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Corrosion is ubiquitous, inevitable, and very common in our daily lives; it has been one of the most significant challenges and needs to be addressed for the development of modern society. Corrosion-resisting strategies found in nature have been promising for many halophytes surviving in marine tidal zones facing high salinity and humidity. Among the halophytes, mangroves have developed a lot of functions to deal with such extreme conditions that could provide novel inspirations for the fabrication of engineering materials, especially for materials resisting corrosion. In this study, we first investigated two survival strategies of mangroves, namely, functional salt-secreting and mangrove tannin composite. Salt-secreting realized by mangrove salt glands could make mangroves excrete excessive salt and avoid harmful effects. On the other hand, mangrove tannins existing in large quantities in mangrove bark could help the mangroves survive some marine bacteria. Inspired by the functional mangrove tannins, we developed a corrosion inhibitor to protect Q235 carbon steel in acid 3.5 wt% NaCl solution. Furthermore, we found that the mangrove-inspired corrosion inhibitor could be adsorbed at the metal–solution interface, functioning as a cathodic inhibitor with 60.51% anti-corrosion efficiency.
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1 INTRODUCTION
Corrosion is an inevitable process that transforms materials (mainly metals) from an unfavorable high-energy state to a stable low energy state and is one of the long-standing challenges impeding the rapid and sustainable deployment of materials. To some extent, the progress of industrial processes is also marked by the search for new solutions to fight against material corrosion (Cui et al., 2019a). Corrosion-resistant methods, including passive coatings, cathodic protection, and corrosion inhibitor, have been developed to solve this crisis. Among those approaches, corrosion inhibitors, including inorganic and organic inhibitors, have been applied to achieve significant anti-corrosion efficiency, especially in aggressive environments. Corrosion inhibitors are substances that could be added to the corrosive medium in small concentrations to reduce or delay the corrosion reactions of metals (Kusmierek and Chrzescijanska, 2015). The underlying reason for the protective ability is that inhibitors could form a protective layer on the substrate surface to isolate the contact between the metal substrate and corrosive substances. Previously, inorganic inhibitors such as chromate-based compounds were first used to achieve corrosion protection in various systems, but they are seldom used nowadays due to environmental toxicity. Therefore, the aggressive inorganic inhibitors are gradually displaced by organic inhibitors to balance effective corrosion inhibition efficiency with ecological concerns. Significantly, the harmful effects of synthetic inhibitors have set the trend to find safer and environmentally benign natural products (Flores Merino et al., 2017) functioning as efficient inhibitors. The natural organics are biodegradable, eco-friendly, available, and cost-effective, and some have been successfully applied as inhibitors or composited to synergetic inhibitors (Majd et al., 2020). For instance, the organic extracts of Chrysophyllum albidum leaves (Akalezi and Oguzie, 2015) mainly constitute carbohydrates, proteins, flavonoids, glycosides, and terpenoids that inhibit mild steel corrosion in 1 M HCl solution. In addition, organic extractions of Cannabis sativa leaves comprised heteroatoms that could delay the corrosion process of low carbon steel (LCS) in the acidic medium (0.5 M sulfuric acid) (Haldhar et al., 2021). Moreover, the organic substances from Mangifera indica L. were found to provide corrosion prevention for commercial steel in a 3.5 wt% NaCl environment. Generally, those natural organic products could adsorb on the metal surface and structure coordination bonds with free d-orbital of iron or other metals, forming a defensive covering with high inhibition efficiency (Cui et al., 2021).
