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Abstract

:

Organic montmorillonite (OMMT) was prepared from Na-montmorillonite (MMT) by Hexadecylamine (HDA) modification. The composite material has good smoothness, acidity, and salt resistance. OMMT was characterized using small-angle X-ray diffraction, Fourier transform infrared spectroscopy, scanning electron microscopy, and a video optical contact angle measuring instrument. The results showed that the layer spacing was enlarged from 1.44 nm to 2.87 nm after the modification, and the hydrophobicity performance was greatly improved. The organic modification of MMT was successful. The surface morphology, roughness, and anticorrosion properties of the organic montmorillonite/epoxy (OMMT/EP) composite coating were investigated and compared with those of the epoxy (EP) coating. The OMMT/EP composite coating had a flatter surface than the EP coating. The roughness was reduced from 65.5 nm to 10.3 nm. The electrochemical impedance spectroscopy showed that the composite coating’s thickness positively affected its anticorrosion performance, the corrosion current density (Icorr) decreased with the increase in thickness, and its maximum impedance was much larger than that of EP coating. The protection efficiency of the OMMT/EP composite coating was 77.90%, which is a significant improvement over the EP’s 31.27%. In addition, the corrosion resistance of the composite coating gradually decreased with increasing immersion time, but the change was insignificant.
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1. Introduction


The Bayer alumina production process is adversely affected by the accumulation of sulfur in the raw materials and production process [1,2], especially by the severe corrosion of steel equipment. Therefore, the surface protection of alumina production equipment is critical [3,4]. Polymer coatings have been widely used for the corrosion protection of metal substrates, and epoxy resin-based anticorrosion coatings are widely used due to their excellent adhesion resistance and other advantages [5,6,7]. However, the epoxy resin coatings form some voids and defects with the evaporation of solvents during the curing process, which have insufficient barrier properties against corrosive media, leading to the shortening of the corrosion path between the corrosive media and the surface of the substrate material, thus accelerating corrosion [8].



Incorporating nanomaterials with a shielding effect into epoxy resin coatings can enhance the corrosion resistance of the coatings by reducing the porosity and increasing the diffusion path of corrosive media [9,10]. Na-montmorillonite (MMT), as a two-dimensional nanomaterial, has a unique layered structure, large aspect ratio, and very high surface area and has been widely used by researchers in the field of coating and anticorrosion, but MMT has a small layer spacing and is prone to agglomeration, and it needs to be organically modified so that the performance of the MMT can be improved. Modification of MMT using quaternary alkyl ammonium salts [11], silane coupling agents [12], and hyperbranched polymers HBPs [13] to improve interlayer spacing and dispersion resulted in improved mechanical properties and inhibition as well as environmental stability of the epoxy-based composite coatings [14]. The composite coatings incorporating modified MMT provided barrier corrosion protection to carbon steel in NaCl solution, blocking defects and reducing the transport of water and corrosive materials [15]. The organic montmorillonite/epoxy (OMMT/EP) composite coating was shown to have superior protective properties to those of the original epoxy coatings after the weight loss results, optical examination, and microscopic examination of samples. The anticorrosion effect of montmorillonite in epoxy resin was verified [16]. The incorporation of graphene oxide on the basis of OMMT allows for the preparation of a high-performance epoxy anticorrosion coating with a larger contact angle and a smoother surface than epoxy coatings [17]. The addition of different types of fillers to the epoxy resin base will play different roles. The new anticorrosive coating synthesized by doped polyaniline, reduced graphene oxide, and MMT showed superior anticorrosive performance of the synthesized nanocomposite according to the Tafel test, where the corrosion current of the synthesized nanocomposite was lower than that of other samples [18]. These composite coatings are often studied in seawater environments. However, the problem of corrosion in steel production equipment is also particularly common in the Bayer alumina production process, where the main corrosive medium is the sulfur-containing sodium aluminate solution, which results in an alkaline corrosion [19,20]. The corrosion of production equipment can cause economic losses and serious environmental pollution problems. Therefore, the corrosion resistance of composite coatings in this environment is worth exploring [21].



