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Abstract

:

Corrosion of metals leads to high maintenance costs, as well as potential threats to structural health and safety. Here, we demonstrate the coating of cobalt tungstate (CoWO4) nanoparticles (NPS)/5-mercapto-1-phenyl-1 H-tetrazole derivative (MPT) used as a nano-composite film on Cu surface for the blocking of micropores to hinder the propagation of metastable pits in an aggressive NaCl medium. The mechanism of interaction between the nanoparticles and tetrazole derivative, in addition to the mode of anchoring to the metal surface and blocking the penetration of chloride ions (  Cl −  ), are all investigated. In this investigation, CoWO4 is synthesized via a wet chemical route and thereafter, is combined with MPT at an optimized ratio thus formulating a nano-composite corrosion inhibitor which in solution gets coated on Cu surface. Atomic force and scanning electron microscopic images of the bare Cu reveal dip pits, which by the coating of the nano-composite are suppressed at the nucleation stage during exposure to the aggressive 3.5% NaCl electrolyte under flow conditions. Electrochemical analysis shows high protection of Cu up to 97% efficiency in the presence of the newly formulated nano-composite inhibitor film.
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1. Introduction


Initiation of pits is usually attributed to film breakdown and passivity characteristics, whereas a pitting propagation process is influenced by factors, such as electrochemical potential, alloy composition, electrolyte concentration, and temperature [1,2,3,4]. The entire processes of uniform and localized corrosion are known to result from the usual electrochemical reactions such as charge transfer, dissolution of metal anodes into electrolytes, and mass transport phenomena during flow [5]. Studies performed on metastable and stable pit growth of metals and alloys have shown that the dissolution of metals via pitting corrosion tends to be stochastic rather than a visible catastrophic process, which makes the material failure more life-threatening than other corrosion damages [5,6,7]. In most cases, the corrosive damage is in its advanced stages before detection can be made. Previous studies on pitting corrosion have shown that it is difficult to experimentally conclude on its mechanism due to the random nature and frequent breakdown of the protective film during the electrochemical corrosion reactions [5,7,8,9]. The degradation process starts with micro pits that later develop into big metastable holes [10].



Among the metals, Cu has been found to undergo rapid perforations, especially under flow conditions [2,10]. This has been discovered to be responsible for the leakage of fluid often witnessed in Cu water pipes [11]. Cu pitting corrosion leads to plumbing failures due to high pH, free chlorine residual and low alkalinity. Structures made of Cu when exposed for a long time to chloride-rich environments could undergo pitting to crack transition with consequential nucleation and growth, which leads to brittleness and catastrophic failure. Chloride in the early stage of pitting corrosion would damage the passive film, and promote the nucleation of metastable pits [12,13]. It has been shown that the higher the chloride concentration, the larger the rate of metastable pitting nucleation that will occur [12]. Therefore, with the increase of chloride concentration, both the nucleation and the growth of metastable pits are promoted. Reports show that years before now researchers depended mainly on phosphate-based inhibitors for the mitigation of copper pitting corrosion [12]. This led to constantly increasing the phosphate concentration in the quest to improve the inhibition efficiency and suppression of Cu pitting [5]. Moreover, this increase cannot continue indefinitely, as increasing phosphate concentration to a high value such as 50 mg/L or 100 mg/L will lead to an increase in the propagation of artificial Cu pits. Therefore, there is a need for a better alternative to phosphate in mitigating Cu pitting; however, the successful adoption of other materials has not been achieved.



The need to further understand the pitting corrosion mechanism and the influence of corrosion inhibitors on the electrochemical process resulting in pitting is of very high importance to the research community. This is because water chemistry modification by the introduction of corrosion inhibitors will not only reduce the pitting rate, but also represents a relatively low-cost solution. Mechanistic studies equally revealed that some corrosion inhibitors protect the metal structures by surface adsorption or film formation depending on the nature of the formulation. Solution films or other forms of coatings (see Table 1), have been identified in the literature as one of the best corrosion mitigation methods as it practically separates the metal substrates from the aggressive electrolytes by acting as an inhibitor and physical barrier [14]. Table 1 shows that solution coating has received tremendous attention in recent times, as it naturally covers the metal surface via self-assembly. This makes the coating application simple and less expensive and can neatly coat the internal parts of a metal pipe. An ideal coating should have high corrosion resistance, adherence to the substrate surface with minimal internal strains, and pose a permissible environmental threat [15]. Therefore, coatings used for aggressive flow environments must be extremely robust. For example, the presence of defects is the root cause of corrosion damage and pit formation in most conventional coatings [16]. As a result of this, recent research works consider the combination of hierarchical micro/nanostructured materials with high surface energy as one of the most efficient strategies to achieve subaqueous superoleophobic surfaces via solution self-assembly [17].



Therefore, we present here the combination of CoWO4 nanoparticles and 5-mercapto-1-phenyl-1 H-tetrazole derivative (MPT) as a nano-composite inhibitor film former for mitigation of Cu pitting corrosion via a wet chemical method. Moreover, the newly formulated nano-composite film is a combination of organic and inorganic components, thus it is capable of suppressing both anodic and cathodic reactions on the Cu surface. This could be superior to phosphate, which only shows an effect on the mitigation of cathodic reactions.



The formation of anano-composite film was conceived following our previous work, which showed that the CoWO4 nanoparticle is a good film-former on the Cu surface [25], while MPT, on the other hand, is an organic compound that has good interaction with Cu via N, and S lone pairs of electrons [26]. The combination of these materials into a nano-composite film forming inhibitor is being tested for the first time to access its potential in the mitigation of Cu pitting corrosion in the presence of Cl−. Further, we investigated the robustness of the formulated nano-composite coating by carrying out an analysis under a simulated flow environment using RDE. This helped us to estimate the performance of the inhibitor in the laboratory using a near-real site environment giving a true assessment and the understanding of the inhibitory effects [27]. The result shows that the nano-composite film prevented the pitting corrosion of Cu at the nucleation stage as observed by SEM and AFM analysis after the immersion test was carried out under hydrodynamic conditions in 3.5% NaCl solution.




