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Abstract

:

An innovative metal–organic framework (ZnMOF-BTA) with corrosion inhibition properties was prepared by the solvothermal reaction of zinc nitrate, 1,2,3-benzotriazole, and 2,5-thiophene dicarboxylic acid. ZnMOF-BTA was characterized by FTIR, XRD, XPS, SEM, and thermogravimetric analyses, and the corrosion inhibition performance on Q235 carbon steel in 1 M HCl solution was evaluated by weight loss, polarization, and EIS measurements. XRD results showed that ZnMOF-BTA has a monoclinic crystal structure and belongs to C12/c1 space group, while DTA/TGA results revealed it has a good crystalline quality and excellent thermal stability with a melting point of 410 °C. FTIR and XPS results revealed that Zn2+, TDC2−, and BTA molecules were successfully used in ZnMOF-BTA synthesis. Electrochemical test results show that the obtained ZnMOF-BTA is effective in corrosion inhibition of Q235 carbon steel in acidic conditions and maximum inhibition efficiency of over 90% is obtained at 6 wt.% ZnMOF-BTA extract concentration. Adsorption studies revealed that the adsorption of BTA molecules follows the Langmuir isotherm model with an R2 value of 0.97889, while the ΔG◦ads value of −10.28 kJ mol−1 indicates that adsorption is by physisorption. The study provides a new corrosion inhibitor compound with proven corrosion inhibition properties.
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1. Introduction


Corrosion of steel constitutes a serious worldwide industrial problem that results in significant economic losses, material failure, and a decrease in efficiency with serious environmental problems. Acid solutions are extensively used in the industries in many processes such as pickling, oil well acidification, cleaning, decalcification, and petrochemical processes resulting in the accelerated corrosion of metals and alloys in such aggressive acidic environments. Therefore, the protection of metals from corrosion is of great importance and has been receiving a considerable amount of attention over the past few decades [1,2].



Several methods such as the use of corrosion inhibitors, organic coatings, or hybrid protective coatings have successfully been used in order to control or mitigate corrosion processes that take place on steel surfaces [3]. Corrosion inhibitors have been widely used to reduce corrosion rates and protect metals against degradation, especially in acidic media, in the presence of chlorides [4]. Because of their donor–acceptor interaction with the metal and the creation of a protective layer on the metal surface, inhibitors can effectively reduce the corrosion rate even at extremely low concentrations [5].



Various organic inhibitors have been reported to be efficient corrosion inhibitors for metals and alloys. Their inhibition effect depends mainly on the molecular structure, the functional groups/heteroatoms (being electron donors or acceptors), and the number of such groups per molecule [6]. It is worthy to note that most effective inhibitors are based on molecules containing aromatic rings or heteroatoms, such as oxygen, nitrogen, phosphorus, and sulfur [7]. These features are believed to provide suitable sites for the adsorption of the inhibitor onto the metal surface, hence forming a protective film that creates a barrier between the metal surface and its environment. Azole compounds (thiazole, benzotriazole, imidazole, and thiadiazole), amines, Schiff bases, and amino acid drug compounds have been successfully used for the protection of metals such as aluminum, copper, and alloys [5,8].



In practice, both passive and active protection of metals is of great importance, and this has been attempted by the incorporation of corrosion inhibitors into inorganic and organic porous materials before application [9]. These porous materials were regarded as containers that have a good ability to control the immobilization of inhibitor molecules. Most attention has been focused on using inhibitors encapsulated in materials such as mesoporous inorganic materials (i.e., mesoporous silica nanoparticles) [10], layered double hydroxides [11], oxide nanoparticles [12], nanotubes, and polyelectrolyte shells [13] for a controlled release of the inhibitor.



Metal–organic frameworks (MOFs) are compounds consisting of metal ions or clusters coordinated with organic ligands or linkers [14]. The advantages of high porosity, large specific surface areas, and versatility of their structures make MOFs very attractive in many fields such as separation, gas adsorption, and catalysis [15]. The careful pre-design of secondary building units (SBUs) and organic ligands has enabled the construction of a range of MOFs with desired characteristics and predictable topologies over the last two decades. Compared with the porous organic (hydrocarbons) or inorganic counterparts [16], MOFs have numerous merits, including permanent pores, easy functionalization, and large capacity for guests (e.g., inhibitors, drugs, gases, dye molecules) [17], and accessible metal sites [18]. These many advantages have made MOFs very good and cost-effective porous materials as containers for corrosion inhibitors, especially in organic coatings where they served as containers for the controlled release of organic inhibitors in corrosive media.



Although the use of MOFs in corrosion and protection has been reported in the literature [19], the research scope has been limited, and the underlying mechanisms have not been thoroughly investigated. Furthermore, the distinctions between MOFs and other standard corrosion inhibitors in terms of adsorption mechanisms have not been completely investigated. In this study, we synthesized ZnMOF-BTA by reacting zinc nitrate hexahydrate with 2,5-thiophene dicarboxylic acid (H2TDC) in the presence of 1,2,3-benzotriazole (BTA) via the conventional solvothermal method. Scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, and transmission electron microscopy (TEM) were used to characterize the structure of ZnMOF-BTA. Weight loss measurements, potentiodynamic polarization tests, and electrochemical impedance spectroscopy (EIS) were used to evaluate the inhibitory function of ZnMOF-BTA in an acid medium.




2. Experimental


2.1. Materials


The substrate used in this work is Q235 carbon steel which has the nominal composition as shown in Table 1.



Q235 steel samples (50 mm × 50 mm × 3 mm) were purchased from Henan Runlu Trading Co., Ltd., Wugang, China. The samples were ultrasonically cleaned and degreased with acetone and ethanol before use. Zinc nitrate hexahydrate was bought from Tianjin Kermel Chemical Reagent Co., Ltd., Tianjin, China. 1,2,3-Benzotriazole (BTA) and 2,5-thiophene dicarboxylic acid (H2TDC) were purchased from Sinopharm Chemical Reagent Co., Ltd., Beijing, China, and Shanghai Macklin Biochemical Co., Ltd., Shanghai, China respectively. The chemicals were of reagent grade and were used without further purification.




