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Abstract

:

To investigate the corrosion protection behavior of naturally derived cocoyl sarcosine in combination with N-b-hydroxyethyl oleyl imidazole for steel CR4 in 0.1 M NaCl, different evaluation systems (weight loss, electrochemical measurements, and spray corrosion tests) were used. Both compounds were tested in different concentrations (25–100 mmol/L) and with variable dip coating times (1–30 min), first individually and then in combination, to check any synergistic effects for surface protection. Both showed only an insignificant corrosion inhibiting effect with less than 50% efficiency at all concentrations and dip coating times if used alone. In contrast, compound combinations revealed an improved corrosion inhibition correlated with higher concentrations. Across all methods, the compound combination concentration of 100 mmol/L resulted in improved efficiency of up to 83% for gravimetric tests, up to 84% for the impedance measure and more than 91% for potentiodynamic polarization. Dip coating variations proved 10 min to be the best option for all compounds with a maximum efficiency of up to 86% for the compound combination.
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1. Introduction


Corrosion protection of steel with inhibitors is still one of the most cost-effective methods for the majority of applications, especially in industry [1,2,3]. The inhibitor substance itself can be an organic or inorganic chemical compound. It reduces corrosion when added to the medium, preferably in small quantities, or adsorbed directly on the metal surface, depending on its dissolution ability [1,4,5,6]. Industrially produced organic inhibitors include amines, imidazoles, and acetylenic alcohols, just to name a few [1]. Several research papers have investigated plant-derived organic inhibitors containing nitrogen or oxygen atoms, but also heterocyclic motives with polar groups, which could be used as alternatives to protect steel without environmental risk [7,8,9,10,11,12]. These substances have at least one unbound pair of electrons, usually from the heteroatoms they contain. Adsorption then occurs due to the interaction between these electrons and the metal surface [1,13,14].



Organic inhibitors prevent the corrosion of metals by isolating the active metal surface from its environment. Ideally, this happens by the adsorption of a thin monolayer film on the metal surface [1,14,15,16]. The polar group of the organic inhibitor adheres to the metal surface and the nonpolar hydrocarbon moiety forms a hydrophobic barrier to repel water [1,17]. The efficiency of the compound is influenced by various factors, such as its molecular weight, length of the hydrocarbon chain and its concentration [1,9,18,19,20,21,22,23,24,25,26]. The adsorption ability of the inhibitor on the metal surface generally increases with its concentration and a larger molecular weight [6,9,20].



Previous studies already confirmed that amino acids and derivatives of amino carboxylic acids protect steel against corrosion without harming the environment [6,25,27,28,29,30]. Ochoa et al. [31,32,33] investigated the synergistic effect of a combination of fatty amines containing oleoyl residues together with phosphorus-containing carboxylic acids on the corrosion reduction of carbon steel and classified them as mixed type inhibitors. As reported in recent works, the efficiency of an inhibitor system composed of sarcosine amino acid and fatty residues reduces corrosion as a function of carbon chain length, molecular weight, its concentration, and the dip coating time of steel in the inhibitor solution needed for surface adsorption [6,34]. The linkage between the polar sarcosine and the hydrocarbon chain of the fatty acid improves the overall solubility in many solvents and increases the acidity of the carboxyl group, resulting in better adsorption than free fatty acid [17]. Moreover, acyl sarcosine derivatives are used in cosmetics manufacturing, as they have no negative effects on humans and the environment [19,20].



One source of the fatty residues is, for example, coconuts. The fat content can be extracted as a naturally occurring mixture of fatty acids, which must first be separated to be resynthesized as individual sarcosine derivatives [6,20,34]. In this context, it would be advantageous if the naturally occurring fatty acid mixture could be used as sarcosine derivative, the so-called cocoyl-sarcosine (C). The N-acyl sarcosine substance C is known to have anticorrosive properties and whether it could be synergistically improved by the use of an additional active ingredient remains unanswered. Compound C is anionic in nature, registered as a mild substance, and shows efficiency in corrosion protection, is non-toxic and has aerobic and anaerobic biodegradability [17,20]. The fatty acids in compound C attached to sarcosine are a natural mixture of different hydrocarbon chains, usually in the following range of: 2–4% C10, up to 55% C12, 19–22% C14, 0–7% C16, 4–21% C18, 0–8% oleic acid, and 0–3% unsaturated fatty acids [20]. The acyl sarcosine derivatives adsorb on metallic surfaces, with the adsorption process occurring essentially via the amino acid portion of the molecule [6,17,20].



The second compound is N-b-hydroxyethyl oleyl imidazole (OI). Derivatives of oleyl imidazoles are widely used as corrosion inhibitors to reduce carbon dioxide-induced corrosion in acidic environments e.g., oil production [35]. OI consists of a five membered ring with two nitrogen atoms that can interact with the metal surface, a long hydrocarbon chain that acts as a hydrophobic barrier to water, and an additional short side chain that carries hydroxy functionality and, thus, meets the proven criteria of an inhibitor [35].



In the current study cocoyl sarcosine (C) with natural fatty acid content and N-b-hydroxyethyl oleyl imidazole (OI) are investigated individually and in combination (C + OI) with regard to their corrosion protection ability by surface adsorption. Different concentrations of C, OI and C + OI (25–100 mmol/L) are tested, as well as various dip coating times (1–30 min) to reduce corrosion of steel type CR4 in 0.1 M NaCl.