2. Materials and Methods


Cobalt (II) acetate tetrahydrate [(Co(CH3COO)2·4H2O] with 98% purity, TX-100 surfactant (Polyethylene glycol tert-octylphenyl ether) (C14H22O(C2H4O)n) 96%, Acetone (CH3CoCH3) 99.0%, ethanol (CH3CH2OH) 96% sodium tungstate (Na2WO4) 99%, and sodium chloride (NaCl) 99.8%, were all purchased from Sigma-Aldrich, Chennai, India. 5-mercapto-1-phenyl-1H-tetrazole (C7H6N4S) 98% was supplied by TCI chemicals, Chennai, India and a 99.999% pure copper rod was procured from Alfa Aesar, Chennai, India. The chemicals are all analytical grades and were used without any further purification.



The nano-composite inhibitor in the present study is termed C-MPT; prepared by the combination of an inorganic cobalt tungstate (CoWO4) nanoparticle and an organic compound 5-mercapto-1-phenyl-1H-tetrazole (MPT). CoWO4 nanoparticles (NPs) were prepared via precipitation method in a wet solution medium in the presence of TX-100. The procedure is a slight modification of a method used by Kundu et al. [28] and the details are presented in our previously published work [25]. Thereafter, the obtained product was combined with the organic component (MPT). The two compounds gave rise to a nano-composite product, which was formulated by stirring the various concentrations of the synthesized CoWO4 (0.0125, 0.025, and 0.05 wt%) in the presence of TX-100. A fixed amount of MPT (0.018 wt%) was added. Fifteen minute sonication and 1 h stay time was applied to the mixture for quality nucleation; before the electrochemical experiments. During the experiments self-assembly coating was formed on Cu in the solution containing the nano-composite in the electrolyte.



The electrochemical characterizations of Cu in the presence and absence of the newly formulated nano-composite inhibitor were carried out in 3.5 wt% NaCl electrolyte. For comparison purposes, the electrochemical experiment was also carried out with a solution containing 0.018 wt% concentration of 5-mercapto-1-phenyl-1H-tetrazole alone (termed as MPT-alone) in 3.5 wt% NaCl solution to help separate its performance from that of the nano-composite. The electrochemical cell used is made up of Cu RDE working electrode (WE) (see Figure 1) for the setup. The RDE was cut from 5 mm diameter Cu rod with 0.196 cm2 exposed area, the reference electrode (RE) used is the saturated calomel electrode (SCE) and a platinum counter electrode (CE) both were inserted via lugging capillaries to minimize the uncompensated ohmic resistance. The set up in Figure 1 is the connection of a pine instrument rotation control to a Metrohm Autolab potentiostat (PGSTAT302, Utrecht, The Netherlands. EIS was carried out at the OCP over a frequency range (100 kHz–0.01 Hz) at an amplitude of 10 mV. The experiments were carried out under static (0 rpm) and flow conditions by varying the revolution speed per minute (rpm). Thereafter, EIS was carried out at 2400 rpm (the rotation speed of maximum impact) for different immersion duration (0 h, 1 h, and 2 h) and was analyzed using ZSimpWin software 3.2. After OCP stabilization for 1000 s, PDP at a scan rate of 1 mV/s was carried out at potential range of −0.6 to + 0.3 V vs. SCE for both bare Cu and inhibitor coated samples. Although a 1 mV/s is adopted in the present experimentations, it is worth noted that this selection has not provided meaningful distortions in order to determine the corrosion current densities, as previously reported [29,30]. To avoid the limitation of the cathodic reactions, electrolyte solutions were aerated with oxygen gas for 30 min before the experiments [31,32]. All electrochemical experiments were replicated three times and the potential values were measured with respect to SCE.



The morphology and the degree of pitting damage of the coated and uncoated Cu surfaces were visualized using FE-SEM instrument (Carl Zeiss) with Brucker EDAX detector, Jena, Germany.Atomic force microscope (AFM, Nanosurf easyscan 2, Liestal, Switzerland). The oxidation states was investigated using an X-ray photoelectron spectroscopy (XPS) instrument (ESCALAB 250Xi analyzer using Mg-Kα radiation with an energy of 1253.6 eV, California, United States.




3. Results


3.1. The Evolution of the Corrosion Potential


The free dissolution of the bare Cu (blank system without inhibitor) and inhibitor coated surfaces were monitored. Figure 2 shows the OCP and PDP plots of bare and C-MPT nano-composite inhibitor coated Cu surface at different concentrations in an aerated 3.5% NaCl at room temperature and rotation rate of 2400 rpm. The OCP values (Figure 2a) show minor variation with time in all the systems from curve i–v, an indication of the stability of the systems, this was achieved prior to further measurements [33]. However, it could be seen that the average OCP value increases per increase in the concentration of the C-MPT nano-composite inhibitor in the corrosive medium. The OCP value tends positive with higher concentration of C-MPT inhibitor up to a threshold of 0.025 wt% above which the OCP decreased, as observed by increasing further to 0.05 wt%. The positive trend is an indication of film growth and surface protection with an increase in C-MPT whereas the eventual decrease in OCP at 0.05 wt% was due to desorption of C-MPT molecules at too high concentration. The concentration of 0.025 wt% appears to show the highest performance for this inhibitor, however, the OCP value alone might not give conclusive data until it is analyzed alongside other electrochemical techniques. Figure 2b is the PDP plots for uninhibited and inhibited surfaces for the measurement of corrosion current density (  i corr  ) at the corrosion potential (  E corr  ). This confirms the positive shift in   E corr   as witnessed in the case of the OCP measurement, and further shows that this shift is in line with the reduction in the   i corr  , which correlates with a reduction in corrosion rate as evidence of copper protection in 3.5% NaCl solution. The corrosion inhibition efficiency is in the order of 84.7, 90.1, 97.4 and 95.5% in line with the   i corr   reduction. However, a steady increase in the   E corr   values is observed with increasing concentration up to 0.05 wt% in the case of the polarization results (Figure 2b) unlike OCP case. This could be attributed to accelerated reactions leading to formation of corrosion products due to potential application which could cause minor changes in surface behavior and potential values. The corrosion products was found to synergize with inhibitor film enhancing Cu surface blockage. The formation of corrosion product could be evidenced by the presence of slight peak around 0.0–0.3 V on the anodic side. This product is most likely to be cuprous chloride (CuCl) [25]; helps to passivate the Cu surface. It is interesting to note that there is a wide shift in both cathodic and anodic corrosion current densities with each increase in the C-MPT nano-composite inhibitor in the coating medium with a maximum inhibitory effect of 97.4% at the concentration of 0.025 wt%.



