as n = 0.5 (Y0 = W) instituted at the assessment of n [30,31,32,33,34,35,36].



The EIS data denote that the charge transfer resistance Rct increased and the double layer capacitance Cdl lowered by composite coatings. The experimental results show that with the growth of Rct with the PNMPY-1SSD/P2MT consolidated layers, the protection performance increases considerably, which indicates that the coating reveals the successful corrosion protection of the brass specimen. The lessening of Cdl may be feasible by decreasing the local dielectric constant and/or increasing the thickness of the electrical double layer as a result of the fact that the appearance of the composite acts by adsorption at the substrate/solution interface.



It can be seen from Figure 11 and Figure 12 that the dimension of the capacitance loops in the existence of PNMPY-1SSD/P2MT coatings decreases slightly with the rising immersion period. Additionally, for immersion time from 96 to 144 (168) h, a slight diminution in protection efficiency of this composite is evident, which involves the diffusion of corrosive ions (SO42−) in the coated surface. These experimental EIS results (Figure 11 and Figure 12 and Table 6) establish the performance of PNMPY-1SSD/P2MT coating in impeding the migration of aggressive agents (SO42−) on the surface above a long immersion time.



In this study, the PNMPY-1SSD/P2MT coating electrochemical deposited over the substrate of the brass specimen illustrates a protective film on the brass electrode. The Nyquist and Bode diagrams (Figure 7, Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12, Table 4, Table 5 and Table 6) imply that the effect of corrosion has been prevented by the electrodeposition of the PNMPY-1SSD/P2MT composites and this fact is achieved as a diffusion barrier by a charge transfer mechanism.





3.5. SEM Examination


Using scanning electron microscopy (SEM), the morphological structure of the PNMPY-1SSD/P2MT polymer composite coatings accomplished onto a brass substrate has been considered. SEM micrographs of PNMPY-1SSD/P2MT coatings electrochemically deposition under differing conditions on brass samples are shown in Figure 13. These micrographs present a black film of the PNMPY-1SSD/P2MT performed by potentiostatic and galvanostatic practices indicating that the coated composite has been made.



As shown in Figure 12a,b brass specimen uncoated and brass in 0.5 M H2SO4, and from Figure 13c–i, the PNMPY-1SSD/P2MT coating has a uniform shape of cauliflower form with a little globular micro-structure allocated dense and adherent onto the brass surface, which is considered adequate in the literature [4,28,29,30,31]. The grains are 5 μm in size with an average thickness of 50 μm. These micrographs exhibited a uniform layer to be achieved over the brass substrate, and the properties of this coating are so qualitative that no cracks are observed on the coating. The dopant anionic surfactant (1SSD) incorporated in conducting polymers affects both the electropolymerization procedure and also the properties of the resulting coating [33,34,35,36,37,38,40,41,42,43]. The higher surface coverage and higher adsorption effect also explained the better anti-corrosion protection effectiveness of the composite layers. EDS examination of the PNMPY-1SSD/P2MT coated brass was performed, and the spectra were indicated in Figure 13j,k). The companion of the composite layer on the brass substrate is noticed from the peaks of C, N, O, and S components in the EDS spectrum. These results are in agreement with the FTIR spectrum of composite coating, where the anionic surfactant and oxalate ions are present in the polymer matrix. Subsequent to the immersion period from 0 and 144 h (168 h) in 0.5 M sulfuric acid solution, the evident change in the surface morphology of the coating appeared by the electrochemical experiments. The PNMPY-1SSD/P2MT coating performed by potentiostatic practice (at 1.1 V) exposed a non-damaging topography after 144 h of immersion in the corrosive environment (Figure 13g), further establishing their best protective capability. It can be remarked from the micrographs: Figure 13h,i which shows the diffusion of corrosive agents SO42− in the coating substrate.





4. Conclusions


Homogeneous, compact, uniform, and adherent PNMPY-1SSD/P2MT composite coatings were successfully electrochemically deposited on the brass specimen were made using the potentiostatic and galvanostatic practice at various potentials and current densities in H2C2O4 environment.



The electrochemical experiments establish that the PNMPY-1SSD/P2MT behaves as a protective film on brass in sulfuric acid media.