2.2. Synthesis of ZnMOF-BTA


The metal–organic frameworks were synthesized via the conventional solvothermal method [20]. First, 5 mmol (1.49 g) zinc nitrate hexahydrate was dissolved in 20 mL of methanol in a beaker, and 10 mmol (1.19 g) of BTA and 10 mmol (1.73 g) of H2TDC were dissolved in 30 mL methanol in a separate beaker. The two mixtures were then mixed and stirred for 30 min using a magnetic stirrer to ensure uniform dispersion. The resulting solutions were then poured into Teflon autoclaves and heated in an oven at 140 °C for 3 days. After natural cooling and centrifugation, the crystals were obtained, washed several times with a mixture of methanol and water at a volume ratio of 1:1 to remove residual impurities, and dried in the oven. The synthesis route of ZnMOF-BTA is shown in Figure 1.




2.3. Characterization of the Synthesized ZnMOF-BTA


The surface morphology and chemical composition of the prepared ZnMOF-BTA samples were observed using XL30 type ESEM SEM coupled to EDX and JEOL TEM-2100F TEM. The functional groups and chemical bonds present in the ZnMOF-BTA crystals were determined using FT-IR spectroscopy within the wavelength range of 400–4000 cm−1 (IS50 FT-IR, Thermo Scientific, Waltham, MA, USA) and an Escalab 250 Thermo Fisher XPS system with 150 W Al Ka radiation at 1486.6 eV; the C1s 284.6 eV was used as a standard while determining the core level spectra of the constituents’ elements. Thermal and thermogravimetric analyses were performed to estimate the stability of the ZnMOF-BTA crystals using an STA 449 F5 Jupiter thermal analyzer. The crystals were heated at a rate of 10 °C/min in the air.




2.4. X-ray Crystallography


Single-crystal X-ray diffraction of ZnMOF-BTA was recorded on an XtaLAB AFC12 (RINC) Kappa single diffractometer (Rigaku, Japan) with Cu Kα radiation (λ = 1.54184 Å). The crystal was kept at 149.99(10) K during data collection. The data were processed and restored by the CrysAlisPro program using Olex2 software and empirical absorption correction using spherical harmonics, implemented in SCALE3 ABSPACK scaling algorithm. The structure was solved with the ShelXT [21] structure solution program using direct methods, and the ShelXL [22] refinement package was used to refine the coordinates of the non-hydrogen atoms and their anisotropic temperature factors using least-squares minimization. All hydrogen atom coordinates were obtained by theoretical hydrogenation. The SQUEEZE program was used to filter out highly disordered solvent molecules in the metal complex structure [23].




2.5. BTA Release


To understand the release rate of BTA molecules from the ZnMOF-BTA crystals, a UV-Vis spectrophotometer (Rayleigh UV-2100) was utilized. The concentration–absorbance curve of BTA was obtained by measuring the absorbance of different known concentrations of BTA in water. The suspension (50 mL) containing ZnMOF-BTA (0.05 g) was constantly stirred in a conical flask on a magnetic stirrer for different time periods ranging from 0 to 240 min. The BTA molecules were gradually released from the MOF with increasing time, and the concentration of BTA in the suspension was determined by the absorbance using UV-Vis spectroscopy within the range of 287–297 nm. The BTA release rate experiments were performed in water at room temperature.




2.6. Weight Loss Measurement


The weight loss experiment was carried out using procedures described in the literature. Q235 carbon steel specimens and extract solutions of ZnMOF-BTA were used for the weight loss measurements. The extract solutions were prepared by stirring a given amount of ZnMOF-BTA crystals in 1 M HCl solution for 6 h on a magnetic stirrer, after which the solution was left overnight and then filtered. The filtrates were used for the weight loss tests. Prior to all measurements, the specimens were mechanically polished with 400, 600, and 800 grades of emery papers, then washed with deionized water, degreased, and dried with ethanol. The polished carbon steel specimens were immersed in glass cells containing 1 M hydrochloric acid solution without and with different concentrations of ZnMOF-BTA extract for 24 h at 25 °C. The inhibition efficiency   I .  E w    (%) was calculated using Equations (1)–(4) [24,25]:


  Δ m =  m 1  −  m 2   



(1)






  W =   Δ m   S T    



(2)






  θ =    W  c o r r  o  −  W  c o r r      W  c o r r  o     



(3)






  I .  E  w     = θ × 100  



(4)




where    m 1    and    m 2    are the masses (g) of carbon steel samples before and after the corrosion test and the difference gives the weight loss Δm. S is the total area of carbon steel immersed in 1M hydrochloric acid solution (cm2); T is the immersion time (h); θ is the weight loss ratio; and    W  c o r r  o    and    W  c o r r     are the corrosion rates (mg·cm−2·h−1) of carbon steel sheet in 1M hydrochloric acid solution without and with different concentrations of ZnMOF-BTA extract, respectively [26,27].




2.7. Electrochemical Tests


The electrochemical tests were carried out using a Gamry reference 600 potentiostat/galvanostat piloted by the Gamry Echem analyst software, and extract solutions of ZnMOF-BTA were used. The tests were carried out at room temperature; the potentiostat was connected to a three-electrode cell consisting of a saturated calomel electrode (reference electrode), platinum plate electrode (counter electrode), and carbon steel substrates (working electrode). The surface area exposed to the electrolyte was 1.0 cm2. The potentiodynamic measurements were carried out by an upward sweep from the cathodic to the anodic region within a potential range from −700 mV/SCE to −300 mV/SCE at a scan rate of 0.333 mV/s. Before all experiments, the potential was stabilized at free potential by measuring the open circuit potential for 30 min. The corrosion inhibition efficiency was assessed from the corrosion current density values using the Tafel extrapolating method. The inhibition efficiency   I .  E p    (%) obtained from the polarization measurements was calculated according to Equation (5) [28].


  I .  E  p     =        i  c o r r  o  −  i  c o r r      i  c o r r  o        × 100  



(5)




where    i  c o r r  o    and    i  c o r r     are the corrosion current densities in the absence and presence of the inhibitor.



Electrochemical impedance spectroscopy (EIS) measurements were carried out with the electrochemical system at open circuit potential (EOCP) at frequencies between 100 kHz and 10 mHz at an amplitude of 10 mV. EIS measurements were taken after stabilizing the system for 0.5 h at 298 K. The EIS results were fitted using the ZView software [29] to obtain desired electrochemical parameters. The corrosion inhibition efficiency   I .  E z    (%) was determined using Equation (6) [30].


  I .  E z  =        R p  −  R p o     R p        × 100  



(6)




where    R p o    and    R p    are the polarization resistances of carbon steel in 1 M hydrochloric acid solution without and with different inhibitor concentrations, respectively.