2. Materials and Methods


2.1. Metal Specimens and Weight Loss


Low carbon CR4 steel coupons (25 × 25 × 1 mm3, Nick-Stanztechnik, Koblenz, Germany) were taken for corrosion testing in 0.1 M NaCl. Optical emission spectroscopy (variolab, Belec Spektrometric Opto-Elektronik GmbH, Georgsmarienhütte, Germany) was used to verify the steel composition and to compare it with the standards (Table 1) [36].



The grinding and preparation of the steel specimen was performed according to reference [6] and DIN-ISO 9227:2006 [37,38], and is, therefore, only briefly summarized: Metal specimen grinding with emery paper P120 and 220 (WS FLEX 18c water proof, HERMES, Hamburg, Germany), ultrasonic cleaning with isopropanol, drying or storage at 60 °C (if needed) before inhibitor coating. Finally, the CR4 samples were dip coated in the respective inhibitor solution for specific times and used immediately.



Weight loss (WL) measurements (KERN 770, error ± 0.01 mg) for uncoated and coated steel CR4 were carried out for both compounds. Prepared metal specimens were immersed for 24 h in 1 L of aqueous NaCl solution (0.1 M), washed thereafter twice with distilled water before rust products were removed via immersion in 0.5 M hydrochloric acid for 10 s. The coupons were then cleaned directly with distilled water and isopropanol, dried thoroughly, and weighed accurately to determine any weight differences [39].




2.2. Inhibitors


As inhibitory compounds (Figure 1), the cocoyl sarcosine (C) [20] and N-b-hydroxyethyl oleyl imidazole (OI) as potential synergist were used [31,32,33,35]. As detected by GC-MS (Thermo Finnigan Q-GC, GCQ/Polaris MS, Thermo Fisher Scientific Inc., Waltham, MA, USA) the present, natural composed compound C contained the following as main fatty residues: 3.1% C 8, 4.2% C 10, 41.8% C 12, 18.9% C 14, 9.7% C 16, and 9.3% C 18. Stock solutions for the dip coating were provided at four concentrations (25, 50, 75, and 100 mmol/L) of both single compounds in toluene (see Supplementary SI 1) [34]. For the inhibitor combinations C + OI, respective stock solutions were combined in 50:50 volume percent so that they finally had the same molecular concentrations (25, 50, 75, and 100 mmol/L). For each individual inhibitor use and combination, fresh (or properly stored) metal specimens were used and fresh solutions were prepared.



For the evaluation of the inhibitory effect of C, OI and C + OI via electrochemical measures and spray corrosion the dip coating was arranged for 10 min at all concentrations. For the investigation on dip coating time, a 50 mmol/L concentration at various times (1, 2.5, 5, 10, and 30 min) was chosen according to reference [34]. Surface microscopic studies were carried out with a scanning electron microscopy (SEM, LEO 1450 ZEISS, Carl Zeiss, Aalen, Germany, WD 20 mm) equipped with an energy dispersive X-ray spectroscopy (EDS) for the 100 mmol/L concentration of C + OI to show film formation.




2.3. Electrochemical Measurements


Potentiodynamic polarization (PP) was recorded using a potentiostat (Laboratory—Galvanostate Wenking LPG03 system, Bank Electronic—Intelligent Controls GmbH, Pohlheim, Germany) for the prepared CR4 coupons in 0.1 M NaCl according to [6]. The three-electrode set up in a double-walled glass vessel was: reference electrode (RE) Ag/AgCl, a sample holder to expose 1 cm2 of specimen area as working electrode, and platinum as auxiliary electrode. To avoid and minimize effects of distortion in the analysis of Tafel slopes and corrosion current density, a scan rate of 0.5 mV/s was adopted, which was not deleterious as reported in previous work [40,41,42]. Further conditions were the following: The electrode system was immersed in the electrolyte for 30 min to achieve the stable open circuit condition (OCP); a voltage range of ±200 mV was applied depending on the OCP value.



Electrochemical impedance spectroscopy (EIS) was also performed in 0.1 M NaCl. The two-electrode setup (identical to above, but with no RE) was carried out using a Frequency Response Analyzer PSM 1700 (Newtons4th Ltd., Loughborough, UK). Frequencies from 100 kHz to 0.1 Hz and an AC amplitude sweep of 4 mV, peak-to-peak (AC) signal in OCP with 10 points per decade were applied [40]. In all electrochemical tests, 800 mL of a 0.1 mol/L NaCl aerated stirring solution with a stable pH of 6.5 ± 0.5 (pH-Meter, EL20/EL2, Toledo Group, Greifensee, Switzerland) was used as the electrolyte at room temperature (RT). To ensure reproducibility, a complete series consisted of at least three independent measurements for each inhibitor set or its combination.




2.4. Spray Corrosion Test


Following our previous work [6], a spray corrosion evaluation for 24 h was performed for both inhibitors C and OI at a concentration of 50 mmol/L and for the combination C + OI at four different concentrations (25, 50, 75, and 100 mmol/L). The experimental details and evaluation procedure are described in detail in reference [6]. In short, the key points are the following: The corrosion process of each series (in duplicate), each comprising five specimen, was checked and documented at five specific times (2, 4, 8, 14, and 24 h). Digital documentation of the degradation process was carried out with a scanner (HP Scanjet G4010, @1200 dpi, Hewlett Packard, Palo Alto, CA, USA). An ImageJ [43] implemented macro (extraction of blue channel, threshold adjustment, excluding 3 × 3 pixel artifacts) was used to quantify the corroded area and its respective number of spots on the central surface of the samples (20 mm × 20 mm, excluding edges). Data processing was done with Orgin Pro 8.1 [44].