The electropolymerization practice used to obtain composite coating is most appropriate, quite simple, and cheap.



The anti-corrosion protection behavior of the PNMPY-1SSD/P2MT coating electrochemical deposited in the optimal conditions were considered in 0.5 M sulfuric acid solution by potentiodynamic polarization and EIS procedures.



The corrosion appraises of this PNMPY-1SSD/P2MT composite coated brass substrate are approximated to be ~9 times lower than brass, and the protection performance of this coating is over 90%.



The corrosion protection features follow the succession: PNMPY-1SSD/P2MT to:



1.1 V > 1.4 V > 1.2 V > 0.5mA/cm2 >1 mA/cm2 > 3 mA/cm2 because the existence of these coatings causes an appreciable reduction in the corrosion mechanism.



Exploration of FT-IR spectra evidence that the PNMPY-1SSD/P2MT composite is formed on the brass electrode.



The SEM micrographs of PNMPY-1SSD/P2MT coating accomplished on brass are dense, homogeneous, and adherent over the brass substrate, and the attribute of the coating is of the best quality.



The higher surface coverage and higher adsorption effect also explained the better anti-corrosion protection performance of the composite coatings.



Due to the enhanced physical barrier effect, the coating surface is uniform and homogeneous; through low porosity and superior protective ability, the PNMPY-1SSD/P2MT coatings were more corrosion resistant.



The PNMPY-1SSD/P2MT coating accomplished by the potentiostatic method (at 1.1V) displayed a non-damaging topography after 96 h of immersion in the corrosive solution, further confirming their superior protective ability.



The PNMPY-1SSD/P2MT coatings were performed at 1.1 V and 1.4 V potential applied, and to 0.5 mA/cm2 and 1 mA/cm2 current density in molar ratio at 5:3 and 3:5 NMPY-1SSD:2MT at 20 min and 30 min permitted polymer exhibited excellent corrosion protection performance than the coating acquired at 1.2 V potential applied and 3 mA/cm2 current density under same conditions.



It was clear that the composite coatings impede the aggression of the corrosive factor (H2SO4) on the brass surface, and the new composite PNMPY-1SSD/P2MT obtained by this procedure is encouraging and may lead to manufacturing practices for the protection of the metallic materials against corrosion mechanism.
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Scheme 1. Diagram of the electrochemical deposition procedure (Ref. = SCE reference electrode, WE = brass working sample, CE = platinum sheet counter electrode). 
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Scheme 2. Diagram for evaluation of film coating adhesion by “standard sellotape test”. 
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Figure 1. Potentiostatic electrodepositions of PNMPY-1SSD/P2MT/brass to potential (a) E = 1.1 V, (b) E = 1.2 V and (c) E = 1.4 V vs. SCE for 1200–1800 s in varied molar ratio for PNMPY-1SSD and P2MT. 
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Figure 2. Galvanostatic electrodepositions of PNMPY-1SSD/P2MT/brass (a) at i = 1 mA/cm2 and (b) i = 0.5 mA/cm2 current densities for 1200–1800 s in varied molar ratio for PNMPY-1SSD and P2MT. 
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Figure 3. Cyclic voltammograms of PNMPY-1SSD/P2MT/brass coating obtaining at (a) E = 1.1 V and (b) at i = 0.5mA/cm2, in 0.3 M H2C2O4 solution monomer free at potential interval −0.3 and 1.2 V vs. SCE a and scan rate of 20 mV/s. 
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Figure 4. The FT-IR spectra of (a) NMPY), (b) 2 MT, and (c–e) PNMPY-1SSD/P2MT/brass deposition on the brass sample at galvanostatic and potentiostatic method (c) 0.5 mA/cm2, (d) 1.2 V and (e) 1.4 V in 5:3 molar ratio for MPY-1SSD: 2 MT. 
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Figure 5. Polarization curves of PNMPY-1SSD/P2MT coated and uncoated over the brass substrate in 0.5 M H2SO4 by potentiostatic practice at (a) 1.1 V and (b) 1.2 V and 1.4 V potential applied at varied molar ratios and the electrochemical deposition was allowed for 20 and 30 min. 
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Figure 6. Polarization curves of PNMPY-1SSD/P2MT covered and uncovered onto the brass substrate in 0.5 M sulfuric acid by galvanostatic procedure at (a) 0.5 mA/cm2 and (b) 1 mA/cm2 and 3 mA/cm2 current density in several molar ratios and the electrochemical polymerization was permissive for 20 and 30 min. 