3. Results and Discussion


3.1. Characterization of ZnMOF-BTA


3.1.1. Crystal Structure


The asymmetric unit of the ZnMOF-BTA molecule reveals a stoichiometric ratio of 5:6:2 for Zn(II) ions, BTA, and TDC2− ligands (Figure 2a,b). Single-crystal X-ray diffraction investigation showed that ZnMOF-BTA crystallizes in the monoclinic crystal system and belongs to C12/c1 space group. The crystallographic data, collection procedures, and refinement results of ZnMOF-BTA are listed in Table 2.



A dimer molecule with each asymmetric monomer unit consisting of five zinc atoms, six BTA molecules, and two TDC2− ligand molecules is found to be the fundamental building block of the ZnMOF-BTA framework. Each asymmetric unit of the ZnMOF-BTA dimer molecule consists of five crystallographic independent Zn (II) ions coordinated with six BTA molecules and two TDC2− (2,5-thiophene dicarboxylate) ions, all having one site occupancy. As shown in Figure 2a, the Zn (II) ions have two different types of coordination; Zn1 atoms are six-coordinated, and the remaining Zn(II) ions (Zn2, Zn3, Zn4, and Zn5) atoms are five-coordinated, adopting octahedral [ZnN6] and square pyramidal [ZnN3O2] distorted coordination environments, respectively. Each Zn1 atom is coordinated with six nitrogen atoms, each from the six different BTA ligand molecules, while each of the Zn2, Zn3, Zn4, and Zn5 atoms are surrounded by three nitrogen atoms, each from three different BTA ligand molecules, and two carboxylate oxygen atoms from one TDC2− ligand. Each Zn2, Zn3, Zn4, and Zn5 atom is coordinated by two carboxylate oxygen atoms from one individual TDC2− ligand at the basal positions with one BTA molecule in the apical position and two other BTA molecules in the basal positions. A similar coordination mode is seen in the complementary monomer unit where Zn6, Zn7, Zn8, Zn9, and Zn10 atoms have the same coordination as that seen with Zn1, Zn2, Zn3, Zn4, and Zn5 atoms, respectively (Figure 2b).



The Zn−N bond lengths range from 2.004 (36) to 2.2424 (39) Å while those of Zn−O range from 1.9401 (30) to 2.5700 (50) Å, both of which fall into the normal bond length ranges of Zn−N and Zn−O bonds [31]. In addition, the bond angles around Zn (II) centers range from 29.639 (164) to 179.642 (159)°. Some selected bond lengths and angles are shown in Table 3. It is worth mentioning that in the ZnMOF-BTA framework, two carboxyl groups of the TDC2− ligand and the amine NH group of the BTA ligand are all deprotonated, with the TDC2− ligand assuming a μ2-kO’,O’:kO”,O” coordination mode, bridging two Zn(II) ions in bis-O,O-chelating fashion as shown in Figure 2a,b. There are several of these four slightly different TDC2− coordination modes, bridging numerous Zn2 and Zn5, Zn3 and Zn4, Zn7 and Zn 8, and Zn 9 and Zn10 ions that constitute the entire metal–organic framework.



An X-ray diffraction (XRD) experiment was performed on the synthesized ZnMOF-BTA crystals at ambient temperature to confirm whether the crystal structures are actually representative of the bulk materials. Figure 3 shows the XRD patterns for BTA, H2TDC, Zn(NO3)2.6H2O, simulated XRD, and ZnMOF-BTA crystals. The as-received BTA shows a high degree of crystallinity with prominent peaks at 2θ = 14.98°. 15.4°, 20.26°, 24.35°, 25.97°, and 27.88° indicating the crystalline layers of BTA in the monoclinic crystal structure (PDF #32-1536). In addition, the XRD pattern of H2TDC shows characteristic peaks at 2θ = 15.4°, 17.04°, 26.2°, and 32.71° (PDF #38-1723). The XRD pattern of ZnMOF-BTA shows the characteristic peaks on BTA, H2TDC, and Zn(NO3)2.6H2O compounds indicating that BTA, H2TDC, and Zn2+ were successfully utilized in the synthesis of the ZnMOF-BTA framework via the solvothermal process. The peaks in the experimental XRD patterns are similar to those in the simulated patterns from single-crystal diffraction data, which shows the phase purity of the synthesized crystals. The differences in intensity are most likely due to the crystalline powder samples’ preferred orientation. ZnMOF-BTA shows no signs of crystal degradation during X-ray data collection, indicating that the compound is stable at ambient temperature. The XRD data were analyzed with MDI Jade 6 software, and the result revealed that the synthesized ZnMOF-BTA crystals belong to the monoclinic crystal system and C2/c (15) space group (PDF#41-1362), which is consistent with the result of the single-crystal X-ray diffraction.




3.1.2. FTIR, XPS, and Thermal Stability Analyses


Figure 4 shows the IR spectra of BTA, H2TDC, and ZnMOF-BTA, which reveal the prominent chemical bonds present in the synthesized metal–organic frameworks. In the spectrum of ZnMOF-BTA, metallic–oxygen bands are observed at 435 cm−1 and 463 cm−1 and are assigned to stretching vibrations of Zn-O bonds in the MOF [32], and bands observed at 745 cm−1 and 753 cm−1 correspond to the characteristic signals of the C−H in-plane bending vibrations of the benzotriazole and benzene rings. Bands are also observed at 1000 cm−1 and 1100 cm−1 corresponding to N−H out-of-plane bending vibrations of the triazole rings. Furthermore, there are C=N stretching bands of triazole rings observed at 1210 cm−1 and 1248 cm−1, while signals of C=C stretching aromatic weak bands are also observed at 1363 cm−1 and 1530 cm−1 in the MOF [33]. At 1715 cm−1, there is a stretching vibration of the carbonyl group observed in the spectrum of the ZnMOF-BTA [34]. These bands are also observed in the spectra of BTA and H2TDC, as shown in Figure 4, which shows that BTA and H2TDC compounds were successfully used in the synthesis of the MOF framework.



Weak bands observed at 2950cm−1, 3050 cm−1, and 3100 cm−1 in the BTA and H2TDC spectra were also observed and assigned to sp2 C-H stretching in the ZnMOF-BTA spectrum. The ZnMOF-BTA curve also revealed that the N-H stretching bands (2710 cm−1, 2790 cm−1) and OH stretching broad bands (2521cm−1, 2638 cm−1) vividly present in BTA and H2TDC spectra, respectively, are absent in the ZnMOF-BTA spectrum as the amine groups of the BTA molecules and oxygen of the OH groups of the carboxylic acid are coordinated with Zn (II) ions within the ZnMOF-BTA framework and thus absent in the spectrum [35].