In addition to the cathodic and anodic impact shown by this inhibitor, the shifting of the   E corr   was found to be less than 85 mV between the bare Cu and the curve of the maximum shift. Thus, this classified the C-MPT nano-composite as a mixed-type inhibitor [34,35,36,37]. Table 2 shows the quantitative values of all the parameters determined via the potentiodynamic polarization. Besides the   E corr   and   i corr   there was a decrease or flattening of the cathodic Tafel slope (βc) together with an increase in the corrosion inhibition efficiency (η) with an increase in the inhibitor concentration, which correlates to improved protection in the presence of more amount of the inhibitor. The measurement shows good repeatability in the replicate results as shown in Figure 2c. However, the anodic branch of the corrosion current density of the inhibited systems displays passivation behavior and thus does not have a linear Tafel region. Therefore, the   i corr   was determined by the extrapolation of cathodic Tafel regionas shown in Figure 2d, as previously reported [38].



To understand the effects of RDE hydrodynamic conditions on the C-MPT nano-composite corrosion inhibition performance, potentiodynamic polarization was carried out at different rotation rates. Figure 3 shows the PDP plots of blank (without inhibitor) and C-MPT nano-composite inhibitor coated Cu surfaces in an aerated 3.5% NaCl at room temperature and rotation rates (0, 200, 1600, and 2400 rpm). The blank system (Figure 3a) displayed the typical corrosion behavior of bare Cu in a 3.5% NaCl solution. Curve i (0 rpm) represents the static condition which shows clearly the Cu dissolution behavior with the exhibition of the active, passive, and transpassive regions as shown by the arrows, respectively. The behavior disappeared by applying the initial rotation at 200 rpm and the Cu dissolution pattern returned at 1600 rpm when the system achieved a quasi-steady state flow which is similar to that of static or 0 rpm. The flow effects become more pronounced again by increasing the rotation rate to a high value of 2400 rpm. The mechanism changes at 200 and 2400 rpm are similar because less time is allowed for film formation due to the high rate of mass transport of the  CuCl  corrosion product, thus there was a much high dissolution of Cu as indicated by the increased corrosion current density. However, there is a possibility of some Cu corrosion product getting accumulated and stocked at the surface of the spinning electrode, which tends to limit the current at a later stage as indicated by the flat regions of the curves ii and iv. The overall effect of the rotation rate observed is a steady rise in   i corr   with an eventual initiation of a limiting current end. On the other hand, the C-MPT nano-composite system showed a steady decrease in   i corr   with the rotation speed (Figure 3b). The presence of the inhibitor clearly changed the Cu dissolution mechanism with a longer passive region indicating the adherence of the inhibitor on the Cu. Minor damage on the film due to the flow effect is observed at the transpassive region where the further increase in the corrosion current density is again observed. The overall effect of the C-MPT nano-composite inhibitor is the steady reduction in the two components of the current generation (anodic and cathodic) with a positive shift in the corrosion potential.




3.2. Electrochemical Impedance Spectroscopy (EIS) Analyses


To reveal the evolution of film growth and resistance with adjustment of the inhibitor concentration electrochemical impedance spectroscopy (EIS) was conducted. Figure 4 shows the Nyquist, and Bode plots of EIS data of bare and C-MPT nano-composite inhibitor coated Cu surface at different concentrations in an aerated 3.5% NaCl at room temperature at a maximum rotation rate (2400 rpm), which is the rpm of highest impact and the results are modelled with the given equivalent circuits. In Figure 4a, the Nyquist plots displayed well-resolved double capacitive loops characteristic of a coated layer on the Cu surface, whereby the first capacitive loop at high frequency represents the presence of film coating and other surfaces related occurrences such as the adsorption of the organic component of the inhibitor.   R S   is the solution resistance, we observed unusual differences of the impedance values at high frequency relating to   R S   probably due to the varying concentrations of the C-MPT in the solution. In the long run, the penetration of the electrolyte via the coating pores was observed which was correlated to pore resistance (  R PO  ) at prolonged immersion duration.   R PO   arises due to film resistance (  R f  ) to electrolyte penetration, thus   R PO  //CPE1 is modeled in the equivalent circuit. The second semicircle at the low-frequency end correlates to the resistance to charge transfer (  R ct  ) represented in the equivalent circuit as parallel   R ct  //CPE2 combination. The total resistance (  R p  ) therefore is the summation of [38,39,40,41]. The building of higher capacitive loops with rise in the inhibitor concentrations is evidence of film growth leading to a thicker coating on the Cu with the arrival of more C-MPT nano-composite inhibitor molecules at the surface [39].



In this experiment, the Nyquist, Bode modulus and phase angle plots (Figure 4a–c), all show the existence of two time constants for the inhibited surfaces. The first time constant is displayed at the intermediate frequency while the second is at low frequency region [42,43]. The electrochemical reactions related to these two constants exhibited two peaks in these two regions and are correlated to C-MPT film interfacing with the electrolyte. The second time constant is correlated to the interface between the metal and the electrolyte via the film pores, which show CPE behavior parallel to the pore resistance (  R PO  ) of the inhibitor film adhering to the metal surface. This allows the formation of small corrosion by-product considering a NaCl solution, the intermediates could be due to the activities of OH− and Cl− accumulating at the double layer [43], giving rise to cuprous chloride CuCl. The blank system without the inhibitor only exhibited a surface distribution of one time constant at the interface between the metal and electrolyte due to formation of corrosion products film [44,45]. This film is constantly swept off by mass transport on the surface of the spinning electrode under flow condition without allowing the accumulation of this product, leading to the exhibition of one time constant behavior. Thus, for the system with constantly sweeping flow, Cu RDE surface film formation is limited on the blank system, thus the EIS data were modelled with a one-time constant circuit, Figure 4d(i), whereas the C-MPT nano-composite inhibitor coated Cu surfaces was modelled with a two-time constant circuit as shown in Figure 4d(ii).



The highest film formation was observed at a concentration of 0.025 wt%. Therefore, 0.025 wt% was taken as the optimum concentration for the C-MPT nano-composite inhibitor coating, with consequent corrosion suppression performance of 97% on Cu in chloride medium under RDE flow condition as shown in Table 3. In Table 3, it is further shown that the rate of electrolyte penetration into the inhibitor barrier coating was on the decrease with rise in the concentration as seen in the decreasing values of the parameter   Y o   for both CPE1 and 2. These findings were supported by the Bode plots Figure 4b,c representing the Bode modulus and phase angle, respectively. The modulus plot shows that the logarithmic value of IZI for the best performing concentration (0.025 wt%) of the inhibitor is above 4.5 Ω·cm2, whereas the phase angle (−ø) is as high as 85 degrees.