Organic mangrove compounds containing heteroatoms such as oxygen, nitrogen, or sulfur tend to be suitable inhibitors with excellent corrosion inhibition efficiency in aggressive acidic conditions. The mangrove extractions contain functional tannins, a complex mixture of non-toxic, biodegradable polyphenolic compounds (Tan and Kassim, 2011) that could inhibit corrosion processes by adsorbing on the metal surface (Shah et al., 2011). This significant corrosion-resistant performance lies in the vicinity of hydroxyl groups in the ortho-position in the polyphenolic moieties, causing mangrove tannins to be adsorbed on the protected metal surface following the Langmuir adsorption isotherm model. Therefore, organic mangrove products could form chelates with iron, other metallic cations and rust-phase components for the functional hydroxyl groups (Rahim et al., 2007; Jaén et al., 2011; Shah et al., 2013; Li et al., 2014). In addition, mangrove tannins can be applied in synergy with other substances, such as halide ions (Ridhwan et al., 2012; Adam et al., 2014), to enhance the inhibition performance for the co-adsorption effect synergistically. Although some satisfying corrosion-resistant results have been revealed in acid surroundings, organic mangrove compounds were not applied to protect the metals under marine surroundings, a corrosive situation for any engineering material. Moreover, organic mangrove compounds are only one innovative approach that the mangrove has evolved to protect against environmental extremes from the challenges of living surroundings. It is significant to explore the survival approaches of mangroves from the aspect of structure and functional compounds that could provide remarkable inspiration for designing novel engineering corrosion-resistant materials. In particular, the advancement in biomimetics has provided outstanding inspiration to develop new artificial, functional corrosion-resistant materials which are environmentally benign and functionally versatile. In our previous research, one of the survival strategies, salt-secreting ability, has been studied and mimicked to block the transportation of corrosive ions in the corresponding bioinspired coatings (Cui et al., 2019b). However, we did not comprehensively reveal the underlying mechanism of salt-secretion and the contributions of some active compounds toward mangrove survival, and there is no mangrove-based bionic corrosion inhibitor that could be applied under marine surroundings.
In this work, we explored the approaches for mangrove survival in the marine surroundings from the two aspects of functional structure and active–active ingredients; based on this, we developed new environmentally benign anti-corrosion materials. By exploring the available designs of the mangrove leaves, we found that the mangrove regulates excessive internal inorganic ions by salt glands, mainly having three morphologies: hump, flat, and sunken on the leaf surface. Furthermore, we revealed that salt glands of different morphologies exhibit salt-secreting activity under the immersion of salt solution by observing the secreted salt solution circle covering the isolated mangrove leaf tissue. Under the protection of salt-regulating function, mangrove exhibits excellent survival advantages compared to ornamental plants. In addition, we demonstrated the protective ability of the active–active ingredients composited in mangrove bark. By culturing the mangrove bark blocks and aggressive bacteria (Escherichia coli), we found that mangrove bark could inhibit the growth of bacteria with the presence of mangrove tannins that helped the mangrove survive in the ocean. Inspired by the protective function of mangrove tannins, we applied the mangrove tannins as a corrosion inhibitor to protect the metals from corrosion under marine surroundings. By performing electrochemical measurements, we found that mangrove tannins could be adsorbed in the metal–solution interface, replacing the water film and acting as cathodic inhibitors with an anti-corrosion efficiency of 60.51%. Excitingly, mangrove tannins are environmentally benign and play much better defensive performance than commercial ones.
2 MATERIALS AND EXPERIMENT
Observation of salt gland: A digital camera captured the optical images of living mangroves. Mature mangrove (Ceriops tagal (Perr.) C. B. Rob) leaves and some mangrove branches were collected from Shenzhen Bay. For scanning electron microscopy, the mangrove leaf samples were sputter-coated by a Leica EMACE200 automatic low-vacuum coating apparatus (platinum, the 30s) (Leica, Wetzlar, Germany) and then observed by an electron microscope (ZEISS SUPRA55, Carl Zeiss, Jena, Germany). The surface covering salt glands was stripped by a focused ion beam (Scios, FEI), and the images of the inner structure were captured by scanning electron microscopy. According to the procedure of previous studies, mangrove leaves were stained with safranin and fast green (Xiao et al., 2009; Yuanyue et al., 2009; Yin et al., 2012) and observed under a light microscope. The samples were first fixed with FAA solution (formalin (38% formaldehyde), glacial acetic acid, and 70% ethanol, volume ratio of 1:1:18) for 24 h and then dehydrated with a series of gradient ethanol solutions (50 vol%, 70 vol%, 85 vol%, 95 vol%, and 100 vol% twice), each spending 1 hour. Then, they were dealt with transparent treatment (2/3 vol ethanol: 1/3 vol xylene, 1/2 vol ethanol: 1/2 vol xylene, 1/3 vol ethanol: 2/3 vol xylene, xylene, xylene, each for 30 min). The samples were further dipped into wax at 58°C (1/2 vol xylene: 1/2 vol paraffin, 30 min; paraffin, 3 h; paraffin, 24 h), embedded into solid-state wax, sectioned by a microtome (15 µm in thickness), and fixed on slides. Then, these samples were dewaxed by immersing in xylene twice (each lasted for 10–15 min), rehydrated through gradient ethanol solutions (100 vol% twice, 95 vol%, 85 vol%, 70 vol%, and 50 vol%, each spent 1 h), and stained with safranin (1%, 1 h), fast green (0.1%, 2–5 s), or basic fuchsin (2%, 30 min). They were further dehydrated through gradient ethanol solutions (50 vol%, 70 vol%, 85 vol%, 95 vol%, and 100 vol% twice, 1 h each step) and dealt with the same transparent treatment. Finally, the specimens were mounted with Canada balsam and observed under an optical microscope (Olympus BX53). The collected mangrove leaf was sliced to 1 cm2 and was separated from the middle. The upper part of the mangrove leaf was incubated in the culture equipment as shown in Supplementary Figure S1 and was observed under a 3D microscope system.