Figure 6. Polarization curves of PNMPY-1SSD/P2MT covered and uncovered onto the brass substrate in 0.5 M sulfuric acid by galvanostatic procedure at (a) 0.5 mA/cm2 and (b) 1 mA/cm2 and 3 mA/cm2 current density in several molar ratios and the electrochemical polymerization was permissive for 20 and 30 min.



[image: Coatings 13 00953 g006]







[image: Coatings 13 00953 g007 550] 





Figure 7. Polarization curves PNMPY-1SSD/P2MT of uncoated and coated brass specimens in sulfuric acid solution by electrochemical polymerization at (a) E = 1.1 V and (b) at E = 1.4 V in various molar ratios at differing immersion times. 
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Figure 8. Nyquist plots for uncoated brass and PNMPY-1SSD/P2MT coated specimens by potentiostatic at (a) 1.1 V, (b) at 1.2 V and at 1.4 V and galvanostatic (c) at 0.5 mA/cm2 and (d) at 1 mA/cm2 and 3 mA/cm2 practices at different molar ratios for PNMPY-1SSD and P2MT. 
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Figure 9. Bode graphs for uncoated brass and PNMPY-1SSD/P2MT coated specimens by potentiostatic and galvanostatic practices at different molar ratios for PNMPY-1SSD and P2MT. 
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Figure 10. Equivalent circuit. 






Figure 10. Equivalent circuit.
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Figure 11. Nyquist plots for uncoated brass and PNMPY-1SSD/P2MT coated specimens by electrochemical deposition practices at (a) E = 1.1 V and (b) at E = 1.4 V and to different molar ratios for PNMPY-SSD and P2MT and at different immersion times. 
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Figure 12. Bode diagrams for uncoated brass and PNMPY-1SSD/P2MT coated specimens by electrochemical deposition practices at (a,b) at E = 1.1V and (c,d) at E = 1.4 V at different molar ratios for PNMPY-1SSD and P2MT at different immersion times. 
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Figure 13. SEM micrographs of brass sample coated with PNMPY-1SSD/P2MT, (a) uncoated brass, (b) brass in 0.5 M H2SO4, (c) at 1.2 V, (d) 1.4 V, (e) at 0. 5 mA/cm2, (f) 1 mA/cm2 in 5:3, 3:5 molar ratio, and (g–i) after 96 h, 120 h, and 144 h immersion period in 0.5 M sulfuric acid, (j,k) the EDS spectra PNMPY-1SSD/P2MT/brass. 






Figure 13. SEM micrographs of brass sample coated with PNMPY-1SSD/P2MT, (a) uncoated brass, (b) brass in 0.5 M H2SO4, (c) at 1.2 V, (d) 1.4 V, (e) at 0. 5 mA/cm2, (f) 1 mA/cm2 in 5:3, 3:5 molar ratio, and (g–i) after 96 h, 120 h, and 144 h immersion period in 0.5 M sulfuric acid, (j,k) the EDS spectra PNMPY-1SSD/P2MT/brass.
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Table 1. Kinetic corrosion parameters of uncoated and coated brass sample in 0.5 M sulfuric acid solutions at 25 °C.






Table 1. Kinetic corrosion parameters of uncoated and coated brass sample in 0.5 M sulfuric acid solutions at 25 °C.





	The System PNMPY-1SSD/P2MT/Brass
	Ecorr

(mV)
	icorr

(mA/cm2)
	Rp

(Ωcm)
	Rmpy
	Pmm/year
	Kg

(g/m2h)
	ba

(mV/

decade)
	−bc

(mV/

decade)
	E (%)
	%P





	Brass + 0.5 M H2SO4
	−73
	0.185
	55
	84.88
	2.15
	2.09
	78
	130
	-
	-



	PNMPY-1SSD/P2MT 1.1 V 3:5 molar ratio, t = 20 min
	−56
	0.030
	399
	13.76
	0.35
	0.34
	56
	126
	81
	0.078