3.3. Post Corrosion SEM and FE-SEM Analyses of Immersed Surfaces


To have a better view of the Cu dissolution behavior with and without inhibitor coatings; imaging of the coated and uncoated Cu was implemented. Figure 5 displays the SEM and FE-SEM images of bare surfaces pre and post immersion in blank and C-MPT nano-composite inhibitor solutions of an aerated chloride solution at a rotation rate of 2400 rpm. Bare surfaces before immersion show no evidence of corrosion or film formation, as expected (see Figure 5a,b). However, by immersing in the corrosive medium, the blank (Figure 5c) displays a huge presence of corrosion pits after 1 h, whereas minor pits are observed on the Cu from the C-MPT nano-composite inhibitor system (Figure 5d) as viewed by SEM.



To observe more information at the nano range, the same surfaces for the blank and C-MPT systems were viewed with FE-SEM instrument Figure 5e,f, respectively. This confirmed the formation of stable pits and high corrosion damage on the bare Cu immersed without inhibitor. The corrosion rate, metastable pits, and surface morphology of the bare Cu surfaces were significantly different from the C-MPT nano-composite inhibitor coated metal, which shows no corrosion product. Rather, the system with C-MPT nano-composite inhibitor revealed the presence of nanoparticles from the inorganic component (CoWO4) of high surface area that allowed the adsorption of the organic compound (5-mercapto-1-phenyl-1 H-tetrazolederivative, MPT) found sitting all over the particle spaces and the entire materials were coated on the metal. The formation of this nano-composite inhibitor coating structure on the Cu surface was surely responsible for the protection efficiency witness in the present research.




3.4. Effect of Immersion Duration on Coating Performance


To further investigate the capability of this coating generated naturally from the wet chemical solution medium, the influence of immersion duration was monitored by extending the coating time from 1 h to 2 h. Figure 6 shows the SEM images taken on the bare and C-MPT nano-composite inhibitor coated Cu surfaces, after 2 h immersion in an aerated chloride solution at 2400 rpm in the presence and absence of the inhibitor.



Figure 6a revealed huge pitting propagation after 2 h on Cu in the absence of the C-MPT nano-composite inhibitor, however, these pits were found to be absent in the case of coated surface (Figure 6b) by the introduction of the C-MPT nano-composite inhibitor. The evidence of coating and minor cracks were observed. It further revealed the facile formation of film coating within few hours by the new nano-composite material compared to the usual 24 h for conventional self-assembly methods [25,26]. Moreover, the ability of the formed coating to block the penetration of chloride ions by the observed barrier formation might be a solution to pinhole leaks, which is the problem associated with Cu pitting corrosion in potable water systems. Bearing this in mind, more in-depth analyses of the pit nature are carried out in this research.




3.5. AFM Analyses of the Coated and Uncoated Cu Surfaces


In the laboratory, it is difficult to reproduce the precise conditions that create pinholes in the site environments. Suspected issues are chlorinated water of high pH and low alkalinity as the only causes [2,46]. However, research has also shown that Cu pitting in chlorinated water is accelerated by flow velocities, and immersion duration [2]. Figure 7 shows the AFM micrographs representing the 3D, 2D, and roughness profiles of bare Cu without inhibitor coating and C-MPT nano-composite coated surfaces after 2 h immersion in an aerated chloride medium with and without inhibitor at RDE rotation rate of 2400 rpm. The result reveals that large pits are developed on bare Cu after 2 h, as displayed in the 3D image of Figure 7a. To profile the depth of this hole, a 2D projection was made for a single hole Figure 7b, and from this, the depth of the largest pit was found to be approximately 1.95 μm after 2 h duration with evidence of high roughness on the entire profiled region (Figure 7c), this is a dangerous occurrence. However, it is good to note that by the introduction of C-MPT nano-composite inhibitor (Figure 7d) the damage was averted. The vertical orientation of the inhibitor particles were observed on the Cu surface without evidence of pit formation. Both uniform and localized corrosion are strongly mitigated by the inhibitor. This is much clearer in the 2D image (Figure 7e), which shows that the Cu surface had zero pit formation in the presence of the C-MPT nano-composite coating. The profiling of this inhibitor coated surface (Figure 7f) shows that surface roughness was highly reduced as evidence of the C-MPT inhibitor corrosion protection ability on Cu surface in aggressive 3.5% NaCl for up to 2 h immersion duration at rotation rate of 2400 rpm.




3.6. Elemental Color Mapping and EDAX Analyses of Coated Surfaces


The elemental composition of the coated surface and the spread of the individual component elements are very crucial in the corrosion behavior of the metal substrate and thus were determined by EDAX and color map techniques. Figure 8 shows the FE-SEM color mapping and EDAX of the elements in the C-MPT nano-composite inhibitor coated Cu surfaces after 2 h immersion in an aerated 3.5% NaCl solution containing the inhibitor at room temperature and rotation rate of 2400 rpm. The detected elements are; Co, W, C, O, S, and N as expected from the nano-composite containing (CoWO4 and C7H6N4S). All the elements showed good spread on the Cu surface as confirmed via the color mapping.




3.7. Post Corrosion XPS Analysis of Coated and Uncoated Cu Surfaces


Further, elemental and oxidation state analyses of the elements detected were carried out on the filmed and unfilmed Cu surface using XPS analysis. Figure 9 is the survey spectra of the elements on bare Cu and C-MPT nano-composite inhibitor coated surfaces after immersion in an aerated chloride medium with and without the inhibitor at room temperature and rotation speed of 2400 rpm. The spectrum of bare Cu showed evidence of corrosion products with a very high intensity of Cu peaks at binding energy approximately 932.76 and 952.33 eV correlated to Cu 2p and Cu 2p1, respectively, both as a result of Cu leaching in the solution medium due to high rate of dissolution in the absence of the inhibitor [47]. However, by introducing the C-MPT nano-composite inhibitor, the Cu surface got coated by this material leading to the shielding of the substrate. The coated surface shows no presence of Cu corrosion products with highly reduced intensity of Cu peak as evidence of suppression of Cu leaching; only the elements from the C-MPT inhibitor (Co, W, C, O, S and N) were detected confirming the FE-SEM EDAX elemental analysis as already discussed.