Culturing ornamental plants: ornamental plants (Bracketplant, Sedum makinoi ogon, Begonia, and Lobelia) from a flower shop were cultured in 3.5 wt% NaCl for 30 days, and a digital camera captured the daily living state.
Preparation of the mangrove bark: mangrove bark was collected from Shenzhen bay and was washed and dried in the oven at 60°C for 24 h. After that, the mangrove bark was sliced into 1 cm × 0.5 cm. Moreover, the sliced mangrove bark was mixed with 70% acetone and stirred for 72 h to remove the mangrove tannins. Moreover, the antifouling agents in mangrove barks were extracted by the same method. Briefly, finely ground mangrove (Ceriops tagal (Perr.)) bark powder was mixed with 70% acetone and stirred for 72 h to obtain the mangrove tannins solution. Then, the obtained solution was concentrated at 40°C under reduced pressure in a rotary evaporator to remove the acetone. Finally, the concentrated extraction was frozen for 24 h before being freeze-dried for 48 h.
Test of the bacteria resistant ability of mangrove bark: The antibacterial activity of mangrove bark was evaluated by the spread plate method. The counted number of the bacterial colony reflects the strength of the antibacterial activity. We assumed the initial concentration of the pure culture suspension of E. coli (atcc25922) pathogens to be about 105–106 CFU/ml. Briefly, the bacterial suspensions with different mangrove bark samples or mangrove tannins were incubated in a shaking incubator overnight at 200 rpm and 37°C. About 100 ml of the overnight E. coli suspension described above was first pipetted into an agar plate and then spread throughout the surface. These agar plates were then placed in an incubator at 37°C for 24 h. After that, the agar plates were visually observed for bacteria colonies. This experiment was repeated three times to ensure the accuracy of the results.
Electrochemical experiments: The electrochemical measurements were performed by using a CHI760E workstation with CHI software. Three tested Q235 steel coupons were cut into specimens of dimensions 10 mm × 10 mm and soldered to a copper wire. Moreover, the samples were covered with epoxy resin, leaving only 1 cm2 uncovered. The uncovered surface area was abraded to smoothness, degreased in ethanol, rinsed with distilled water, and dried in warm air. Electrochemical experiments were carried out in a conventional three-electrode cell with a platinum (2 cm × 2 cm) counter electrode and a saturated calomel electrode coupled to a fine Luggin capillary as the reference electrode. All measurements were performed at 303 K and run in triplicate to confirm the reproducibility. All electrochemical tests were performed after 3,600 s to allow stabilization of the systems. Electrochemical impedance spectroscopy (EIS) measurements were conducted over a frequency range of 100 kHz–10 mHz, with a signal amplitude perturbation of 5 mV. Potentiodynamic polarization experiments were carried out at the scan rate of 1 mV/s over the potential scope of −300 mV to 1.2 V against the OCP. The solutions 0.5 M H2SO4 in 3.5 wt% NaCl (SS) containing 0 gL−1, 3 gL−1 mangrove extract, and 3 gL−1 commercial tannins were prepared as the electrolytes. All the electrochemical tests were performed three times to ensure the accuracy of the results.
3 RESULTS AND DISCUSSIONS
3.1 Survival Approaches of Mangrove
3.1.1 Functional Structure and Salt-Secreting Ability
Mangrove forests are located along the marine coastline, enduring high humidity, severe salinity, and periodic erosion of seawater in the marine environment all day long. However, mangrove exhibits strong vitality for their survival advantages (Figure 1) (Mimura et al., 2003; Parida et al., 2004; Parida and Jha, 2010) compared to the cultivated ornamental plants (Bracketplant, Sedum makinoi ogon, Begonia, and Lobelia) that gradually withered after being cultured in salt solution (3.5 wt% NaCl). For lacking self-protection function under salt solution, the ornamental plants did not adapt to high salinity and weakened because of losing cellular water. Distinctively, all the ornamental plants faded 10 days later; interestingly, some of the ornamental plants, such as Lobelia, began to wilt only after 2 days of cultivation. In contrast, the mangrove has a tenacious vitality in marine surroundings and exhibits an excellent ability to resist frequent washes and high salinity of the ocean.