	PNMPY-1SSD/P2MT 1.1 V 5:3 molar ratio, t = 20 min
	−55
	0.002
	6310
	0.93
	0.023
	0.022
	62
	117
	98
	0.006



	PNMPY-1SSD/P2MT 1.1 V 3:5 molar ratio, t = 30 min
	−56
	0.027
	439
	12.85
	0.33
	0.32
	53
	114
	85
	0.072



	PNMPY-1SSD/P2MT 1.1 V 5:3 molar ratio, t = 30 min
	−99
	0.006
	2520
	2.75
	0.07
	0.06
	73
	113
	96
	0.008



	PNMPY-1SSD/P2MT 1.2 V 3:5 molar ratio, t = 20 min
	−86
	0.034
	369
	19.2
	0.46
	0.47
	62
	121
	81
	0.084



	PNMPY-1SSD/P2MT 1.2 V 5:3 molar ratio, t = 20 min
	−49
	0.028
	393
	12.84
	0.32
	0.31
	51
	102
	85
	0.06



	PNMPY-1SSD/P2MT 1.2 V 3:5 molar ratio, t = 30 min
	−75
	0.015
	818
	6.88
	0.17
	0.16
	54
	119
	92
	0.053



	PNMPY-1SSD/P2MT 1.2 V 5:3 molar ratio, t = 30 min
	−90
	0.013
	983
	5.96
	0.15
	0.14
	52
	120
	93
	0.037



	PNMPY-1SSD/P2MT 1.4 V 3:5 molar ratio, t = 20 min
	−86
	0.033
	359
	19.2
	0.46
	0.47
	62
	123
	81
	0.091



	PNMPY-1SSD/P2MT 1.4 V 5:3 molar ratio, t = 20 min
	−111
	0.006
	2890
	2.75
	0.07
	0.06
	68
	125
	96
	0.005



	PNMPY-1SSD/P2MT 1.4 V 3:5 molar ratio, t = 30 min
	−63
	0.020
	509
	9.17
	0.23
	0.22
	53
	139
	89
	0.074



	PNMPY-1SSD/P2MT 1.4 V 5:3 molar ratio, t = 30 min
	−90
	0.011
	982
	5.04
	0.13
	0.12
	51
	120
	94
	0.05
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Table 2. Kinetic corrosion parameters of uncoated and coated brass sample in 0.5 M sulfuric acid solutions at 25 °C.
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	The System PNMPY-1SSD/P2MT/Brass
	Ecorr

(mV)
	icorr

(mA/cm2)
	Rp

(Ωcm)
	Rmpy
	Pmm/year
	Kg

(g/m2h)
	ba

(mV/

decade)
	−bc

(mV/

decade)
	E (%)
	%P





	Brass + 0.5 M H2SO4
	−73
	0.185
	55
	84.88
	2.15
	2.09
	78
	130
	-
	



	PNMPY-1SSD/P2MT 1 mA/cm2 3:5 molar ratio, t = 20 min
	−78
	0.019
	636
	8.71
	0.22
	0.214
	46
	129
	90
	0.071



	PNMPY-1SSD/P2MT 1 mA/cm2 5:3 molar ratio, t = 20 min
	−78
	0.017
	647
	7.8
	0.19
	0.18
	46
	99
	91
	0.068



	PNMPY-1SSD/P2MT 1 mA/cm2 3:5 molar ratio, t = 30 min
	−130
	0.037
	319
	18.8
	0.47
	0.46
	82
	98
	80
	0.03



	PNMPY-1SSD/P2MT 1 mA/cm2 5:3 molar ratio, t = 30 min
	−98
	0.034
	350
	17.8
	0.45
	0.43
	49
	130
	82
	0.062



	PNMPY-1SSD/P2MT 0.5 mA/cm2 3:5 molar ratio, t = 20 min
	−81
	0.025
	359
	11.5
	0.30
	0.28
	60
	125
	87
	0.078



	PNMPY-1SSD/P2MT 0.5 mA/cm2 5:3 molar ratio, t = 20 min
	−51
	0.018
	543
	8.25
	0.21
	0.20
	48
	87
	90
	0.052



	PNMPY-1SSD/P2MT 0.5 mA/cm2 3:5 molar ratio, t = 30 min
	−90
	0.015
	846
	6.88
	0.17
	0.16
	50
	122
	92
	0.031