Further, the high-resolution analysis of the elements in the C-MPT inhibitor was carried out to understand the oxidation states of the detected elements. Figure 10 shows the high-resolution XPS spectra of the elements on the C-MPT nano-composite inhibitor coated on Cu surface after immersion in an aerated 3.5% NaCl containing the inhibitor at room temperature and rotation rate of 2400 rpm, Figure 10a shows the spectra of Co 2pwith the spin-orbital coupling deconvoluted to Co 2p1/2 and Co 2p3/2 at binding energies 796.22 and 780.51 eV, respectively. The characteristic satellite peaks of Co 2p1/2 and Co 2p3/2 are equally observed at binding energies 802.30 and 785.89 eV, respectively, confirming the presence of Co. Figure 10b displays the spectra of W6+ with spin-orbital coupling at binding energies 34.95 and 37.03 eV assigned to W 4f7/2 and, W 4f5/2,respectively, with an extra peak occurring at 30.16 eV corresponding to WS2,confirming the presence of the tungstate in the film and indicates the interaction between the organic compound containing thiol group (R-SH) and the tungstate part of the nanoparticles. Other elements such as N 1s (Figure 10c) is fitted with two peaks 399.79 ± 0.2 and 397.88 ± 0.1 eV corresponding to the tetrazole and metal nitride, respectively, confirming the bond interaction between the organic part of the nano-composite and the Cu surface which is crucial for the film adherence and high corrosion inhibition efficiency [48].



The S 2p peak at 168.30 eV is correlated to thiol species (R-S) and the 162.72 eV corresponds to metal sulfide (S-Cu) another strong binding site for the nano-composite coating (Figure 10d). O 1s (Figure 10e) the broad peaks at binding energies 530.62 ± 0.21 eV correlated to O2− in the oxides and 531.81 ± 0.1 eV for metal hydroxides resulting from solution chemical reaction with the Cu metal before full film formation. C 1s signal (Figure 10f) at binding energies 285.47 ± 0.2, 284.43 ± 0.2, and 283.62 ± 0.2 eV are assigned to the phenyl ring/or C=N, S-C-N, and C-C carbon bonds, respectively, all from the organic part of the nano-composite film coating. The overall analysis confirms the deposition of C-MPT nano-composite inhibitor coating on Cu surface as responsible for the observed corrosion inhibition of the metal in chloride medium solution under flow conditions.




3.8. ASTM Standard Adhesion Tape Test


Adhesion is an important index for the evaluation of anticorrosive coatings and is used in our study to monitor the C-MPT nano-composite inhibitor coating persistence on the Cu surface. Good adhesion not only inhibits the penetration of corrosion causing species such as dissolved oxygen and chloride ions, but also prevents pitting corrosion propagation. Figure 11 shows the visual images of the coatings cut into grids before and after the application of tape tests (Figure 11a,b), respectively, as per ASTMD 3359-97 standards.



No coating detachment was observed, but only a minor imparts that led to the extension of the coatings into the marked grooves as a result of applied pressure before tape pulling. This is to ensure proper sticking of the tape. Visibly, only two spots showed minor intention to initiate delamination, thus indicating excellent adhesion of the nano-composite on the Cu surface.





4. Discussion


The penetration of chloride ions through to the metal surface by tunneling via coating pores causes corrosion attacks during reaction with the metal ions. The reaction with Cu gives rise to the formation of unstable cuprous chloride (CuCl) film, which gives temporal passivation and quickly dissolves via cuprous complex (CuCl2−) to give way to further dissolution of the bare Cu metal [49]. There would be a rise in the corrosion current after temporal passivation due to the breakdown of the cuprous chloride layer, which gives way to a transpassive region found in the bare Cu system (Figure 3a). This stage translates to the dissolution process of Cu via cupric ion (Cu2+). The high intensity of current in this region is not only correlated to film breakdown, but also to the localized concentrated attack of the Cu surface leading to stable pit formation as witnessed in the AFM surface imaging (Figure 7). The observed pit depth of 1.96 μm is very large, yet not visible to the unaided eye. The implication is that the damage due to pitting corrosion will remain undetected in the field environment, thus leading to premature or accidental breakdown, loss of infrastructural integrity, and high occupational risk. However, the C-MPT inhibitor in the present investigation reversed this dangerous attack on the Cu surface through a synergy between CoWO4 and MPT deposits as shown by FE-SEM analysis (Figure 5f). The active region in Figure 3a is the zone of high dissolution of Cu into solution as cuprous ions (Cu+), at the passive region the formation of   CuCl   film takes place between Cu+ and Cl−. This process results in a limiting effect on the corrosion current density before the transpassive region, the unstable CuCl film get dissolved via CuCl2− complex followed by cupric ion (Cu2+) formation, leading to further increase in the anodic current density generation [49]. However, by increasing the rotation speed, these characteristic phenomena gradually disappear, showing the dependency of Cu dissolution on the rotation rate. An increase in the rotation rate thus leads to a higher dissolution region in the bare system with the diminished passive region as shown by curve iii (Figure 3a) at 1600 rpm. The inhibited Cu system (Figure 3b) shows no dependence on the rotation rate as the surface is shielded from the corrosive electrolyte by the inhibitor coating. This equally confirms that the inhibitor is effective and maintains persistence on the metal surface even after 2 h extended immersion under flow (see surfaces in Figure 6). The thorough analysis of the C-MPT inhibitor in the present work reveals the effectiveness of this inhibitor for the protection of Cu under the tested aggressive environmental conditions.




5. Conclusions


In conclusion, electrochemical methods and advanced surface techniques were employed to investigate the effectiveness of a wet chemical coating made of C-MPT nano-composite inhibitor on Cu for corrosion mitigation. The synergy from the inhibitor combination, film thickness, and surface morphology of the nano-composite was responsible for curbing the metal degradation. The inhibitor curbed both localized and uniform corrosion in the presence of chloride ions and hydrodynamic flow. Therefore, the present report highlights the following key points:




	
Nano-composite film was successfully fabricated on the copper surface using synthesized CoWO4 in synergy with 5-mercapto-1-phenyl-1H-tetrazole (MPT) via a wet chemical coating method.



	
SEM and AFM analysis revealed the development of corrosion pits with a maximum depth of 1.95 µm on the uncoated copper after 2 h immersion duration due to chloride ion penetration which was aggravated by mass transport under hydrodynamic flow conditions.



	
However, by the introduction of C-MPT nano-composite corrosion inhibitor, there was a facile and natural fabrication of film, which grew into a stable barrier coating on Cu surface leading to zero pit formation as evidence of effective protection.