An X-ray photoelectron spectroscopy technique was used to investigate the chemical elements and the binding states of the as-synthesized ZnMOF-BTA crystals. Figure 5a shows the complete XPS survey spectra, which demonstrate the existence of sulfur, nitrogen, oxygen, carbon, and zinc species in the ZnMOF-BTA crystals, with surface concentrations of 3.22 at %, 7.38 at %, 18.07 at %, 69.39 at %, and 1.94 at %, respectively. As seen in Figure 5b, the Zn2p XPS scan exhibited doublet peaks of Zn 2p1/2 and Zn 2p3/2 at 1043.8 and 1020.9 eV, respectively, which could be ascribed to the Zn2+ oxidation state belonging to Zn−O and Zn−N bonds in the ZnMOF-BTA framework [36]. The spectrum of C1s (Figure 5c) demonstrated four peaks at 284.4, 285.2, 286.7, and 288.9 eV corresponding to sp2 C−C, C−S, sp2 C−N, and C=O, respectively [37,38].



Figure 5d depicts the S2p spectrum, which can be fitted into two main high-intensity peaks at 163.9 eV and 164.9 eV corresponding to the binding energies of C−S (thiol, R−SH group) in the ZnMOF-BTA framework [39]. The spectrum of O1s (Figure 5e) demonstrated two peaks at 529.46 and 530.77 eV corresponding to Zn–O and C=O, respectively [40]. In the N1s spectrum (Figure 5f), the peak could be deconvoluted into two Gaussian peaks. The peak at 396.6 eV indicates the presence of Zn–N bonds, and that at 397.7 eV can be ascribed to sp2 hybridized N (C=N groups) in the as-synthesized ZnMOF-BTA powder [41].



The thermal properties of ZnMOF-BTA crystals were analyzed to ascertain their thermal stability using differential thermal analysis (DTA) and thermogravimetric analysis (TGA) of the crystals. TGA and DTA curves of ZnMOF-BTA are depicted in Figure 6. In the DTA curve, the exothermic peak at 410 °C is attributed to the sample’s melting point, and the curve demonstrated that there is no phase transition until the material melts, extending the temperature range for the crystal’s utility in many applications. Furthermore, close to the melting point of the sample, there is no breakdown. This guarantees that the material is suitable for use in lasers, where the crystals must survive extremely high temperatures. The sharpness of the endothermic peak indicates that the grown sample has a high degree of crystallinity [35].



In the TGA curve, two major weight losses were observed during the exothermic decomposition process. The first weight loss occurred between 95 and 220 °C and was attributed to the loss of trapped water (solvent) molecules within the ZnMOF-BTA framework at 95–118 °C which represents a 0.37% weight loss and the loss of coordinated BTA molecules of the ZnMOF-BTA at 119–220 °C, representing a weight loss of 25.21% [42]. The other weight loss was found between 230 and 400 °C and was attributed to the decomposition of the organic moiety (TDC2−) of the ZnMOF-BTA framework which corresponds to the loss of CO2 molecules and the organic moiety -C4H4S, representing a weight loss of 50.43% [40]. Further increase in the temperature above 400 °C led to the breakdown of the MOF framework at 410 °C and formed its metal oxide (ZnO) representing 23.99% of the residual mass. The summary of thermal analysis results of ZnMOF-BTA crystals is shown in Table 4. The TGA and DTA results show that ZnMOF-BTA crystals have good crystalline quality and excellent thermal stability [42,43].





3.2. Crystal Surface Morphology Analysis


Figure 7a shows the surface morphology of ZnMOF-BTA crystals as observed by SEM. As shown in the figure, ZnMOF-BTA crystals showed uneven crystalline particles of varying shapes and sizes. The outer surfaces have some degree of roughness, and they are not closely packed together. Figure 7b shows the TEM image of the synthesized ZnMOF-BTA. The image also revealed that the MOF particles have non-uniform structures of different sizes and shapes and are non-closely packed. EDS data in Figure 7c shows the percentage composition of each element present in the ZnMOF-BTA compound.




3.3. BTA Release from ZnMOF-BTA


In aggressive media, a uniform release rate of an inhibitor compound provides a longer anticorrosion period for functional materials [44]. To better understand and assess the release process of BTA from the ZnMOF-BTA, UV-Vis spectroscopy was employed to observe the variation in the release rate by means of absorbance. The concentration–absorbance curve of BTA (different known concentrations of BTA in water) was used as a standard to observe the concentration of BTA released by the synthesized ZnMOF-BTA in solution. The absorbance of BTA extracted from ZnMOF-BTA crystals in NaCl solution was then converted into concentration via the fitting equation of the BTA standard curve. The results of the fitted time–concentration curve of BTA extracts from ZnMOF-BTA show that the release rate of BTA by ZnMOF-BTA is 6.39 × 10−4 g/h, which clearly illustrates that the BTA molecules were uniformly released from the MOF compound and thus provide longer anticorrosion protection [44].




3.4. Weight Loss Measurement


The weight loss of the carbon steel in the corrosive medium can be used to reflect its corrosion rate. The effect of different concentrations of ZnMOF-BTA additions was tested in 1M hydrochloric acid solution using weight loss measurements at 298K. The weight loss, corrosion rate, and inhibition efficiency   I .  E w    (%) of ZnMOF-BTA are shown in Table 5. The weight loss results showed that the corrosion rate of carbon steel decreased with the increasing concentration of ZnMOF-BTA extract in the hydrochloric acid solution. The ZnMOF-BTA extract exhibited a maximum    I .  E w    (%) value of 94.94% at 6.0 wt.% concentration. This may be attributed to the presence of several nitrogen heteroatoms and aromatic rings of the BTA molecules released by the ZnMOF-BTA in hydrochloric acid solution, which adsorbs on the carbon steel surface to form a protective barrier [45]. The results showed that adding ZnMOF-BTA to 1M hydrochloric acid solution inhibits corrosion processes and protects carbon steel from degradation. The results also revealed that the inhibition efficiency of ZnMOF-BTA is greater than the inhibition efficiencies of some MOFs reported in the literature [46].