	PNMPY-1SSD/P2MT 0.5 mA/cm2 5:3 molar ratio, t = 30 min
	−100
	0.013
	878
	5.96
	0.15
	0.14
	62
	114
	93
	0.026



	PNMPY-1SSD/P2MT 3 mA/cm2 3:5 molar ratio, t = 20 min
	−79
	0.038
	331
	17.43
	0.44
	0.43
	71
	111
	80
	0.088



	PNMPY-1SSD/P2MT 3 mA/cm2 5:3 molar ratio, t = 20 min
	−49
	0.037
	351
	16.97
	0.43
	0.42
	57
	121
	80
	0.053
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Table 3. Kinetic corrosion parameters of uncoated and coated brass sample in 0.5 M sulfuric acid solutions at 25 °C at different immersion times.
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	The System PNMPY-1SSD/P2MT/Brass
	Ecorr

(mV)
	icorr

(mA/cm2)
	Rp

(Ωcm)
	Rmpy
	Pmm/year
	Kg

(g/m2h)
	ba

(mV/

decade)
	−bc

(mV/

decade)
	E (%)





	Brass + 0.5 M H2SO4
	−73
	0.185
	55
	84.88
	2.15
	2.09
	78
	130
	-



	PNMPY-1SSD/P2MT 1.1 V 3:5 molar ratio, t = 20 min 0 h
	−55
	0.002
	6310
	0.93
	0.023
	0.022
	62
	117
	98



	PNMPY-1SSD/P2MT 1.1 V 3:5 molar ratio, t = 20 min 24 h
	−161
	0.0028
	5020
	1.28
	0.032
	0.031
	62
	111
	98



	PNMPY-1SSD/P2MT 1.1 V 3:5 molar ratio, t = 20 min 72 h
	−164
	0.0031
	4434
	1.42
	0.036
	0.035
	64
	96
	98



	PNMPY-1SSD/P2MT 1.1 V 3:5 molar ratio, t = 20 min 96 h
	−160
	0.0038
	3600
	1.74
	0.044
	0.043
	66
	99
	98



	PNMPY-1SSD/P2MT 1.1 V 3:5 molar ratio, t = 20 min 144 h
	−144
	0.005
	2333
	2.29
	0.058
	0.056
	68
	94
	97



	PNMPY-1SSD/P2MT 1.4 V 5:3 molar ratio, t = 30 min 0 h
	−90
	0.011
	982
	5.04
	0.13
	0.12
	61
	120
	94



	PNMPY-1SSD/P2MT 1.4 V 5:3 molar ratio, t = 30 min 48 h
	−123
	0.036
	396
	16.5
	0.42
	0.41
	66
	969
	81



	PNMPY-1SSD/P2MT 1.4 V 5:3 molar ratio, t = 30 min 72 h
	−132
	0.040
	366
	18.35
	0.45
	0.44
	71
	112
	80



	PNMPY-1SSD/P2MT 1.4 V 5:3 molar ratio, t = 30 min 96 h
	−139
	0.041
	362
	18.81
	0.47
	0.46
	69
	121
	78



	PNMPY-1SSD/P2MT 1.4 V 5:3 molar ratio, t = 30 min 144 h
	−141
	0.043
	375
	19.79
	0.5
	0.49
	69
	122
	77










[image: Table] 





Table 4. Electrochemical parameters of uncoated and coated brass sample in 0.5 M sulfuric acid solutions at 25 °C.
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	The System PNMPY-1SSD/P2MT/Brass
	Rs (ohm·cm2)
	Q-Yo

(S·s−n·cm−2)
	Q-n
	Rf

(ohm·cm2)
	Q-Yo

(S·s−n·cm−2)
	Q-n
	Rct

(ohm·cm2)
	χ





	Brass + 0.5 M H2SO4
	1.18
	0.00023
	0.95
	4
	0.00038
	0.88
	44
	2.447 × 10−3



	PNMPY-1SSD/P2MT 1.1 V 3:5 molar ratio, t = 20 min
	0.86
	0.00032
	0.88
	74
	0.00094
	0.62
	560
	1.369 × 10−3