	
Electrochemical investigation showed that the inhibitor reduced the corrosion rate by inhibiting both cathodic and anodic reactions with a consequent reduction in corrosion current density from 34.5 to 1.02 µA cm−2, with a potential shift of less than 85 mV vs. SCE, which defines it as a mixed-type inhibitor.
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Figure 1. Schematic representation of the rotating disc electrode flow pattern and the experimental set-up coupled to an electrochemical instrument. 
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Figure 2. (a) OCP, (b) PDP of uninhibited and C-MPT nano-composite inhibitor (CoWO4 (NPs) + 5-mercapto-1-phenyl-1H-tetrazole MPT) coated on Cu surface at different concentrations (c) is the replicate experiments of the 0.0125 wt% and (d) is the cathodic extrapolation of the Tafel region for polarization in an aerated 3.5% NaCl with and without the inhibitor at room temperature and rotation speed of 2400 rpm. 
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Figure 3. Potentiodynamic polarization of (a) bare Cu and (b) C-MPT nano-composite inhibitor (CoWO4 (NPs) + 5-mercapto-1-phenyl-1H-tetrazole MPT) coated on Cu surface in an aerated 3.5% NaCl containing the inhibitor at room temperature and different rotation rates (0, 200, 1600, and 2400 rpm). 
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Figure 4. (a) Nyquist, (b) Bode Modulus, (c) Bode phase angle plots of electrochemical impedance data (EIS) of bare and C-MPT nano-composite inhibitor (CoWO4 (NPs) + 5-mercapto-1-phenyl-1H-tetrazole MPT) coated on Cu at various concentrations in an aerated 3.5% NaCl with and without the inhibitor at 2400 rpm, and (d) equivalent circuits for (i) bare Cu and (ii) C-MPT coated surfaces. 
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Figure 5. SEM micrographs of (a,b) bare Cu surfaces before immersion (c,d) blank and C-MPT nano-composite (CoWO4 (NPs) + 5-mercapto-1-phenyl-1H-tetrazole MPT) coated Cu surfaces, respectively, and (e,f) FE-SEM images of the same surfaces after 1 h immersion in an aerated 3.5% NaCl with and without the inhibitor at 2400 rpm, circled portions indicates metastable pits. 
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Figure 6. SEM micrographs of (a) bare Cu surface (circled portions are metastable pits) and (b) C-MPT nano-composite (CoWO4 (NPs) + 5-mercapto-1-phenyl-1H-tetrazole MPT) coated Cu surfaces, after 2 h immersion in an aerated 3.5% NaCl showing pit initiation (the circled portion)without and with the inhibitor at 2400 rpm. 
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Figure 7. AFM micrographs representing the 3D, 2D, and roughness profile of bare Cu without inhibitor coating (a,b,c) and C-MPT nano-composite inhibitor (CoWO4 (NPs) + 5-mercapto-1-phenyl-1H-tetrazole MPT) coated surfaces (d,e,f), respectively after 2 h immersion in an aerated 3.5% NaCl with and without the inhibitor at room temperature and rotation speed of 2400 rpm. 
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Figure 8. FE-SEM color mapping and EDAX of the elements in the C-MPT nano-composite inhibitor (CoWO4 (NPs) + 5-mercapto-1-phenyl-1H-tetrazole MPT) coated on Cu surfaces after 2 h immersion in an aerated 3.5% NaCl containing the inhibitor at room temperature and rotation speed of 2400 rpm. 
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Figure 9. XPS survey spectra of the elements on bare Cu and C-MPT nano-composite (CoWO4 (NPs) + 5-mercapto-1-phenyl-1H-tetrazole MPT) coated surfaces after immersion in an aerated 3.5% NaCl with and without the inhibitor at room temperature and rotation rate of 2400 rpm. 
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Figure 10. High-resolution XPS spectra of the elements on the C-MPT nano-composite (CoWO4 (NPs) + 5-mercapto-1-phenyl-1H-tetrazole MPT) coated on the Cu surfaces after immersion in an aerated 3.5% NaCl containing the inhibitor at 2400 rpm, (a) Co 2p, (b) W 4f, (c) N 1s, (d) S 2p, (e) O 1s and (f) C 1s spectra. 
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Figure 11. (a) Before and (b) after adhesion test on the C-MPT nano-composite (CoWO4 (NPs) + 5-mercapto-1-phenyl-1H-tetrazole MPT) coated Cu surfaces after immersion in an aerated 3.5% NaCl containing the inhibitor at room temperature and rotation speed of 2400 rpm, as per ASTM standard, circled area indicates the portions of coatings delamination. 
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Table 1. Comparison chart of the results achieved after potentiodynamic polarization tests for different solution coated samples in the past and present research.
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	Metal Sample
	Inhibitor
	Electrolyte
	Temperature (°C)
	Nature of Film
	Hydrodynamic Condition
	η

(%)
	Authors
	Ref.





	Bronzes
	3-Mercaptopropyl-trimethoxysilane
	3.5% NaCl
	Room temperature
	Coated with Prop

S-SH film
	static
	99.8
	Balbo et al.
	[18]



	Copper
	5-Mercapto-3-phenyl-1,3,4-thiadiazole-2-thione potassium (MPTT)
	3.0% or 0.5 M NaCl
	25 °C
	Coated via SAM
	static
	93.7
	Chen et al.
	[19]



	Copper
	5-Phenyl-1,3,4-thiadiazole-2-thiol (PTT)
	3.5% NaCl
	303 K or 30 °C
	Coated with thiadiazole–Cu complex. from PTT
	static
	97.5
	Tian et al.
	[20]



	Copper
	2-(5-Mercapto-

1,3,4-thiadiazole-2-yl)-

phenol (MTP)
	3.5% NaCl
	303 K or 30 °C
	Coated with thiadiazole–Cu complex. from MTP
	static
	97.1
	Tian et al.
	[20]



	Copper
	4-Phenylpyrimidine (4-PPM)
	3.0% NaCl
	-
	Coated with 4-

PPM layer
	static
	83.2
	Wei et al.
	[21]



	Copper
	3-Phenylsulphinyl-5-amino-1H-1,2,4-triazole
	1% HCl
	25 °C
	Coated with inhibitor film
	static
	91.7
	Shevtsovet al.
	[22]



	Copper
	1-Octadecanethiol (ODT)
	Simulated acid rain
	25 °C
	Coated via SAM
	static
	85.8
	Martinović et al.
	[23]



	Copper
	1-(3-Aminopropyl)-2-

methyl-1-imidazole

(APMI)
	3.0% NaCl
	-
	Coated via SAM
	static
	95.1
	Durainatarajan et al.
	[24]