3.5. Potentiodynamic Polarization Test


Figure 8 shows the potentiodynamic polarization curves at 298 K of carbon steel in the absence and presence of different concentrations of ZnMOF-BTA extract. The corrosion parameters such as corrosion potential (Ecorr), anodic Tafel slope (βa), cathodic Tafel slope (βc), and the corrosion current densities (icorr) were obtained by extrapolating the Tafel slope [47] and are shown in Table 6. The percentage inhibition efficiency   I .  E p    (%) and the surface coverage (θ) were calculated using Equation (5). Figure 8 shows a shift of both anodic and cathodic curves to lower current densities on the addition of the ZnMOF-BTA extract; this indicates that ZnMOF-BTA extract reduces the corrosion rate of carbon steel. The decrease in corrosion rate is likely because of the adsorption of the inhibitor (BTA) molecules on the carbon steel surface [48]. As observed, the Ecorr shifted to less negative values. In addition, ZnMOF-BTA is seen to reduce the anodic and cathodic reactions to nearly the same extent. The adsorption of the inhibitor via active sites probably results in the decrease observed in the anodic or cathodic reaction [7].



Table 6 shows the corrosion parameters of carbon steel in the presence and absence of ZnMOF-BTA; as the inhibitor concentration is increased, the icorr decreases and the inhibition efficiency increases. In fact, when the inhibitor was added, the slopes of the cathodic (βc) and anodic (βa) Tafel curves (Table 6) were slightly lowered, indicating that the ZnMOF-BTA merely blocks the accessible surface area. In other words, the inhibitor reduces the surface area of carbon steel exposed to corrosion while only inactivating a portion of the surface in relation to the corrosive medium [48]. As a result, ZnMOF-BTA can be classified as a mixed-type inhibitor.



Many factors influence the inhibition efficiency, including adsorption sites, method of interaction, molecular size, and structure [7,49]. The high inhibition efficiency observed may be due to the effect of the size, structure, and functional group of the inhibitor.




3.6. Electrochemical Impedance Spectroscopy (EIS)


The electrode processes and surface phenomena at the film–solution interface were studied using EIS. The polarization resistance and interface capacitance of the corrosion system is related to the corrosion behavior and corrosion mechanism of metals [50]. As a result, EIS can be utilized to determine the polarization resistance of the material and interfacial capacitance in order to investigate ZnMOF-BTA adsorption behavior in carbon steel corrosion. The Nyquist plots of carbon steel in the presence and absence of different concentrations of ZnMOF-BTA extract in 1M hydrochloric acid solution are given in Figure 9.



The radius of the capacitive arc of the Nyquist semicircles gives an indication of the electrochemical impedance of the system. The arc of the semicircle increases as the concentration of ZnMOF-BTA increases, which indicates an increase in corrosion resistance [51]. This could be due to the adsorption of BTA molecules on the carbon steel surface. The maximum capacitive arc appears at 6.0 wt.% ZnMOF-BTA; this suggests a more compact film at this concentration. In addition, the capacitive impedance arc at 6 wt.% showed an additional loop at high frequencies, suggesting that the corrosion channel did not fully open and that the ZnMOF-BTA extracts had certain protective effects [52].



Figure 10 shows the Bode modulus and phase angle plots of carbon steel in the presence and absence of different concentrations of ZnMOF-BTA extract in 1M hydrochloric acid solution. The impedance modulus |Z| of the low-frequency region in the Bode plot is frequently utilized to assess the protective film’s shielding ability [51]. All of the experimental groups had a time constant, but as the inhibitor concentration was increased, the peak of the phase angle gradually moved to a lower frequency (Figure 10). As shown in Table 7, at the lowest frequency, the impedance modulus |Z| of carbon steel in the blank solution is 12.24 Ω·cm2. Carbon steels with varying concentrations of ZnMOF-BTA extract at the lowest frequency, on the other hand, have a higher impedance modulus than the blank carbon steel solution, and the higher the concentration, the higher the impedance modulus. The corrosion inhibitor’s ability to suppress carbon steel corrosion will be stronger as the impedance modulus value grows. The maximal impedance modulus |Z| of ZnMOF-BTA extracts at the lowest frequency was 283.55 Ω·cm2, significantly more than the impedance value of similar metal–organic frameworks reported in the literature [53], which showed that the protective film deposited on the carbon steel surface by the BTA inhibitor molecules from ZnMOF-BTA may effectively prevent the corrosion medium from penetrating the carbon steel surface. The Bode phase plots show that the phase angle values increased as the concentration of ZnMOF-BTA extracts increased, indicating the protective ability of the BTA inhibitor molecules on the carbon steel surface [54,55].



The equivalent circuit diagram for the corrosion of carbon steel in the presence of ZnMOF-BTA inhibitor is shown in Figure 11, where Rs is the solution resistance, Rp is the film’s corrosion resistance to corrosive media, CPE is the constant phase element, and Cdl is the charge transfer capacitance response of the passivation film on the electrolyte/substrate interface. The capacitive loops are not perfect semicircles, which can be attributed to the frequency dispersion effect caused by the electrode surface’s roughness and inhomogeneity. CPE is introduced instead of capacitor C due to the unevenness and roughness of the passivation film surface, and its impedance is represented by Equation (7) [56]:


   Z  c p e   =      Y o      j ω    n      − 1    



(7)




where    Y o    is the CPE scale factor, which is proportional to the active surface area exposed to the electrolyte; n is the CPE power value, which reflects the deviation from the ideal capacitor’s performance; j is the given imaginary part (j2 = −1); and ω is the angular frequency. The Cdl is calculated according to the following equation [57]:


   C  d l   = [  Y O       ω m      n − 1   ]  



(8)




where    ω m    is the angular frequency when the imaginary part of the impedance reaches the maximum. As shown in Table 7, ZView software was used to fit the measured impedance values. Table 7 shows the appropriate electrochemical parameters, including Rs, Rp,    Y o   , n, and Cdl. As shown in Table 7, as the concentration of ZnMOF-BTA extracts increases, Rp increases and Cdl decreases. A drop in Cdl values might be caused by a decrease in the local dielectric constant as the BTA molecules slowly replaced the corrosive medium on the metal surface and an increase in the thickness of the electrical double layer, which increases the polarization impedance of the solution. This is consistent with the corrosion inhibition efficiency trend, indicating that ZnMOF-BTA is capable of efficiently protecting the metal substrate [58].