3. Results and Discussion


3.1. Weight Loss (WL)


From the WL measurements, the corrosion rate (CR) could be determined with Equation (1) and its inhibition efficiency (IE), according to Equation (2) [39], with ΔW and ΔWinh. being the WL in absence and presence of an inhibitor, A the sample area, and immersion time t:


  C R =   Δ W   A ⋅ t    



(1)






  I E ( % ) =   Δ W − Δ  W  i n h     Δ W   ⋅ 100  



(2)







To determine the ability of the compounds to cover the steel surface, the surface coverage θ was calculated from Equation (3) [39]:


  θ =   Δ W − Δ  W  i n h     Δ W    



(3)







The results concerning CR, ΔW, θ, and IE for the present compounds C and OI, and their combination C + OI at different concentrations, are listed in Table 2.



Table 2 clearly indicates that CR decreased while the efficiency raised slightly for the individual use of C and OI with higher concentration. This effect was more pronounced with the C + OI combination. The improved efficiency also resulted from a reduction in WL, as depicted in relation to the IE in Figure 2. The maximum efficiency for C at the highest tested concentration of 100 mmol/L was not more than 45% (Figure 2 blue dots and Table 2). A similar value was obtained for OI with just 43% (Figure 2 red squares and Table 2). A significant reduction in WL was only obtained when C and OI were used in combination and in all concentrations. The highest effect was at 75 and 100 mmol/L with efficiencies up to 83% (Figure 2 green triangles and Table 2). The increase in inhibitor effect was clearly due to an increased inhibitor adsorption on steel with the C + OI combination, which reduced the contact area and, thus, the interaction between the metal surface and the environment.




3.2. Potentiodynamic Polarization Measurement


The two compounds were tested individually and in combination by PP to determine their concentration dependence as inhibitors and possible synergies for OI on corrosion protection in 0.1 M NaCl. The efficiency IE in percent was obtained from Equation (4), where icorr and iinh are the corrosion current density in the absence and presence of an inhibitor, respectively:


  I E ( % ) =    i  c o r r   −  i  i n h      i  c o r r     ⋅ 100  



(4)







Table 3 contains the PP results including corrosion potential Ecorr, corrosion current density icorr, the anodic and cathodic Tafel slope βa and βc, CR, θ, and the determined IE (PP curves and further data in Supplementary SI 2).



In Table 3, the values for the slopes βa and βc show only minor changes in corrosion behavior when C, OI, and C + OI were on the steel coupons. However, it was found that higher concentrations of C caused only a moderate increase in efficiency and a decrease in the current density icorr with a slight shift of the potential in a positive direction. The cathodic current density did not decrease noticeably at all tested concentrations of C, while the anodic current density went down. The highest efficiency of C for corrosion inhibition was only up to 47% at the maximum concentration of 100 mmol/L (Table 3 and Figure 3 in blue).



Compound OI, which was intended as a synergist, had individually even less effect than compound C. A decrease in current density with a small potential shift in negative direction led to a maximum efficiency of only 45% for 100 mmol/L (Table 3 and Figure 3 in red). The remaining OI concentrations showed some variations but rarely exceeded the values of C, except for 25 mmol/L with about 27% compared to roughly 20% for C.



The situation changed when both compounds were used as combination C + OI. The efficiency of C + OI at least doubled at all concentrations studied with a strong shift of the potential in a positive direction (Table 3 and Figure 3 in green) and a maximum at 100 mmol/L of more than 91%. The combination C + OI acted as a mixed inhibitor as it reduced both cathodic and anodic current densities, with the effect being stronger in the anodic part. The images in Figure 3, inserted in the upper half, show exemplary specimens tested here, which were digitalized after the corresponding PP testing by scanning at a resolution of 1200 dpi. It clearly shows that the corrosion on the surface decreased with increasing concentration of the investigated substances, especially for C + OI.




3.3. Electrochemical Impedance Spectroscopy Measurement


The EIS technique provides details about how effectively a studied organic substance inhibits the metal surface. The adsorption of organic molecules on the metal surface increases the charge transfer resistance Rct [45]. The impedance characteristics without and with C, OI and C + OI at different concentrations were analyzed by Nyquist and Bode plots (Figure 4). Randle’s model of the electrochemical cell, which consists of an active electrolyte resistance Rs in conjunction with the parallel combination of the double layer capacitance Cdl and an impedance of the Faradic reaction, was used to calculate the equivalent circuit of the electrochemical cell (inset in Figure 4a). Due to the poor results with OI, only the 50 mmol/L concentration was tested and compared with the reference of untreated steel CR4 (Figure 4a), while for C (Figure 4b) and C + OI (Figure 4c) all concentrations were investigated (individual presentations in Supplementary SI 3).



The deviation of the semicircular curves in the Nyquist diagram (Figure 4, left) illustrates the interaction between the steel surface and the electrolyte, which correlates with the kinetic and diffusion processes and generates the polarization interface [46,47,48,49]. Here, the intercept of impedance spectra at high frequency with the real axis represented the solution resistance RS, while the intercept with the same axis of the spectrum at low frequency was the sum RS and Rct, where the diameter of the semicircle was Rct.



The impedance spectra for C in Figure 4b display an increase in the value of the real impedance at the x axis, but the imaginary impedance was obviously too low, especially at 25 and 50 mmol/L, whereas semicircular curves formed at 75 and 100 mmol/L (Figure 4b). The increase of the semicircle diameter in Figure 4c clearly shows that the combination C + OI enhanced an inhibitory effect and Rct increased.