[image: Figure 1]FIGURE 1 | Salt-resistant mangrove in comparison with other four types of common plants: their growing conditions under salted water supply with increasing culture time. The mangrove lives well and the leaves show deposited salt particles, while the four common plants (Bracketplant, Sedum makinoi ogon, Begonia, and Lobelia) gradually withered/died from the 5th day (d) up to the 30th day.
We collected some mangrove samples, including leaves, branches, and roots, from Shenzhen Bay to reveal the underlying salt-secreting reason. After cleaning, washing, and drying the mangrove leaves, we found that many salt particles were deposited, as in our previous reports (Cui et al., 2019b). The deposited salt particles are the excess salt substances that were secreted by a plethora of salt glands to help mangroves survive in the marine surroundings (Sobrado, 2007; Liang et al., 2008). To explore the salt gland functional structure, we fixed, dehydrated, and stained some mangrove leaf slices to observe the microstructure. As shown in the optical staining photos in Figure 2, the salt glands exist on both the top and lower mangrove leaf (Figure 2A), which is different from the situation of the stoma, a breathing tissue on the lower surface. Moreover, mangrove salt glands are multicellular tissues, typically including cell types differentiated into basal collecting cells and distal secretory cells (Figure 2B), consisting of some reports. In these cells, the collecting cells are presumed to create a salt efflux gradient to collect salt from neighboring mesophyll cells and transport it to the secretory cells. The secretory cells are surrounded by a cuticle, except where they contact the subtending basal collecting cells, which is a feature that appears to channel the flow of salt through the secretory cells and prevent leakage back into the neighboring tissue via the apoplast (Parida and Jha, 2010). The observed cuticular cavities in the mangrove salt gland represent a temporary collecting compartment where the secreted salts accumulate before elimination from the leaf. Furthermore, observing the structure of the salt gland, we found that salt glands are approximately 30–40 μm in diameter. In particular, mangrove salt glands have three types of morphologies, namely, hump, flat, and sunken salt glands on mangrove leaves (Figure 2C). This is not to be confused with the well-known three types of glands of plants in a general sense (Thomson, 1975; Thomson et al., 1988), including the two-celled glands of the grasses (I), the bladder cells of the Chenopodiaceae (II), and the multicellular glands in other dicotyledonous families (III). We here report firstly three featured morphologies of salt glands belonging to the type III of the above classical categorization. Moreover, the same results can be observed from the SEM. The underlying reason is that the cuticle layer, which entirely encloses the upper portion of the glands, gradually expands with mangrove leaves and finally makes the salt gland sink in the mangrove leaf (Naidoo and Naidoo, 1998; Parida et al., 2004; Tan et al., 2015). Moreover, the cuticular cavity becomes smaller and ultimately could not be observed in the sunken salt gland.
[image: Figure 2]FIGURE 2 | The morphologies of the mangrove salt glands which are within the leaf surfaces. Optical images of (A) a sectional view of the stained leaf and (B) a magnified view of the salt gland showing the cellular structure. (C) Optical and SEM images of the hump salt gland, the flat salt gland, and the sunken salt gland.
Furthermore, we isolated adaxial mangrove leaf peels to identify the salt-secreting ability of mangrove salt glands by studying the dynamic secreting process. The salt glands with three different morphologies, including hump, flat, and sunken, were also observed under a 3D microscope, as shown in Figure 3A. For the protruding of the cuticle, the hump salt gland is entirely green without a black circle surrounding it. By contrast, the flat salt gland was surrounded by a black circle for the sinking of the cuticle, and the sunken salt gland is a black hole in mangrove leaves. To explore the dynamic salt-secreting process, the isolated mangrove leaves tissues were made to float on 3.5 wt% NaCl solution and covered with a layer of paraffin oil that is separated from the water underneath and floated above the observed tissue. In the salt-secreting process, the salt glands could generate a water circle by secreting excessive salt solution for the incompatibility of oil–water phases, as shown in Figure 3B. Real-time imaging of several salt glands showed secretions appearing above salt glands, including hump and flat salt glands, forming a transparent circle above each of them. Moreover, the salt gland secreted more and more salt solution, reflected by the increase in diameter of the fluid over time (Figure 3C). Although we did not observe the dynamic salt-secreting process of the sunken salt gland, we captured the sunken salt gland covered by secretions (Figure 3D), which implies that the sunken gland also has salt-secreting ability. Therefore, mangrove salt glands, including hump, flat, and sunken, could adjust the excessive salt solution by processing salt-secretion.