ZnMOF-BTA may be able to effectively protect carbon steel from corrosion because BTA molecules contain amine groups (-NH-) and π electron-rich benzene rings, making it easier for the molecules to form covalent bonds with metal Fe ions of the steel, causing the corrosion inhibitor molecules and metal Fe ions to form a protective film through covalent bonds and be adsorbed on the metal surface [59]. The results of inhibition efficiency calculated from EIS,   I .  E z    (%), are in line with the results of   I .  E w    (%) and   I .  E p    (%) from weight loss measurement and potentiodynamic polarization experiments, respectively.




3.7. Adsorption Isotherm, Corrosion Morphology, and Mechanism of Inhibition


Electrochemical tests have shown that the BTA inhibitor molecules from ZnMOF-BTA can successfully reduce carbon steel corrosion in a 1M hydrochloric acid solution. In corrosion inhibition studies, the adsorption isotherm is crucial for determining the mechanism of the adsorption process. The inhibition of metal corrosion by an inhibitor is usually explained in terms of physisorption, chemical adsorption, or mixed adsorption of these species on the metal surface. The physisorption process is due to electrostatic interaction between the charged metal surface and the charged inhibitor molecules, while the chemical adsorption process involves the transfer or sharing of electrons between the inhibitor molecules and the metal surface’s unsaturated “d” orbitals [60].



By fitting the experimental data with different adsorption isotherms, the adsorption mechanism of the inhibitor molecules on the carbon steel surface was established. The experimental data best fitted the Langmuir isotherm with an R2 value of 0.97889. The Langmuir isotherm is given by Equation (9) [61].


     C  i n h    θ  =  1   K  a d s     +  C  i n h    



(9)




where the fraction of sites covered by the adsorbed inhibitor molecule (θ) and inhibition concentration (   C  i n h    ) are related to the equilibrium adsorption constant (Kads) as shown above. Theta values are obtained from weight loss measurements using Equations (1)–(3). The Langmuir adsorption isotherms of BTA released from ZnMOF-BTA on a carbon steel surface at various concentrations are shown in Figure 12.



The equation that correlates the Kads and the standard free energy of adsorption ΔG◦ads (kj.mol−1) is given by Equation (10) [62].


   K  a d s   =  1  55.5     exp   −   Δ  G  a d s  o    R T      



(10)




where T is the absolute temperature (K), R is the universal gas constant (8.3144 J K−1 mol−1s), and the value 55.5 is the concentration of water in solution (mol·L−1). As shown in Figure 12, the linear correlation coefficient value R2 is 0.97889 (almost = 1), which shows that the adsorption of ZnMOF-BTA on carbon steel surface in hydrochloric acid follows the Langmuir adsorption isotherm [63]. The values of the equilibrium constant Kads and the free energy of adsorption ΔG◦ads calculated from the Langmuir isotherm are shown in Table 8.



The negative value of ΔG◦ads ensures that the adsorption process is spontaneous and the adsorbed layer on the metal surface is stable. In order to interpret the nature of the adsorption process of the inhibitor molecules, Chaouiki et al. [64] estimated that when the value of ΔG◦ads is between 0 and −20 KJ mol−1, the adsorption process is due to electrostatic interaction between the charged metal surface and the charged inhibitor molecules (physisorption or physical adsorption). In addition, Al-Senani and Alshabanat [65] have shown that ΔG◦ads values close to −40 kJ mol−1 or higher indicate the chemisorption adsorption process of charge transfer between the inhibitor molecules and the metal surface. Others have suggested that the ΔG◦ads of chemical adsorption processes for organic inhibitors in aqueous systems range from −21 to −42 kJ.mol−1 [66]. As a result, the value of ΔG◦ads has been regarded within the range of physical adsorption in this study. As shown in Table 8, the value of free energy of adsorption (ΔG◦ads) was found to be −10.28 kJ mol−1 for ZnMOF-BTA. The value indicates that the adsorption of the BTA molecules from ZnMOF-BTA on a carbon steel surface in a hydrochloric acid medium is by physisorption and BTA molecules adsorbed strongly onto the surface of carbon steel, as evidenced by the Kads value of 1.141 M−1 [67].



Figure 13a–c show the corrosion surface morphologies of Q235 carbon steel sheets observed by SEM after 48 h immersion in 1M hydrochloric acid solution with and without ZnMOF-BTA extract at 298K. Figure 13a is the SEM micrograph of the polished carbon steel surface, which shows a smooth and clean surface with only scratches due to polishing. The carbon steel surface in the 1M hydrochloric acid solution without ZnMOF-BTA extract is shown in Figure 13b; the micrograph shows an uneven surface with many pits, indicating the very serious corrosion of carbon steel. In Figure 13c, the micrograph with a solution of 2 wt.% ZnMOF-BTA extract shows a relatively clean and smooth surface with only slight corrosion spotted on the steel surface, which indicates that the addition of ZnMOF-BTA greatly reduced the corrosion rate of carbon steel in an acid medium.



Figure 13d–f show the EDS spectra and corresponding percentage weight contents. The EDS spectrum of polished Q235 carbon steel, shown in Figure 13d, reveals the characteristic element peaks of C (5.62 wt.%), O (2.01 wt.%), and Fe (92.37 wt.%). The EDS spectrum and element composition of Q235 carbon steel in 1 M HCl solution differ substantially (Figure 13e). Due to the formation of a corrosion layer (iron oxide), the intensity of the Fe peak drops, and other peaks for minor elements (Cl, N) become visible (5.93 wt.%). As a result of the oxidation of the Q235 carbon steel surface, the oxygen intensity (10.63 wt.%) also increases.



However, in the presence of ZnMOF-BTA extract, the EDS spectrum is different from that of polished Q235 carbon steel in a 1 M HCl solution (Figure 13f). The dissolution of the content of Fe in the presence of ZnMOF-BTA extract is slighter than the sample in 1 M HCl solution, which is 90.18 wt.%, and the intensity of oxygen decreases slightly (1.75 wt.%) showing that there is very little or no oxidation of the carbon steel surface. These findings also show that the addition of ZnMOF-BTA extract slows down the corrosion of Q235 carbon steel significantly.



The results above show that the ZnMOF-BTA compound has a good corrosion inhibition property for carbon steel in 1M hydrochloric acid solution, which may be a physisorption process and obey the Langmuir adsorption isotherm model. The BTA molecules containing many N heteroatoms and numerous aromatic rings rich in π-electrons are used in synthesizing the ZnMOF-BTA. When the BTA molecules are released by the ZnMOF-BTA in solution, these heteroatoms and aromatic rings serve as adsorption active sites for the MOF compound, which helps to prevent corrosion.