The Bode plots presented in Figure 4d–f deliver the Cdl. The intercept of the extrapolation in the linear range with the axis of absolute impedance Z provides the value for (1/Cdl) [49]. Overall, the highest charge transfer resistance was obtained for C + OI at a concentration of 100 mmol/L (Figure 4f green, triangle down). The parameters obtained by EIS measurements for compounds C and OI are summarized in Table 4. The corresponding IE was calculated from Equation (5), where Rct,inh and R are the resistance with and without inhibitor, respectively:


  I E ( % ) =    R  c t , i n h   −  R      R  c t , i n h     × 100  



(5)







The EIS results in Table 4 show that a barrier film was formed on the CR4 steel surface by the combination of C + OI and increased the inhibitory effect by up to 85% at a concentration of 100 mmol/L. The semicircle was muted at high frequencies, followed by an inductive loop in the low frequency ranges. These results showed that a charge transfer controlled the corrosion process in the absence and presence of the studied compounds [7,50]. Consequently, the Rct increased with higher concentrations of C + OI (Table 4 and Figure 4c,f). The increase in efficiency with higher concentrations of the combination of C + OI was evident from the increase in θ (Table 4). This improvement was due to the better adsorption performance of the organic molecules on the steel surface, which caused a decrease in the contact area between the metal surface and the environment.



According to the EIS results, compound C exhibited only an unsatisfactory corrosion-reducing effect at the higher concentrations with an efficiency of less than 49% at 75 mmol/L and less than 41% at 100 mmol/L (Table 4 and Figure 4b magenta and green, respectively). The efficiency of sarcosine C at the lower concentrations 25 and 50 mmol/L looked promising at first glance, but the value of the imaginary axis was too low (Figure 4b, red and blue). This might be due to competing inhibitor effects on the metal surface caused by the inhomogeneous mixture of chain lengths in C. Previous studies demonstrated that with increasing chain length and higher concentration of individual sarcosine derivatives the inhibitory effect was enhanced [6,34]. As the main compound here was C-12 with up to 42% (compare Figure 1) and the longer-chain compounds proportionally decreased in content with increasing carbon number, there was obviously an equilibrium between the shorter and longer chains with regard to adsorption on the metal and remaining in the solution. At lower concentrations, it was more likely that longer chained derivatives of C would adsorb together with C-12 on the surface, but with higher concentrations, the superiority of the C-12 compound revealed efficiency comparable with earlier findings [34].



The individual compound OI at a concentration of 50 mmol/L also resulted in only 46% efficiency (Table 4 and Figure 4a, red circles). Overall, the EIS results reinforced the fact that the C + OI combination was an effective corrosion inhibitor, which was consistent with the PP evaluation and the WL results. The mechanism of the inhibitor acted by attachment to the metal surface and could be explained by an adsorption isotherm. The correlation between θ and Cinh was thereby described by the Langmuir adsorption isotherm [51].




3.4. Surface Characterization


A surface characterization was examined exemplarily using steel samples treated 10 min in the most effective inhibitor combination C + OI of 100 mmol/L. Corresponding SEM and EDS micrographs of untreated reference steel and inhibitor-immersed ones are displayed in Figure 5a,b.



If SEM Figure 5a is compared with Figure 5b, the deposit of the inhibitor was clearly visible. The EDS spectra for untreated and inhibitor-immersed samples supported this, as the carbon content was more than 20 times higher on the sample treated for 10 min in 100 mmol/L of C + OI, indicating clear evidence of adsorption for the inhibitor molecules on the steel in the chosen solvent system. Furthermore, darker and brighter regions are visible in SEM image 5b, which indicated an inhomogeneous distribution of the inhibitor. The elemental mapping shown in Figure 5c supports this observation: the darker regions, especially, contained much more C than the brighter regions, which was exactly the opposite for iron; thus, being in line with earlier findings [34]. In addition, little O- and N-content could be found in the dark regions. A possible inhibitor aggregation and multilayer formation here would also support the competing chain length effects mentioned earlier. The result would be a more or less basic inhibitory effect for regions with sufficient inhibitor coverage being less stable than the multilayer compartments. This would also explain why there was no significant effect at higher concentrations of all systems, as shown by the IE data in Table 2, Table 3 and Table 4. However, although there was no homogeneous coverage with inhibitor molecules, an increased inhibitory behavior for the C + OI combination and a clear synergistic effect were observed.




3.5. Effect of Increasing Immersion Time


In addition to the application of different inhibitor concentrations, the immersion time applied was also an important factor here [34]. On the one hand, for the time required for optimal adsorption, and, on the other hand, for the possible overcoming of inhomogeneous coverages. Therefore, PP curves in 0.1 M NaCl at RT were recorded for all candidates in 50 mmol/L concentrations each, to check the effect of immersion time of inhibitor solutions for the steel samples. The obtained electrochemical parameters and the IE in % are summarized in Table 5.



As already seen for the PP data before (Table 3) the anodic βa and cathodic βc slopes again indicated only insignificant changes according to an increasing immersion time, as listed in Table 5 (further data in Supplementary SI 4).



An increase in immersion time from one to 10 min strengthened the protection of steel samples and reduced icorr in each case to maximal efficiencies of up to 41% for C, around 42% for OI and more than 86% for the combination C + OI (Figure 6). A comparison of the polarization curves as a function of concentration and immersion time clearly showed that the potential shift that occurred was related to the behavior of the compounds and combination C + OI themselves, not a result of changing the coating time, which meant that the efficiency could not be increased after 10 min of immersion (Compare Supplementary SI 2 and SI 4).