The main stages in the Bayer alumina production process are divided into four stages: bauxite dissolution, dilution of sodium aluminate solution, crystal species separation, and mother liquor evaporation. The mother liquor in the evaporation process contains S2− and S2O32−, which is the main cause of corrosion in production equipment, so this experiment simulates the corrosion resistance of OMMT/EP composite coatings prepared in this corrosive environment. FTIR, XRD, SEM, and AFM were used to analyze the intercalation behavior, morphological changes, and hydrophobicity of organic montmorillonite (OMMT) with Hexadecylamine (HDA). The effect of OMMT on the surface roughness and morphology of the OMMT/EP composite coating was investigated by AFM and SEM. Polarization curves and electrochemical impedance spectroscopy reveal the corrosion resistance of the composite coating in corrosive media containing sodium sulfoaluminate.




2. Experiments


2.1. Experimental Materials


The following chemical reagents and materials were used directly without further treatment: Q235 steel (size 10 mm × 10 mm × 1 mm), 93 mmol/100 g of Na-montmorillonite (MMT, Guzhang Shanphosphorite Mineral Products Co., Ltd., Hunan, China), Hexadecylamine (HDA, Aladdin Reagent Co., Ltd., Shanghai, China), dodecyl benzene sulfonic acid (DBSA, Aladdin Reagent Co., Ltd., Shanghai, China), epoxy resin E44 (Nantong Xingxing Synthetic Materials Co., Ltd., Nantong, China), environmental protection diluent (Shanghai Kangquzhou Chemical Co., Ltd., Shanghai, China), acetone (Chongqing Chuandong Chemical Industry Group, Chongqing, China), and polyamide D-230 (Aladdin Reagent Company).



Q235 steel was 240-mesh, 400-mesh, 600-mesh, 800-mesh, 1000-mesh and 1200-mesh sandpaper for surface grinding and polishing, and then we used anhydrous ethanol and acetone ultrasonic cleaning, drying treatment, and placed it on standby.




2.2. Preparation of OMMT


Suspension A was prepared by dispersing MMT into 500 mL of deionized water. A certain amount of HDA, which was equivalent to 1.0 CEC of MMT, was added into 50 mL of absolute ethanol while stirring to obtain suspension B. Suspensions A and B were mixed in a water bath at 80 °C to obtain Suspension C. The precipitation was collected by centrifugation and washed with anhydrous ethanol and deionized water until there was no precipitation in the waste liquid added to AgNO3. Precipitate was dried and ground to obtain OMMT.




2.3. Preparation of OMMT/EP Composite Coating


The preparation of OMMT/EP composite coating and its role in the environment are shown in Figure 1. It is shown that MMT was modified by HDA and then intercalated into MMT layers to prepare organic modified filler (OMMT), and OMMT/EP composite coatings were obtained by adding OMMT filler into the epoxy resin base and fusing it. The measure of epoxy resin was diluted, OMMT powder was added, and the mixture was obtained by stirring at 80 °C. Then, polyamide D-230 and acetone (6:1 quality ratio) were added to form a mixed slurry of OMMT and epoxy resin, and the mixed slurry was covered on the surface of Q235 steel with a wire rod coater to form the OMMT/EP composite coating.




2.4. Electrochemical Tests


The electrochemistry workstation of Shanghai Chenhua (CHI660E) was used for the electrochemical tests. In the tests, the corrosive environment was 90 °C in solutions of sodium aluminate containing 5 g/L S2− and 5 g/L S2O32−; a three-electrode system was used, with a platinum electrode as the auxiliary electrode, an OMMT/EP composite coating for the working electrode, and a saturated mercuric glycol electrode as the reference electrode. The test’s potential range of polarization curve is −1.5 V~−1.05 V, and the scanning rate is 3 mV/s. Electrochemical impedance spectroscopy (EIS) has a frequency range of 0.01–105 Hz and an amplitude of 5 mV.