Adsorption on the metal surface is the first step in the inhibitory process in acid media [68]. The formation of a donor–acceptor surface complex between the inhibitor’s p-electrons and the metal’s unoccupied d-orbitals is postulated in most inhibition investigations [69]. The inhibitor compound in aqueous acidic solutions is either neutral or in the form of cations (i.e., protonated species). There are two types of adsorption that might be considered in general. The neutral form of the inhibitor may adsorb on the metal surface via a chemisorption mechanism that involves the displacement of water molecules from the metal surface and the sharing of electrons between N atoms and Fe and/or between the aromatic ring’s π-electrons and the vacant d-orbitals of Fe.



In acidic conditions, on the other hand, it is well known that the steel surface is positively charged [70]. Therefore, electrostatic repulsion makes it difficult for a protonated inhibitor to adsorb on the positively charged steel surface. Because chloride ions have a lower degree of hydration and are particularly adsorbed, they generate an excess negative charge in the solution, favoring more protonated inhibitor adsorption. The following may happen when the protonated inhibitor is deposited on the metal surface: (i) a coordinate bond formation may occur as a result of a partial electron transfer from N atoms to the metal surface, and (ii) the protonated inhibitor may form a metal–inhibitor complex on the carbon steel surface by combining with freshly produced Fe2+ ions [70].


  F  e  2 +   + i n h →     i n  h x  − F e       2 + x   +    



(11)







Van der Waals forces may cause these complexes to be adsorbed onto the steel surface, forming a protective coating that prevents corrosion. The film simultaneously inhibits both anodic and cathodic reactions [35]. As a result, the adsorption of BTA inhibitor molecules containing N heteroatoms and π-electrons of the aromatic rings on the surface of carbon steel is the primary mechanism of corrosion inhibition of ZnMOF-BTA.





4. Conclusions


ZnMOF-BTA was successfully synthesized, characterized, and tested for the corrosion protection of Q235 carbon steel in acidic conditions. The results of weight loss and electrochemical studies show that the obtained ZnMOF-BTA is a mixed-type inhibitor and effective in corrosion inhibition of Q235 carbon steel in acidic conditions. The synthesis of ZnMOF-BTA provides a new corrosion inhibitor with proven corrosion inhibition properties.
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Figure 1. The schematic route of ZnMOF-BTA synthesis. 
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Figure 2. (a) ZnMOF-BTA framework, (b) asymmetric monomer units, and (c) dimer molecule; (d) a framework of ZnMOF-BTA molecules. 
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Figure 3. XRD data of ZnMOF-BTA, BTA, H2TDC, and Zn(N03)2.6H2O. 
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Figure 4. FTIR spectra of ZnMOF-BTA, BTA, and H2TDC. 
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Figure 5. XPS spectra for as-prepared ZnMOF-BTA crystals: (a) XPS survey scan, (b) Zn2p, (c) C 1s, (d) S 2p, (e) O 1s, and (f) N 1s spectra. 
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Figure 6. The TGA and DTA curves of ZnMOF-BTA. 2014. 
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Figure 7. (a) SEM image, (b) TEM image, and (c) EDS data of ZnMOF-BTA. 
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Figure 8. Potentiodynamic polarization curves for the corrosion of carbon steel in 1 M HCl in the absence and presence of different concentrations of ZnMOF-BTA extracts at 298K. 
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Figure 9. Nyquist plots of carbon steel in the presence and absence of different concentrations of ZnMOF-BTA extracts in 1 M HCl solution at 298K. 
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Figure 10. Bode and phase plots of carbon steel in the presence and absence of different concentrations of ZnMOF-BTA extracts in 1 M HCl solution at 298K. 
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Figure 11. Equivalent circuit model used in fitting the impedance data. 
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Figure 12. Langmuir adsorption plots for carbon steel in 1M HCl solution containing various concentrations of BTA released from ZnMOF-BTA at 298K. 
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Figure 13. SEM images and EDS spectra for carbon steel surfaces: (a,d) polished surface, (b,e) without ZnMOF-BTA extract, (c,f) with 2 wt.% of ZnMOF-BTA extract in 1 M HCl solution for 48 h at 298 K. 
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Table 1. Chemical composition of Q235 carbon steel (wt.%).
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	Fe
	C
	Si
	Mn
	P
	S





	Q235
	Balance
	0.22
	0.35
	1.40
	0.045
	0.05
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Table 2. Crystallographic and refinement data of ZnMOF-BTA.






Table 2. Crystallographic and refinement data of ZnMOF-BTA.





	Compound
	ZnMOF-BTA





	Moiety formula
	2(C24 H14 N9 O4 S Zn2.5)



	Formula sum
	C48 H28 N18 O8 S2 Zn5



	Formula weight
	1375.85



	Crystal description
	Block/colorless



	Crystal system
	Monoclinic



	Space group, Hall
	C 1 2/c 1, -C 2yc



	a (Å)
	35.2666(4)



	b (Å)
	38.1974(2)



	c (Å)
	26.9717(3)



	α (°)
	90



	Β (°)
	127.718(2)



	γ (°)
	90



	Volume (Å3)
	28740.8(8)



	Radiation type
	Cu Kα (λ = 1.54184)



	T K
	150



	Z
	16



	Dx (g × cm−3)
	1.272



	μ mm−1
	2.854



	F(000)
	11008.0



	θ range (°)
	3.9−75.4



	Crystal size mm
	0.15 × 0.13 × 0.12



	Tot. reflections
	59,616



	Uniq. Reflections, Rint
	28,131



	R1 indices (I > 2\(I))
	0.0585



	wR2 indices (all data)
	0.1689



	Δρmin, Δρmax (e·Å−3)
	−0.817, 1.337



	GOF
	1.038
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Table 3. Selected bond lengths and angles for ZnMOF-BTA.
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	Bond
	Distance (Å)
	Bond
	Distance (Å)
	Bond
	Bond Angles (Å)





	Zn1−N2 i
	2.1996 (48)
	Zn1−N11 i
	2.1552 (37)
	N11−Zn1−N5
	175.703 (144)



	Zn1−N5 i
	2.1775 (38)
	Zn1−N17 ii
	2.1904 (43)
	N11−Zn1−N17
	90.857 (151)



	Zn2−N3 i
	2.0302 (42)
	Zn2−O7 iv
	2.1142 (83)
	N4−Zn2−N3
	101.436 (194)