Over the longer term, the efficiency of C + OI was imperceptibly lower after 30 min than after 10 min, whereas it decreased more markedly with C and OI alone (Figure 6). The increasing efficiency with increasing coating time helped to improve the adsorption of inhibitor molecules by the steel surface. From the results it could be concluded that the surface was maximally, or almost completely, covered after 5 to 10 min of immersion time, depending on the inhibitor used (compare θ in Table 5). When the immersion time was increased from 10 to 30 min, an oily deposition of the inhibitor was observed. This indicated that (5 to) 10 min was obviously the best choice, since the surface was already optimally saturated with the inhibitor compound after this time, as highlighted by the turquoise rectangle in Figure 6. Thus, increasing the immersion time had the same effect as increasing the concentration in increasing the number of inhibitor molecules adsorbed on the steel surface.




3.6. Spray Corrosion Chamber Test


In order to evaluate the effect of the present compounds on the corrosion processes in a more realistic environment, additional tests were performed for the duration of 24 h using a spray corrosion chamber (Section 2.4). The visibly corroded area was used to analyze the corrosion process and monitor possible protection. This area could be determined after digitalization of each sample by the ImageJ program [6,34,40]. The whole corrosion area divided by the total observed area of the samples yielded the corresponding relative corrosion area in percentage. This value was directly correlated with the corrosion inhibiting effect of each compound. Effective inhibitors could be detected by non-corroded areas or, if they were not strong enough, only in small areas covered with corrosion products and, vice versa, ineffective substances.



Exemplary corroded and digitalized steel samples are presented in Figure 7. It shows the corrosion progress of typical measurements for the blank steel material (row 1) and the series of applied compounds in the order C, OI and C + OI (rows 2–4) at the indicated times of 2, 4, 8, 14 and 24 h. Each series consisted of ten individual metal probes arranged in two independent experimental arrays, each at an inhibitor concentration of 50 mmol/L. Table 6 summarizes the average values obtained and Figure 7 presents the visible and calculated results of corrosion propagation. The overall efficiency of the inhibitor was calculated in analogy to Equation (6) by the difference in relative corrosion area in the absence and presence of compounds. Where IE(%) was the calculated efficiency, and A1, A2 were the relative corrosion areas in absence and presence of the compounds:


  I E ( % ) =    A 1  −  A 2     A 1    × 100  



(6)







As summarized in Table 6 and Figure 7, different corrosion courses were found for the present steel CR4 in combination with the compounds. For blank steel, large corrosion spots with a light rust color were visible from the beginning. These spots grew over time and became darker, indicating different types of rust (Figure 7 first row and black color). After 24 h, the unprotected metal probe was almost completely covered by dark corrosion products, which served here as the reference. Sarcosine compound C (Figure 7 second row and blue color) gave a good initial reducing effect of up to 74% after 2 h, but this dropped in the further course to only 16% at 24 h. During this time, smaller but distinct corrosion spots appeared on the metal surface after only 4 h. These continued to grow and after 8 h they coincided to form larger spots. Compound OI (Figure 7 third row and red color) displayed a similar behavior as C, but was less efficient with 73% at the start and only 13% at 24 h. The first corrosion spots also appeared very early, but, in this case, they merged earlier to form larger, line-like patterns compared to the observations with C. As soon as the two individual compounds were used in combination, the picture changed (Figure 7 fourth row and green color). The combination C + OI showed the best performance in corrosion protection here for steel CR4. Only a negligible number of corrosion spots could be detected on the steel surface after 2 h, becoming larger during the measurement but remaining small in number, which, in the end, still led to an efficiency of up to 80% at 24 h.



Another way to present the results is as a linear relation, as displayed in Figure 7c [6,34]. Here the root of the relative corrosion area is plotted to the exposure times to give a linear approximation. The numbers next to the lines indicate the calculated slope value for each compound. According to previous results [6,34], a good inhibitor displays a rather low value for the slope and thus a rather flat course, and a less effective one has a higher value and is, therefore, steeper. In line with the above findings, the highest slope value was found for blank steel (Figure 7c, black line), followed by OI (red line), C (blue line) and, finally, the lowest, for the combination C + OI (green line, further data see Supplementary SI 5).



To further investigate the efficiency of the C + OI combination analogous spray corrosion tests were executed for concentrations of 25, 50, 75, and 100 mmol/L. Table 7 summarizes the average values obtained and Figure 8 presents the visible and calculated results of the corrosion propagation during 24 h. The first line in Figure 8 reflects the blank material as stated in Figure 7 before. From the second to the fifth line, the increasing concentration of C + OI is indicated, showing the significant corrosion reduction potential. At 25 mmol/L C + OI, corrosion was low up to 2 h, but began to be clearly visible after 4 h and resulted in less than 26% efficiency within 24 h (Table 7 and Figure 8 red line). The obtained efficiencies for 50, 75, and 100 mmol/L were excellent up to good until 14 h with up to 90% (Table 7 and Figure 8 blue for 50, magenta for 75, and green for 100 mmol/L). After 24 h, the efficiency was still over 85% for concentrations 75 and 100 mmol/L and 80% for 50 mmol/L. From the visual impression 75 mmol/L was particularly convincing, but as mentioned before, this was only one typical measurement out of a series consisting of ten individual metal probes arranged in two independent experimental arrays. Nonetheless, these results indicated the same behavior previously observed in the electrochemical studies and WL evaluation.