	Copper
	CoWO4 (nanoparticles NPs) + 5-mercapto-1-phenyl-1H-tetrazole (MPT)
	3.5% NaCl
	32 °C
	Coated with nano-composite film
	Flow
	97.4
	Present work
	-
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Table 2. Potentiodynamic polarization of Cu in 3.5% NaCl for uninhibited, MPT-alone, and the various concentrations of the C-MPT nanocomposite inhibitor (CoWO4 (NPs) + 5-mercapto-1-phenyl-1H-tetrazole MPT) coated under the conditions of room temperature and constant electrode rotation speed of 2400 rpm.
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	Concentration (wt%)
	  E  corr   

(V)
	  i  corr   

(µA cm−2)
	βc (mV/decade)
	Corrosion Rate (mmpy)
	η

(%)





	Blank(0.0 C-MPT)
	−0.203
	34.50 ± 2.4
	218.2
	0.147
	-



	MPT_alone_0.018
	−0.201
	5.29 ± 0.5
	162.8
	0.039
	84.7 ± 1



	C-MPT_0.0125
	−0.182
	3.41 ± 0.2
	123.6
	0.028
	90.1 ± 3



	C-MPT_0.025
	−0.137
	1.02 ± 0.4
	116.1
	0.007
	97.4 ± 2



	C-MPT_0.05
	−0.095
	1.56 ± 0.7
	89.3
	0.009
	95.5 ± 4
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Table 3. EIS data for Cu in chloride medium (3.5% NaCl) for the uninhibited, MPT-alone, and the various amounts of the C-MPT composite inhibitor, (CoWO4 (NPs) + 5-mercapto-1-phenyl-1H-tetrazole MPT) coated ta 2400 rpm [R and W (Ω·cm2),   Y o   (×10−5 Ω−1cm−2sn)].






Table 3. EIS data for Cu in chloride medium (3.5% NaCl) for the uninhibited, MPT-alone, and the various amounts of the C-MPT composite inhibitor, (CoWO4 (NPs) + 5-mercapto-1-phenyl-1H-tetrazole MPT) coated ta 2400 rpm [R and W (Ω·cm2),   Y o   (×10−5 Ω−1cm−2sn)].





	
Concentration

of Inhibitors

(wt%)

	
   R s   

	
   R f   

	
CPE1

	
   R ct   

	
CPE2

	
     χ 2  ×   10   − 3      

	
η

(%)




	
     Y   o  1      

	
n1

	
     Y   o  2      

	
n2






	
Blank

	
22 ± 0.3

	
-

	
27.1 ± 0.2

	
0.76

	
1401 ± 23

	
-

	
-

	
1.5

	
-




	
MPT_alone

	
25 ± 0.3

	
4988 ± 54

	
13.2 ± 0.3

	
0.74

	
5986 ± 89

	
10.3 ± 0.1

	
0.83

	
1.1

	
87.2± 5




	
C-MPT_0.0125

	
26 ± 0.2

	
4997 ± 47

	
6.6 ± 0.1

	
0.86

	
15096 ± 201

	
8.3 ± 0.2

	
0.85

	
10.2

	
93.0 ± 4




	
C-MPT_0.025

	
26 ± 0.5

	
20103 ± 101

	
4.3 ± 0.2

	
0.89

	
22897 ± 211

	
3.9 ± 0.3

	
0.90

	
7.1

	
97.0 ± 1




	
C-MPT_0.05

	
28 ± 0.4

	
14431 ±104

	
4.7 ± 0.4

	
0.88

	
17580 ± 105

	
4.3 ± 0.4

	
0.80

	
6.6

	
96.0 ± 3

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Pit depth of 1.95 um






media/file4.png
-0.06

-0.08-. a)..ww
0.10 - (V) (V)
-0.10 - v
| -0.12- .
) 014 (i) |
s y [ — A~
» -0.16 4 \ -
> .0.184
- 020 T
D 0.22 /(I)
3 '0'24'_ = (i) Blank system B
026 === (ji) MPT alone
028 = (iii) C-MPT_0.0125 wt%
030  —(iv) C-MPT_0.025 wt%
It e (V) C-MPT_0.05 wt%
-0.32 T v T T T | T
0 200 400 600 800 1000
Time (s)
-2
1(¢) |
-3 o == Experiment 1
Experiment 2
-4 - Experiment 3
E 5-
L
<
— -6
(o)
o
4 7.
-8 -
-0 -
-10
-0.6 -0.4 -0.2 0.0 0.2 0.4

Potential (V) vs. SCE

Log j (A/lcm?)

Log j (Alcm?)

24(b)
il -
il -
-5
- (V)
-5 =
-/ - —(i) Blank system
s (i) MPT_alone
-8 e (i) C-MPT_0.0125 wt%
< e (jv) C-MPT_0.025 Wt%
O e (V) C-MPT_0.05 Wt%
L) ) ] v ) b ]
-0.6 -0.4 -0.2 0.0 0.2 0.4
Potential (V) vs. SCE
-2
-3 —
4 —
5
-6 —
741  Must be A\ N
1 to one decade
84 of current
' E corr
-9 | { ! J I
-0.4 -0.2 0.0 0.2 0.4

Potential (V) vs. SCE






media/file18.png
_ 30um 30 um T

T TR 2 .ff %
' iR . -l el i
SN SRt b A ﬁ?‘}: R e
. : " T . s » % P g & Y
;. _—- H g ” < -'. .

» -
£.. .:-' o

Sy "_'- o a . " =y > -~ £ .'."-’
~ &" o p\“ y& e ',,:q =3 3 ﬁ‘\“ # > : <
- Q Ly &s_ AR -, ~ . S e i
TRO IS A ;"&h’@; w I T Y S sy
| A e Sy e % ol
& : 4

B
)

Ll
"
YA
e
%

.
i FA

L2
8 ," .
R, o\
PR < ”-
n
4
&9
X

B
e
vga
et
» e
»

- km‘
AN
s
k
"
A
-~
-
v

Y
»

3
‘v"’ ™

N

)
>

a5

SEa Y o

=
R
s
1Y Q«;z
Ve
Lk
>
-~ !Q‘
%
4
()
v\

%
A
n"“
% .-‘."'{ - 2
Iy
n'f!?‘{
&
B
B

3 i%*‘g“ -
o, 7 . i Ve, P Al e P

“eAs “-x?' < Uk e Ve 3 e ey \ d
O A IR B B R B NN N
o2 - e 20 - S L .

e Y e N YT S
j‘i! ';;k v 'fz‘iﬁ Rt i . A T
e, ¥ Pt b3 - @ §‘: . - ¥ !', '
i ® edag SR S TE AU TN

Full Scale






media/file21.jpg
L}
iy

arsy

@ ®

Rt






media/file3.jpg
e o0s

e [
a .
©
IS CI— .
—ecparinan2
P it .
s £
i, <
i, a3

Potential (V) vs. SCE.