2.5. Characterization Methods


The X-ray diffractometer (XRD UltimaIV, Rigaku, Tokyo, Japan) had an operating voltage of 40 kV, a current of 40 mA, and a scanning rate of 1°/min with Cu Ka as the incident light source. Fourier transform infrared spectroscopy (FTIR, Nicolet iS50, Thermo Field Company, Boston, MA, USA) was measured range from 400 to 4000 cm−1. Scanning electron microscopy (SEM, Sigma300, ZEISS, Jena, Germany) was performed at 15 kV. An atomic force microscope (AFM, Bruker Dimension ICON, Bruker, Billerica, MA, USA) determined the roughness of the coating surface. A video optical contact angle measuring instrument was also used (OCA, JY-82C, Chengde Dingsheng Company, Chengde, China).





3. Results and Discussion


3.1. Study on Properties of Modified MMT


Figure 2 shows the performance detection of OMMT. Figure 2a shows the infrared detection profile of MMT, HDA, and OMMT. The FT-IR plot of OMMT shows characteristic peaks of HDA and MMT at 2919 cm−1, 2851 cm−1, 1037 cm−1, and 798 cm−1, respectively. Organic molecules displaced interlayer Na+, resulting in OMMT. This indicates that combining the organic substance HDA and MMT was successful.



Figure 2b is the XRD plot of MMT and MMT after the organic modification of DBSA and HDA. The 2θ of the diffraction peaks on MMT’s (001) face organically modified with DBSA and HDA were at 6.05° and 4.91°, respectively. The variation in layer spacing was calculated using Bragg’s equation (2dsinθ = nλ) and was found to be 1.27 nm, 1.46 nm, and 1.80 nm for MMT and MMT organically modified with DBSA and HDA, respectively. These results show that the HDA pretreatment increased the MMT interlayer spacing by 0.53 nm, facilitating the in situ intercalation of the MMT with the urushiol titanium polymer. The increase in the interlayer spacing of MMT obtained by HDA modification was large, so HDA-modified MMT was used as the filler in this experiment [22].



The limited dispersion of MMT layers can be seen in Figure 2c. The surface morphology of the MMT modified by adding anionic surfactant SDBA is shown in Figure 2d, and the layer dispersibility has not changed obviously. In Figure 2e, modified by the HDA, it shows significant changes in morphology, dispersion, and curling as well as more uniformity in the edges of the layer and its thickness [23]. The results show that HDA was successfully interpolated into the MMT interlayers rather than simply blended, and the results are consistent with the above FT-IR and XRD analyses.




3.2. Influence of HDA Content on MMT


XRD plots of the effect of the addition of different contents of HDA on the interlayer spacing are shown in Figure 3a. The layer spacing of the OMMT increases with increasing content as the content increases from 0.5 CEC to 1.5 CEC. As the organic content continues to increase, the interlayer spacing of the OMMT shows a tendency to decrease because too much organic matter enters the interlayer of the MMT. When the content reaches 1.5 CEC, the 2θ of the diffraction peaks on the (001) surface are at 2.90° and 6.21°, respectively, and according to Bragg’s equation 2dsinθ = nλ, the layer spacing is obtained to be optimized at 2.87 nm and 1.46 nm, respectively [24].



OCA was performed on MMT modified with HDA content, as shown in Figure 3b. The contact angle of the OMMT was significantly increased compared to that of the natural MMT. The contact angle was maximum when the organic content was 1.5 CEC, and the results indicated that the surface polarity of the OMMT changed, resulting in the hydrophilicity becoming hydrophobic, which provided an excellent basis for the final prepared composite coating.




3.3. Study on Properties of Modified OMMT/EP Composite Coating


The evaporation of solvents during the drying process of EP coating can lead to some voids and defects on the surface of the coating. The possible presence of hollows and depressions on the surface can be seen in Figure 4a. Combined with the AFM of the EP coating, the corrosive medium will come into contact with the Q235 steel substrate through these voids and defects, thus accelerating corrosion [25]. OMMT fillers were added to the epoxy resin at 3% and 7%, respectively, in combination with organic solvents to form the OMMT/EP composite coating. In Figure 4b,c, it can be seen that the pores and defects on the surface of the composite coating have been filled and compensated, which is caused by the addition of composite OMMT and the fusion of organic groups in epoxy resin. As shown in Figure 4b, when the amount of OMMT is 3%, the surface morphology of the composite coating is greatly improved compared with that of epoxy resin. As shown in Figure 4c, when the amount of OMMT is increased to 7%, the surface of OMMT aggregates, which may be caused by the excessive addition of OMMT and the saturation of its fusion with epoxy resin, and the roughness is not greatly improved.