Overall, the naturally derived cocoyl sarcosine (C) and the N-b-hydroxyethyl oleyl imidazole (OI) had individually only insignificant effects, with less than 50% when used as corrosion inhibitors for the present CR4 steel at all concentrations and immersion times. However, when these compounds were used in combination C + OI they showed very good efficiency and revealed a synergistic effect. The highest concentration of 100 mmol/L for C + OI achieved an optimum efficiency with well over 80% in all methods (83% WL Table 2, 85% EIS Table 4, 86% spray corrosion Table 7, respectively) and up to 91% for PP (Table 3). For all tests, an increase in concentration from 25 to 50 mmol/L was found to have the greatest effect. For further increases up to 100 mmol/L the effects were less pronounced, especially for the combinatorial approach (Table 7, Figure 8). The evaluation of the coating effect, according to Table 5 and Figure 6, show that the best immersion time for the CR4 steel used, in terms of efficiency, was (5-) 10 min: C (41%), OI (42%) and C + OI (86%).



The studied organic compounds affected both the cathodic and the anodic polarizations. Therefore, they can be classified as mixed inhibitors, having a stronger effect on the anodic part. It should also be noted that the results obtained with the corrosion spray chamber differed somewhat from the values obtained with the PP measurements. For the PP measurements, the samples were completely immersed in the surrounding aqueous solution, which allowed a good and direct interaction. In the spray corrosion chamber, on the other hand, the steel samples used were exposed to highly humidified atmospheric conditions resulting in reduced exchange and interaction behavior with the environment. Nevertheless, all evaluation methods used here (WL, PP, EIS, and spray corrosion) indicated the same order in terms of efficiency of the tested substances.





4. Conclusions


The efficiency of naturally derived cocoyl sarcosine (C) was evaluated individually and in combination with N-b-hydroxyethyl oleyl imidazole (OI) as a potential corrosion synergist. Different evaluation systems, including weight loss (WL), potentiodynamic polarization (PP), electrochemical impedance spectroscopy (EIS) and spray corrosion tests, as well as different concentrations and coating times for the inhibitors, were applied for steel type CR4 in 0.1 M NaCl.



Electrochemical measurements clearly showed only insignificant effects on corrosion at all concentrations when C and OI were individually used. Overall efficiencies here were less than 50%. However, with an equimolar mixture of C + OI, the corrosion protection doubled with increasing concentration. The best efficiency of C + OI could be detected at the highest concentration of 100 mmol/L, with over 91% and 84% for PP and EIS measurements, respectively. The WL and spray corrosion tests also indicated a significant effect of more than 80% for the 100 mmol/L C + OI combination. In contrast, the individual effectiveness of compound C or OI was in some cases far below 50%. Moreover, the PP results for C + OI showed that it decreased the current density for both cathodic and anodic polarizations. Thus, the combination C + OI showed a mixed inhibitor effect, with a greater impact on the anodic part.



Additional effects on the immersion time of compounds C, OI, and C + OI were investigated using PP at concentrations of 50 mmol/L each. The best efficiency of C, OI and C + OI to reduce corrosion in 0.1 M NaCl was found to be up to 41%, 42% and 86%, respectively, for an immersion time of 10 min.



Overall, each evaluation system showed the same effects on corrosion protection in terms of compound order. Both C and OI were individually less than 50% effective. However, in the combination C + OI respectable efficiencies of more than 91% (PP) and 84% (EIS) could be obtained, depending on the method, indicating a clear synergistic effect.
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Figure 1. Schematic of the inhibitors used, including the composition of present C. 
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Figure 2. Results of WL measurements for compounds C (red squares) and OI (blue dots), and their combination C + OI (green triangles) recorded in 0.1 M NaCl for 24 h. The result of the untreated material is displayed as a black dashed line, for reference, and the efficiency is on the right. 
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Figure 3. Corrosion current density and IE for different concentrations of C (blue), OI (red), and C + OI (green) during PP measurement of steel CR4 in 0.1 M NaCl. The included images present exemplary degraded samples after the electrochemical test. The result of the untreated material is given as a black dashed line at 62 µA/cm2, respectively, as 0% efficiency, for reference on the right. 
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Figure 4. Left: EIS spectra with equivalent circuit (inset in a) of compounds C and OI: (a) for untreated CR4 steel (black squares) and OI at 50 mmol/L (red circles); (b) all concentrations (25–100 mmol/L according to the color code) for compound C; and (c) all concentrations for the combination C + O. Right: Bode plots of compounds C and OI: (d) for untreated CR4 (black squares) and OI at 50 mmol/L (red circles); (e) all concentrations (25–100 mmol/L according to the color code) for compound C; and (f) all concentrations for the combination C + O. (individual presentations in Supplementary SI 3). 
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Figure 5. SEM images and EDS spectra for (a) blank steel sample as reference; (b) inhibitor-immersed steel sample (10 min in C + OI 100 mmol/L) and (c) section of a corresponding elemental mapping of (b). 
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Figure 6. Effects of IE for increasing immersion time for compound C (red squares), OI (blue circles), and combination C + OI (green triangles up) each 50 mmol/L evaluated by PP. 
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Figure 7. (a) Visible corrosion propagation for blank steel (black) and in the presence of 50 mmol/L C (blue), OI (red), and C + OI (green) each at the indicated times. In all cases, only one exemplary run of ten independent specimens with characteristic corrosion patterns is shown. (b) Presentation of the averaged relative corrosion areas during the test period for untreated and treated series with an indication of the IE in % at 24 h. (c) Linear approximation displaying the root of the relative corrosion area to the exposure time. The course of the linear performance and the calculated slope is given according to the color code. (Data points are marked with lines for better readability). 
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Figure 8. Left: Visible corrosion propagation for blank steel (black) and in the presence of different concentrations of the combination C + OI each at the indicated times. In all cases, only one exemplary run of ten independent specimens with characteristic corrosion patterns is shown. Right: Presentation of the averaged relative corrosion areas during the test period for untreated and treated series with an indication of the IE in % at 24 h (Data points are marked with lines for better readability). 
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Table 1. Metallic composition of the present low carbon steel CR4 in comparison to the standard [36].
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	Element
	C
	W
	Mn
	P
	S
	Cu
	Al
	Cr
	Mo
	Ni
	Co
	W





	Norm [36]
	max. 0.120
	n.a.
	max. 0.600
	max. 0.045
	max. 0.045
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.
	n.a.