‘Potential (V) vs. SCE






media/file22.png
Intensity (a.u)

Co 2P

780.51

Intensity (a.u)

T
800

790
Binding Energy (eV)

T
780

770

34.95
7y

4f

T
36

T
34

T
32

Binding Energy (eV)

T
30

N 1s 399.79 N-C
E)
&
2
(1]
c
-]
&
T v T v T '
410 405 400 395 390
Binding Energy (eV)

Intensity (a.u)

(d)

T
172 170

-t T
168 166 164 162 160 158

Binding Energy (eV)

Intensity (a.u)

Intensity (a.u)

t 7537 <r‘@‘rTrre4eeer—
540 538 536 534 532 530 528 526 524

Binding Energy (eV)

Cis 283.62

b ) - ) L4 ) 4 1 L4 L n J
290 288 286 284 282 280 278
Binding Energy (eV)





media/file14.jpg
(U]

O
™
s
5
3

S 3B u v .






media/file19.jpg
Intensity (a.u)

Bare Cu
—— C-MPT coated

12pcy 3p
2 s
L (g | fz Pw a
T T T T T T ,
1200 1000 800 600 400 200 ]

Binding Energy (eV)





media/file7.jpg
~Phase angle (0)/ degree
8 5zt

s

Blank system
WP sione

cHpT aorzs e b,

CMPT0.025 wth
CMPT 005w
CNLS fiting

S CHPT0.05 welh
| NS fting

T Coawequency )

Log requency (Ha)






media/file10.png
(¢)
(d)

20 pm
20 pm

(2)
(b)






media/file15.png
(b)

0 10 20 30 <0 50 ym -
2
1.75
1.5
1.25
1
0.75
05
0.25
0

Pit depth of 1.95 um

0.75 ym |—r—r

1

s = T S B

0.5 -

-1
SN EEN NN SN NN SN SN SN S S S S S S -

-1.5 <

-1"2 Mm """"" = T §ewne—— T ——— | S S S S e S S e —————— - .






media/file11.jpg
(@) ®)






media/file6.png
Log j (A/lcm?)

-4 -

.2 | Effect of rpm
Jon the blank system
Transpassive
Passive
Active
(iv)
. - — (i) 0 rpm
(i) e (i) 200 rpm
(i) e (1) 1600 rpm
| (a) s (V) 2400 rpm
T | 1

= T T T T T
-0.6 -0.4 -0.2 0.0 0.2

Potential (V) vs. SCE

0.4

Log j (A/lcm?)

Potential (V) vs. SCE

.2 | Effect of rpm

Jon C-MPT inhibited
%
il
-5 -
-6 -

e (i) O rpm

of =

_ (i) —— (ii) 200 rpm
8- (iv) e (iii) 1600 rpm

(b) (iv) 2400 rpm
-9 d T 1 r T T !
-0.6 0.4 -0.2 0.0 0.2 0.4






nav.xhtml


  cmd-02-00040


  
    		
      cmd-02-00040
    


  




  





media/file16.png
um
— 1.4

- 1.275
- 1.25
- 1.225
- 1.2
1.275
1.25
1.225

1.175
1.15
1.125

0.5 - !
0.4 - - )
0.3 - ;
0.2 4 !

0.1 -M -
- AVA_M

0.1 4
0.2 - ;
0.3 L

LB R D K o JN LB I ZEL G SN ON LN BELEL Cf EOLINLINLBEL A 2L Al A A NEJRLAELEILIN ML B LA LR L SN AN B SEL I LN TN AR S

e . —— =
0 5 10 15 20 25 20 35 40 45 50 55 €0 65 70 75 80 ym






media/file2.png
Ring electrode

Disk electrode

L "\

Copper

electrode Teflon

RE

® .
.— Potentiostat

Electrolyte






media/file20.png
Intensity (a.u)

Cu 2s

'Mﬁﬂlﬁ# _:/ - N 1s I szp

Cu 2p
Bare Cu
— C-MPT coated

Na 1s /Cu 2p 1

O1s

C1s ci2
C|2s\ Pcu3s
AN B P

S

Co 2p

A

— W 4f

P W

!
1200

10'00 | 8(l)0 ' 6(')0 ' 4(')0 ' 2(')0 ' (')
Binding Energy (eV)





media/file23.jpg





media/file5.jpg
Log  (Alem’)

Erectolom Erfctof rpm
on e panksysam onc T anbiea
sive 3
S
Active =
3
(“.,
—0orm B —0om
. —— () 200 rpm — (i) 200 rpm
o s rom . [N —
(a) i zorom ®) i zworm
P e V) ve. SCE






media/file24.png





media/file1.jpg





media/file12.png
()

20 pm

(b)

20 pm






media/file9.jpg





media/file0.png





media/file8.png
50 — 5.0
= Blank system RH- e —
@ MPT_alone o131 o CMPT o028 W% ‘
404 o C-MPT_0.0125 Wt% 5|~ GTocew 4.0
@ C-MPT_0.025 wt% = o .5
| @ c-MPT_0.05wWt%h "% e <
"g 301——CNLS fitting 0| L& G 3.0 -
o ) : f 15 20 @-
g Z' kQecm? E 2.5
- i = m Blank system
N = L 2207 & MPT_ alone
=151 ¢ C-MPT_0.0125 wt%
- 1 @ C-MPT_0.025 wt%
91 o C-MPT_0.05 wt%
0.5 4 — CNLS fitting b
0 0.0 4 ( )
) ] I 7 I ! I = | X I o I ¥ I % I
0 10 20 30 40 50 -2 -1 0 1 2 3 4 5
Z' (kQ.cm?) Log frequency (Hz)
100
m Blank system
o so] @ MPT_alone
o @ C-MPT_0.0125 wt%
'y @ C-MPT_0.025 wt%
2 el @ C-MPT_ 0.05wt%
o ——— CNLS fitting
o
O
c
S
Q
2]
©
K o
o

2 4 0o 1 2 3 4 5
Log frequency (Hz)





media/file17.jpg