[image: Figure 3]FIGURE 3 | The optical images of mangrove leaves with the three types of salt glands (a) at the beginning of salt secretion and (b–d) after salt secretion.
3.1.2 Active–Active Ingredients and Bacteria-Resisting Ability
Mangrove has another self-protection measure from the root that contains some active–active ingredients alleviating the detrimental damage from the reductive and acidic soil conditions (Liang et al., 2008). Unlike mangrove leaves being exposed to the marine atmosphere, mangrove roots are immersed in seawater and rooted into the deep ocean soil, facing many microorganisms and the pressure washed away by seawater. Therefore, mangrove roots must have a solid ability to resist the adhesion or aggression of harmful bacteria to help mangroves survive in such harsh surroundings. The mangrove roots grow with abundant polyphenols (mangrove tannins) that could combine with ferric ions in the soil solution to alleviate excess iron damage and is an essential factor regulating intertidal meiobenthic communities (Alongi, 1987; Kimura and Wada, 1989). Moreover, mangrove tannins especially had potential antibacterial ability on marine bacteria (Noor Idora et al., 2015; Prakash et al., 2015). We verified the potential antibacterial power of natural mangrove tannins using the spread plate method in this research. Figure 4 shows that the number of growing bacteria colonies of solution co-cultured with natural bark is less than that of the solution co-cultured with extracted bark samples. There are 212 E. coli colonies (Figure 4A) on the medium plate, which increases to 400 colonies in the absence of mangrove tannins (Figure 4B). Due to being rich in tannins, mangrove barks can resist the harmful effects imposed by marine bacteria (E. coli). Therefore, the antibacterial function also contributes to the survival of mangroves. Furthermore, mangrove tannins were extracted to function as a natural antibacterial agent. We found that no E. coli colonies grew on agar plates after the bacteria solution was co-cultured with extracted tannins (Figure 4D ). By contrast, numerous bacteria colonies grew on agar plates without extracted tannins (Figure 4C), and those results manifested the advanced antibacterial property of extracted mangrove tannins.
[image: Figure 4]FIGURE 4 | Bacteria colonies on the medium plates. (a) E. coli co-cultured with natural mangrove bark. (b) E. coli co-cultured with extracted mangrove bark. (c) Cultured E. coli. (d) E. coli co-cultured with extracted mangrove tannin.
3.2 Mangrove-Inspired Corrosion Inhibitor
In this work, we further explored the roles of mangrove tannins and developed the mangrove-inspired corrosion inhibitor to protect metals from corrosion (Ridhwan et al., 2012). Although the inhibitive function of mangrove tannins has been manifested, there is an urgent need to verify the application advantages of mangrove tannins over the current commercial tannins. We tested the protective property of mangrove tannins and commercial tannins in acidic 3.5 wt% NaCl solution to demonstrate the potential practical application value of mangrove tannins. Figure 5A presents the potentiodynamic polarization curves in 3.5 wt% NaCl solution containing 0.5 M sulfuric acid, from which the fitting kinetic parameters (Icorr and Ecorr) were obtained. Moreover, the current density can be applied to calculate the anti-corrosion efficiency(ƞ) according to Eq. 1, and the computed results and the fitting Ecorr are shown in Figure 5B. It is noted in Table 1 that with the addition of commercial tannins (CT) and mangrove tannins (MT), the corrosion current density was significantly reduced, and the corresponding calculated anti-corrosion efficiency could reach 43.76 and 60.51%, respectively. Our preliminary mangrove tannins-containing epoxy coatings could sustain immersion in 3 wt% NaCl solution for three months without blistering or falling off. The abovementioned results revealed that mangrove tannins has a more efficient protective ability than commercial tannins for Q235 steel in acidic 3.5 wt% NaCl solution (SS) and has some practical application advantages over commercial tannins.
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where icorr0 and icorr are the corrosion current densities in the absence and presence of the inhibitor, respectively.
[image: Figure 5]FIGURE 5 | Electrochemical corrosion performance results. (A) Polarization curves, (B) fitting parameters of polarization curves, (C) Nyquist and (D) Bode plots of Q235 steel exposed in 3.5% NaCl solution with 0.5 M sulfuric acid and with 3gL−1 mangrove tannins or 3gL−1 commercial tannins.