	Present
	0.063
	0.013
	0.260
	0.017
	0.008
	0.000
	0.033
	0.003
	0.006
	0.000
	0.000
	0.006
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Table 2. WL results for CR, θ and IE for steel CR4 samples dip coated in different concentrations of C, OI and C + OI after immersion in 0.1 M NaCl at RT for 24 h.
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Concentration (mmol/L)

	
WL

(mg) × 10−3

	
CR

(mg⋅cm−2⋅h−1) × 10−5

	
Surface Coverage (θ)

	
IE

(%)






	
Blank

	
0

	
5.70 ± 0.86

	
1.900

	
-

	
-




	
Inhibitor

	

	

	

	

	




	
C

	
25

	
3.40 ± 0.30

	
1.133

	
0.404

	
40.4




	
50

	
3.25 ± 0.21

	
1.083

	
0.430

	
43.0




	
75

	
3.23 ± 0.65

	
1.077

	
0.433

	
43.3




	
100

	
3.13 ± 0.91

	
1.041

	
0.452

	
45.2




	
OI

	
25

	
3.85 ± 0.78

	
1.283

	
0.325

	
32.5




	
50

	
3.37 ± 1.29

	
1.122

	
0.409

	
40.9




	
75

	
3.30 ± 0.28

	
1.100

	
0.421

	
42.1




	
100

	
3.25 ± 2.47

	
1.083

	
0.430

	
43.0




	
C + OI

	
25

	
1.50 ± 0.90

	
0.500

	
0.737

	
73.7




	
50

	
1.24 ± 0.92

	
0.413

	
0.782

	
78.2




	
75

	
1.03 ± 1.56

	
0.343

	
0.819

	
81.9




	
100

	
0.98 ± 1.55

	
0.328

	
0.827

	
82.7
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Table 3. PP results for C, OI and C + OI in 0.1 M NaCl. CR is given in millimeter per year (mm/y) depending on current density icorr.
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Cinh (mmol/L)

	
icorr

(µA/cm2)

	
CR (mm/y)

	
βa

(mV/dec)

	
βc

(mV/dec)

	
Ecorr (mV)

	
Surface

Coverage (θ)

	
IE (%)






	
Blank [34]

	
0

	
61.93 ± 7.47

	
1.339

	
16.87

	
−2.98

	
−324

	
-

	
-




	
Inhibitor

	

	

	

	

	

	

	

	




	
C

	
25

	
49.89 ± 9.01

	
1.082

	
31.00

	
−3.54

	
−321

	
0.195

	
19.5




	
50

	
40.34 ± 4.93

	
0.875

	
30.03

	
−3.91

	
−300

	
0.349

	
34.9




	
75

	
34.59 ± 4.50

	
0.750

	
21.80

	
−4.38

	
−293

	
0.442

	
44.2




	
100

	
32.78 ± 1.29

	
0.711

	
22.23

	
−4.06

	
−288

	
0.471

	
47.1




	
OI

	
25

	
45.55 ± 7.56

	
0.988

	
20.70

	
−3.44

	
−413

	
0.265

	
26.5




	
50

	
41.76 ± 10.79

	
0.906

	
27.84

	
−3.62

	
−395

	
0.326

	
32.6




	
75

	
36.73 ± 2.30

	
0.797

	
23.65

	
−3.98

	
−411

	
0.407

	
40.7




	
100

	
33.89 ± 6.06

	
0.735

	
30.58

	
−3.04

	
−417

	
0.453

	
45.3




	
C + OI

	
25

	
15.77 ± 0.45

	
0.342

	
29.60

	
−4.26

	
−249

	
0.745

	
74.5




	
50

	
8.52 ± 1.60

	
0.184

	
29.28

	
−3.46

	
−260

	
0.862

	
86.2




	
75

	
5.86 ± 2.20

	
0.126

	
36.08

	
−4.07

	
−232

	
0.905

	
90.5




	
100

	
5.31 ± 0.52

	
0.115

	
25.90

	
−3.64

	
−253

	
0.914

	
91.4
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Table 4. EIS results for C, OI and C + OI in 0.1 M NaCl. The values of RS and Rct are given in Ω cm2.
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Cinh

(mmol/L)

	
Rs

(Ω cm2)

	
Rct

(Ω cm2)

	
Cdl

(μF/cm2)

	
Surface Coverage (θ)

	
IE

(%)






	
Blank

	
0

	
64.38

	
178.86

	
2.6425

	
-

	
-




	
Inhibitor

	

	

	

	

	

	




	
OI

	
50

	
90.95

	
331.33

	
2.1919

	
0.460

	
46.0




	
C

	
25

	
79.50

	
570.12

	
1.6087

	
0.686

	
68.6




	
50

	
80.34

	
687.26

	
1.5994

	
0.739

	
73.9




	
75

	
81.40

	
350.28

	
1.5242

	
0.489

	
48.9




	
100

	
82.17

	
301.33

	
1.8155

	
0.406

	
40.6




	
C + OI

	
25

	
204.15

	
779.33

	
2.2667

	
0.770

	
77.0




	
50

	
267.67

	
977.13

	
2.1470

	
0.816

	
81.6




	
75

	
96.6

	
1077.27

	
2.1034

	
0.817

	
81.7




	
100

	
229.56

	
1158.68

	
2.0878

	
0.845

	
84.5
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Table 5. PP results for C, OI and C + OI each 50 mmol/L at different immersion times tested in 0.1 M NaCl. CR is given in millimeter per year (mm/y) depending on current density icorr. The corrosion reduction efficiency is given as IE in %.
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Inhibitor