	PNMPY-1SSD/P2MT 1.1 V 5:3 molar ratio, t = 20 min
	1.453
	0.00004
	0.88
	505
	0.000057
	0.69
	2116
	4.51 × 10−3



	PNMPY-1SSD/P2MT 1.1 V 3:5 molar ratio, t = 30 min
	0.81
	0.0013
	0.78
	15
	0.00108
	0.6
	140
	5.802 × 10−3



	PNMPY-1SSD/P2MT 1.1 V 5:3 molar ratio, t = 30 min
	0.87
	0.00016
	0.88
	149
	0.00047
	0.61
	1123
	1.28 × 10−3



	PNMPY-1SSD/P2MT 1.2 V 3:5 molar ratio, t = 20 min
	1.4
	0.000043
	0.92
	18
	0.00041
	0.66
	1120
	1.731 × 10−3



	PNMPY-1SSD/P2MT 1.2 V 5:3 molar ratio, t = 20 min
	1.44
	0.000042
	0.88
	641
	0.000049
	0.77
	1829
	2.008 × 10−3



	PNMPY-1SSD/P2MT 1.2 V 3:5 molar ratio, t = 30 min
	1.03
	0.00034
	0.83
	46
	0.00001
	0.96
	163
	3.027 × 10−3



	PNMPY-1SSD/P2MT 1.2 V 5:3 molar ratio, t = 30 min
	0.95
	0.000045
	0.98
	16
	0.00052
	0.81
	212
	5.871 × 10−4



	PNMPY-1SSD/P2MT 1.4 V 3:5 molar ratio, t = 20 min
	1.02
	0.00146
	0.81
	12
	0.00087
	0.89
	140
	3.312 × 10−3



	PNMPY-1SSD/P2MT 1.4 V 5:3 molar ratio, t = 20 min
	1.21
	0.00019
	0.90
	226
	0.00017
	0.75
	880
	3.280 × 10−3



	PNMPY-1SSD/P2MT 1.4 V 3:5 molar ratio, t = 30min
	0.99
	0.00061
	0.87
	15
	0.00117
	0.86
	150
	3.930 × 10−3



	PNMPY-1SSD/P2MT 1.4 V 5:3 molar ratio, t = 30 min
	0.73
	0.00317
	0.74
	54
	0.0019
	0.83
	227
	4.747 × 10−4
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Table 5. Electrochemical parameters of uncoated and coated brass sample in 0.5 M sulfuric acid solutions at 25 °C.
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	The System PNMPY-1SSD/P2MT/Brass
	Rs (ohm·cm2)
	Q-Yo

(S·s−n·cm−2)
	Q-n
	Rf (ohm·cm2)
	Q-Yo

(S·s−n·cm−2)
	Q-n
	Rct

(ohm·cm2)
	χ





	Brass + 0.5 M H2SO4
	1.18
	0.00023
	0.95
	4
	0.00038
	0.88
	44
	2.447 × 10−3



	PNMPY-1SSD/P2MT 1 mA/cm2 3:5 molar ratio, t = 20 min
	0.77
	0.00042
	0.87
	89
	0.00039
	0.82
	233
	8.044 × 10−3



	PNMPY-1SSD/P2MT 1 mA/cm2 5:3 molar ratio, t = 20 min
	1.19
	0.00044
	0.86
	372
	0.0218
	0.76
	6118
	7.432 × 10−4



	PNMPY-1-DSS/PTPH 1 mA/cm2 3:5 molar ratio, t = 30 min
	0.89
	0.00303
	0.62
	110
	0.01003
	0.96
	226
	2.88 × 10−3



	PNMPY-1SSD/P2MT 1 mA/cm2 5:3 molar ratio, t = 30 min
	0.79
	0.00058
	0.82
	54
	0.00061
	0.74
	129
	4.336 × 10−3



	PNMPY-1SSD/P2MT 0.5 mA/cm2 3:5 molar ratio, t = 20 min
	0.98
	0.00109
	0.76
	35
	0.00259
	0.78
	155
	1.088 × 10−3



	PNMPY-1SSD/P2MT 0.5 mA/cm2 5:3 molar ratio, t = 20 min
	1.10
	0.00018
	0.87
	60
	0.00170
	0.74
	101
	3.082 × 10−3