TABLE 1 | Fitting results of obtained Nyquist and Bode plots by exposing Q235 steel to acidic 3.5 wt% NaCl solution without or with mangrove tannins.
[image: Table 1]We also verified the prohibitive ability of mangrove tannins by electrochemical impedance spectroscopy (EIS), which is a versatile and standard characterization method in exploring electrochemical corrosion and is described in Nyquist and Bode plots (Huang et al., 2016). The Nyquist actions in Figure 5C show that charge transfer occurs at the electrode/solution interface and signifies the charge transfer process as the main controlling factor in the corrosion process. Therefore, we applied the one-time constant model shown in Figure 5C to describe this three-electrode system. Moreover, ZSimDemo software was used to fit the impedance spectra to obtain the circuit parameters, and the fitting errors were controlled by 10%. Among the fitted circuit parameters, a constant phase angle component CPE is used to replace the electrode/solution interface capacitance to analyze the interfacial double-layer impedance effect (Deyab et al., 2016) accurately. In particular, “n” obtained by fitting was applied to demonstrate the impact of the diffusing phenomenon, whose range is −1–1. The value of n has specific effect on the capacity of CPEdl obtained by calculating according to Eq. 2 (Okafor et al., 2009; Torres et al., 2014).
As shown in Table 1, the calculated capacity of CPEdl decreases with the addition of CT and MT. The underlying reason is the adsorption of tannin, which replaced water at the metal–solution interface. Formation of the tannin film leads to a decrease in the local dielectric constant and an increase in the thickness of the electrical double layer (Oguzie et al., 2007; Deyab et al., 2016). Hence, the capacitance of the double electric layer decreases after adding tannins into the solution (Mallaiya et al., 2011). In addition, the charge transfer resistance (Rct) could directly reveal the inhibition ability of the applied inhibitor, and the larger Rct, the more extraordinary anti-corrosion ability (El-Haddad and Fouda, 2015). The value of Rct increases with CT and MT, indicating that existing CT and MT could prohibit the corrosion of Q235. Moreover, the general shape of Nyquist plots is the same, showing that the corrosion mechanisms were almost the same in the presence of various inhibitors (Amin, 2010). Generally, the addition of mangrove tannins causes a more significant increase in the Rct value (Figure 5D) while diminishing the value of CPEdl. The decrease in CPEdl, which can result from a decrease in local dielectric constant and an increase in the thickness of the electrical double layer, suggested that the inhibitor molecules function by adsorption at the metal/solution interface. The Rct values were used to calculate the anti-corrosion efficiency that agrees with those calculated from potentiodynamic polarization curves.
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where Y0 is a constant obtained by impedance spectrum fitting and fmax is the frequency at which the imaginary component of the impedance is a maximum.
[image: image]
where d is the thickness of the film, S is the surface area of the electrode, ε0 is the dielectric constant of the air, and ε is the dielectric constant of the solution medium.
[image: image]
where Rct0 and Rct are the charge transfer resistance in the absence and presence of the inhibitor, respectively.
4 CONCLUSION
In summary, we investigated the survival strategies of mangroves, namely, salt-secretion and mangrove tannins. Onthe one hand, salt-secretion realized by mangrove salt glands could make the mangrove excrete excessive salt and avoid harmful effects. Mangrove salt glands are distributed on both surfaces of the leaves (Ceriops tagal (perr.) C. B. Rob) and have three types of morphologies, namely, hump, flat, and sunken states. More significantly, dynamic salt-secretion was observed by a simple method, in which there is no need to separate a single salt gland. Moreover, we verified the salt-secretion ability of hump, flat, and sunken salt glands, and all three types of salt glands could be in inactive working states in any kind of morphology.
On the other hand, mangrove tannins existing in large quantities in mangrove bark could help the mangrove survive the damage of some marine bacteria. Moreover, extracted mangrove tannins have an excellent ability to resist the growth of E. coli. It is hard to find E. coli growing after the co-culture with extracted mangrove tannins. Finally, we explored the performance of mangrove tannins and commercial tannins in corrosion inhibition. We discovered that mangrove tannins could be adsorbed at the metal–solution interface by replacing water and could function as a cathodic inhibitor with the anti-corrosion efficiency of 60.51% in acid 3.5 wt% NaCl solution. Compared with commercial tannins, mangrove tannins provide a much higher anti-corrosion efficiency.
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