	
Coating

Time (min)

	
icorr

(µA/cm2)

	
CR (mm/y)

	
βa

(mV/dec)

	
βc

(mV/dec)

	
Ecorr

(mV)

	
Surface

Coverage (θ)

	
IE (%)






	
Blank [34]

	
0

	
61.93 ± 7.47

	
1.339

	
16.87

	
−2.98

	
−324

	
-

	
-




	
C

	
1

	
58.62 ± 19.66

	
1.268

	
18.18

	
−2.98

	
−307

	
0.0534

	
5.34




	
2.5

	
51.66 ± 7.76

	
1.117

	
15.69

	
−4.11

	
−307

	
0.1658

	
16.6




	
5

	
36.85 ± 1.88

	
0.797

	
14.59

	
−4.28

	
−304

	
0.4049

	
40.5




	
10

	
36.68 ± 4.93

	
0.793

	
30.03

	
−3.91

	
−300

	
0.4077

	
40.8




	
30

	
47.21 ± 7.27

	
1.021

	
11.04

	
−3.55

	
−319

	
0.2376

	
23.8




	
OI

	
1

	
46.06 ± 6.74

	
0.996

	
20.53

	
−2.88

	
−395

	
0.2562

	
25.6




	
2.5

	
43.31 ± 10.05

	
0.936

	
22.50

	
−3.72

	
−280

	
0.3006

	
30.1




	
5

	
41.52 ± 2.01

	
0.898

	
17.42

	
−3.68

	
−406

	
0.3295

	
33.0




	
10

	
35.67 ± 0.45

	
0.771

	
27.84

	
−3.62

	
−395

	
0.4240

	
42.4




	
30

	
47.74 ± 7.04

	
1.032

	
19.56

	
−4.20

	
−331

	
0.2291

	
22.9




	
C + OI

	
1

	
17.64 ± 3.32

	
0.381

	
19.92

	
−5.55

	
−289

	
0.7151

	
71.5




	
2.5

	
13.32 ± 2.28

	
0.288

	
13.72

	
−5.54

	
−280

	
0.7848

	
78.5




	
5

	
8.95 ± 1.14

	
0.193

	
14.40

	
−5.36

	
−289

	
0.8553

	
85.5




	
10

	
8.52 ± 1.60

	
0.184

	
16.65

	
−4.14

	
−260

	
0.8624

	
86.2




	
30

	
9.06 ± 2.49

	
0.195

	
12.39

	
−4.77

	
−267

	
0.8537

	
85.4
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Table 6. Corrosion reduction efficiency according to Equation (6) for the spray corrosion measures at the given times.






Table 6. Corrosion reduction efficiency according to Equation (6) for the spray corrosion measures at the given times.





	Time (h)
	Blank
	C
	IE of C (%)
	OI
	IE of OI (%)
	C + OI
	IE of C + OI (%)





	2
	72.03 ± 1.50
	18.76 ± 0.89
	74.0
	19.79 ± 2.22
	72.5
	0.25 ± 0.40
	99.7



	4
	81.54 ± 0.99
	34.28 ± 3.36
	58.0
	52.79 ± 7.04
	35.3
	1.27 ± 1.09
	98.4



	8
	87.95 ± 1.49
	51.91 ± 1.78
	41.0
	64.06 ± 5.37
	27.2
	2.66 ± 2.01
	97.0



	14
	95.35 ± 0.48
	68.38 ± 3.02
	28.3
	77.10 ± 6.02
	19.1
	9.05 ± 7.28
	90.5



	24
	97.69 ± 0.48
	81.57 ± 0.50
	16.5
	84.64 ± 7.26
	13.4
	19.67 ± 7.62
	80.0
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Table 7. Corrosion reduction efficiency according to Equation (6) for the spray corrosion measures at the given times for different concentrations of C + OI.






Table 7. Corrosion reduction efficiency according to Equation (6) for the spray corrosion measures at the given times for different concentrations of C + OI.





	Time (h)
	Blank
	C + OI

25 mmol/L
	IE

(%)
	C + OI

50 mmol/L
	IE

(%)
	C + OI

75 mmol/L
	IE

(%)
	C + OI

100 mmol/L
	IE

(%)





	2
	72.03 ± 1.50
	55.92 ± 13.55
	22.4
	0.25 ± 0.40
	99.7
	0.00 ± 0.00
	100
	0.00 ± 0.00
	100



	4
	81.54 ± 0.99
	60.23 ± 9.69
	26.1
	1.27 ± 1.09
	98.4
	0.40 ± 0.65
	99.5
	0.23 ± 0.21
	99.7



	8
	87.95 ± 1.49
	64.66 ± 11.64
	26.5
	2.67 ± 2.01
	97.0
	2.14 ± 1.64
	97.6
	1.01 ± 0.65
	98.9



	14
	95.35 ± 0.48
	70.32 ± 9.54
	26.3
	9.05 ± 7.28
	90.5
	6.58 ± 5.69
	93.1
	5.39 ± 1.43
	94.4



	24
	97.69 ± 0.48
	72.33 ± 10.51
	26.0
	19.67 ± 13.62
	80.0
	13.98 ± 11.03
	85.7
	13.74 ± 2.27
	86.0
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