	PNMPY-1SSD/P2MT 0.5 mA/cm2 3:5 molar ratio, t = 30 min
	1.23
	0.00054
	0.86
	159
	0.00042
	0.85
	184
	3.039 × 10−3



	PNMPY-1SSD/P2MT 0.5 mA/cm2 5:3 molar ratio, t = 30 min
	1.46
	0.00088
	0.72
	72
	0.00243
	0.83
	645
	2.803 × 10−3



	PNMPY-1SSD/P2MT 3 mA/cm2 3:5 molar ratio, t = 20 min
	0.77
	0.00059
	0.78
	36
	0.00304
	0.65
	143
	1.584 × 10−3



	PNMPY-1SSD/P2MT 3 mA/cm2 5:3 molar ratio, t = 20 min
	0.87
	0.00041
	0.79
	45
	0.0031
	0.71
	104
	2.881 × 10−3
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Table 6. Electrochemical parameters of coated and uncoated brass sample in 0.5 M sulfuric acid solutions at 25 °C at different immersion times.
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	The System PNMPY-1SSD/P2MT/Brass
	Rs

(ohm·cm2)
	Q-Yo

(S·s−n·cm−2)
	Q-n
	Rf

(ohm·cm2)
	Q-Yo

(S·s−n·cm−2)
	Q-n
	Rct

(ohm·cm2)
	χ





	Brass + 0.5 M H2SO4
	1.18
	0.00023
	0.95
	4
	0.00036
	0.88
	44
	2.447 × 10−3



	PNMPY-1SSD/P2MT 1.1 V 3:5 molar ratio, t = 20 min 0 h
	1.45
	4.07 × 10−5
	0.88
	505
	0.000057
	0.69
	2116
	2.773 × 10−3



	PNMPY-1SSD/P2MT 1.1 V 3:5 molar ratio, t = 20 min 24 h
	1.05
	5.58 × 10−5
	0.88
	343
	0.00017
	0.62
	1518
	4.514 × 10−3



	PNMPY-1SSD/P2MT 1.1 V 3:5 molar ratio, t = 20 min 48 h
	1.02
	7.138 × 10−5
	0.89
	39
	0.00036
	0.61
	2357
	1.756 × 10−3



	PNMPY-1SSD/P2MT 1.1V 3:5 molar ratio, t = 20min 72h
	1.01
	0.00012
	0.88
	29
	0.00049
	0.59
	1909
	2.585 × 10−3



	PNMPY-1SSD/P2MT 1.1 V 3:5 molar ratio, t = 20 min 96 h
	1.03
	0.00091
	0.73
	32
	0.000043
	0.93
	794
	6.557 × 10−4



	PNMPY-1SSD/P2MT 1.1 V 3:5 molar ratio, t = 20 min 120 h
	1.13
	0.00127
	0.74
	27
	0.00018
	0.87
	670
	2.500 × 10−3



	PNMPY-1SSD/P2MT 1.1 V 3:5 molar ratio, t = 20 min 144 h
	1.12
	0.00136
	0.73
	24
	0.00012
	0.92
	646
	2.603 × 10−3



	PNMPY-1SSD/P2MT 1.4 V 5:3 molar ratio, t = 30 min 0 h
	0.73
	0.00317
	0.74
	54
	0.0019
	0.83
	227
	4.747 × 10−4



	PNMPY-1SSD/P2MT 1.4 V 5:3 molar ratio, t = 30 min 48 h
	0.76
	0.00228
	0.80
	32
	0.0043
	0.87
	263
	2.321 × 10−3



	PNMPY-1SSD/P2MT 1.4 V 5:3 molar ratio, t = 30 min 72 h
	0.77
	0.0028
	0.70
	30
	0.0059
	0.90
	293
	2.956 × 10−3



	PNMPY-1SSD/P2MT 1.4 V 5:3 molar ratio, t = 30 min 96 h
	0.63
	0.00295
	0.65
	26
	0.0082
	0.85
	304
	1.405 × 10−3



	PNMPY-1SSD/P2MT 1.4 V 5:3 molar ratio, t = 30 min 144 h
	0.61
	0.00301
	0.64
	22
	0.0099
	0.85
	294
	1.755 × 10−3
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