	Zn2−N4 i
	2.0106 (56)
	Zn2−O8 iv
	2.1464 (109)
	N4−Zn2−O8
	111.287 (270)



	Zn3−N9 i
	2.0275 (51)
	Zn3−O1 i
	2.5350 (30)
	O2−Zn3−N13
	128.942 (168)



	Zn3−N12 i
	2.0063 (51)
	Zn3−O2 i
	1.9401(30)
	O2−Zn3−O1
	75.783 (185)



	Zn4−N1 iii
	2.0239 (49)
	Zn4−O3 i
	1.9800 (38)
	N16−Zn4−O4
	93.501(182)



	Zn4−N10 iii
	2.0420 (26)
	Zn4−O4 i
	2.3117 (48)
	O3−Zn4−O4
	59.594 (166)



	Zn5−N6 iii
	2.0533 (55)
	Zn5−O5 i
	1.9427 (50)
	N18−Zn6−N15
	99.110 (181)



	Zn5−N15 iii
	2.0402 (28)
	Zn5−O6 i
	2.5700 (50)
	O5−Zn5−O6
	76.567 (191)



	Zn6−N20 i
	2.1969 (48)
	Zn6−N35 iii
	2.1905 (22)
	
	



	Zn6−N26 i
	2.1905 (22)
	Zn6−N32 iii
	2.1969 (49)
	
	



	Zn7−N21 i
	2.0288 (35)
	Zn7−O11 iv
	2.1141 (48)
	
	



	Zn8−N25 i
	2.0177 (36)
	Zn8−O9 i
	1.9713 (36)
	
	



	Zn9−N19 i
	2.0207 (52)
	Zn9−O13 i
	2.2496 (48)
	
	



	Zn9−N27 i
	2.0515 (37)
	Zn9−O14 i
	1.9666 (39)
	
	



	Zn10−N30 ii
	2.0361 (31)
	Zn10−O15 i
	2.4960 (30)
	
	



	Zn10−N31 i
	2.0145 (40)
	Zn10−O16 i
	1.9521(30)
	
	



	C1−C2 i
	1.37 (1)
	O1−C31 i
	1.233 (5)
	
	



	C1−C6 i
	1.42 (1)
	O3−C36 i
	1.244 (5)
	
	



	N4−N5 i
	1.337 (7)
	N3−C2 i
	1.36 (1)
	
	



	N32−N33 i
	1.332 (7)
	N24−C56 i
	1.367 (6)
	
	







Symmetry transformations used to generate equivalent atoms: (i) x, y, z; (ii) −1/2 + x, 3/2-y, −1/2 + z; (iii) 1/2 + x, 3/2-y, 1/2 + z; (iv) −1/2 + x, −1/2 + y, z.
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Table 4. Summary of TGA results of ZnMOF-BTA.
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Stage

	
Decomposition Steps

	
Temp Range (°C)

	
TG Weight Loss (%)

	
Decomposition Product




	
Observed

	
Calculated






	
1st

	
[Zn5(BTA)6(TDC)2(H2O)n]

	
95–118

	
0.37

	

	
-nH2O
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[Zn5(BTA)6(TDC)2]

	
119–220

	
25.21

	
25.40

	
-6[C6H4N3]
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2nd

	
[Zn5(TDC)2]

	
230–400

	
50.43

	
50.80

	
-4CO2
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-2C4H4S




	
3rd

	
ZnO residue

	
400–410

	
23.99

	
23.80

	
5ZnO
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Table 5. Weight loss parameters of carbon steels in 1M HCl solution with and without different concentration of ZnMOF-BTA extracts for 24 h at 298 K.
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	Sample
	Weight % (g)
	W (mg·cm−2·h−1)
	I.Ew (%)
	θ



	Blank solution
	-
	1.667
	-
	-



	ZnMOF-BTA
	1.0
	0.703
	57.83
	0.5783



	
	2.0
	0.583
	65.03
	0.6503



	
	4.0
	0.138
	91.72
	0.9172



	
	6.0
	0.096
	94.94
	0.9494
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Table 6. Polarization parameters for the corrosion of carbon steel in 1 M HCl in the absence and presence of different concentrations of ZnMOF-BTA extracts at 298K.
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	Sample
	Weight %

(g)
	−Ecorr

(mV/SCE)
	βc

(mV/dec)
	βa

(mV/dec)
	icorr

(μA/cm2)
	I.Ep (%)
	θ



	Blank
	-
	458.4
	92.4
	63.1
	31.4
	-
	-



	ZnMOF-BTA
	1.0
	438.5
	87.4
	40.4
	18.2
	42.0
	0.420



	
	2.0
	444.0
	65.1
	33.9
	13.8
	56.1
	0.561



	
	4.0
	453.7
	84.0
	54.6
	11.1
	64.7
	0.647



	
	6.0
	425.9
	50.2
	26.0
	09.1
	71.0
	0.710
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Table 7. Electrochemical parameters for carbon steel in 1M HCl solution without and with different concentrations of ZnMOF-BTA extracts at 298 K.
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CPE

	

	






	
Inhibitor

	
Weight % (g)

	
Rs (Ω·cm2)

	
Rp

(Ω·cm2)

	
YO

(× 10−6 sn·Ω−1·cm−2)

	
n

	
Cdl

(× 10−6 sn·Ω−1·cm−2)

	
I.EZ (%)




	
Blank

	
-

	
0.53

	
11.71 ± 0.1

	
1239

	
0.87

	
658.22

	
-




	
ZnMOF-BTA

	
1.0

	
1.90

	
45.95 ± 0.3

	
904.0

	
0.88

	
586.13

	
73.3




	

	
2.0

	
2.31

	
56.98 ± 0.4

	
850.5

	
0.85

	
498.52

	
78.6




	

	
4.0

	
4.22

	
147.6 ± 1.1

	
457.8

	
0.86

	
295.24

	
91.7




	

	
6.0

	
7.25

	
276.3 ± 2.2

	
398.2

	
0.84

	
261.53

	
95.5
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Table 8. Thermodynamic parameters for the adsorption of BTA molecules released from ZnMOF-BTA on the carbon steel surface in 1M HCl solution at 298 K.
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	Inhibitor
	Slope
	Intercept
	Kads(M−1)
	R2
	∆G°ads (KJ·mole−1)





	ZnMOF-BTA
	0.87627
	0.01027
	1.141
	0.97889
	−10.28
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