In order to determine the effect of fillers on the surface roughness of epoxy resins, the AFMs of EP coatings and OMMT/EP composite coatings containing 3% and 7% OMMT were determined, respectively. Figure 4d–f show that the surface roughness of the EP coating is 65.5 nm, and the surface roughness of the OMMT/EP composite coatings with 3% and 7% OMMT, respectively, is smaller than that of the EP coating. The composite coatings with 7% OMMT addition are less rough, but there is agglomeration, which is consistent with the results of the surface morphology of the composite coatings mentioned above. The results show that the addition of filler reduces the defects on the surface of the coating and the coating becomes smoother, which helps to prevent the intrusion of corrosive ions, but it is not better to add more.




3.4. Study on Corrosion Resistance of OMMT/EP Composite Coating


3.4.1. Results and Analysis of the Polarization Curve


Tafel polarization curves of the OMMT/EP composite coating in solutions containing sodium sulfoaluminate containing 5 g/L S2− and 5 g/L S2O32− for the composite coating’s thickness and time are shown in Figure 5. The values of corrosion current (Icorr), corrosion potential (Ecorr), and polarization resistance (Rp) obtained by fitting the polarization curves are shown in Table 1 and Table 2.



The calculation of Rp from the Stern–Geary equation [26,27,28]:


    R   p   =     β   a     β   b     2.303 (   β   a   +   β   b   )   I   c o o r      



(1)




where Icorr is determined by the intersection of the anodic and cathodic linear portions of the polarization curve, and βa and βb are the Tafel slopes of the anode and cathode of the sample, respectively.



In order to better investigate the strength of the coating’s corrosion resistance, the corrosion resistance of the coating can be characterized in terms of the protection efficiency (PE).


    P   E   % =     I   c o o r ( u n c o a t e d )   −   I   c o o r ( c o a t e d )       I   c o o r ( u n c o a t e d )     × 100 %  



(2)







The characteristics of the cathodic sections in Figure 5a,b are the same, indicating that the thickness and time do not have much effect on the cathodic process. At the same time, the anodic curves show different patterns of change. The smaller the Icorr, the better the corrosion resistance of the coating [29]. Table 1 shown that the Icorr is relatively small at 2.334 × 10−4 for a thickness of 200 μm, and its Rp is the maximum. From the Icorr and Ecorr, the coating prepared in this study with a thickness of 200 μm has a good barrier effect on the corrosion of Q235 steel.



Figure 5b and Table 2 show that the Icorr of the OMMT/EP composite coating is minimum at 3 d. Rp decreases with time slowly from the third day onwards [27]. After the OMMT/EP composite coatings, EP coatings and bare steel were immersed in the same environment for 5 d; the Icorr of the OMMT/EP composite coating was 1.551 × 10−4 minimum, and the protection efficiency was 77.90%, higher than that of EP coating. It is shown that incorporating OMMT filler can effectively improve the corrosion resistance of the coating. This is consistent with the SEM and AFM results.




3.4.2. Electrochemical Impedance Spectroscopy Results and Analysis of OMMT/EP Composite Coating


Electrochemical impedance plots of the OMMT/EP composite coating’s thickness and time are shown in Figure 6 and Figure 7.



As shown in Figure 6a,b, the larger the radius of the impedance arc, the higher the resistance of the coating and the better its anti-corrosion performance [30], where the impedance arc radius is largest for a thickness of 200 μm. The mode value is larger in the lower-frequency region and becomes lower as the frequency increases, and the phase angle is larger in the higher-frequency region. It represents better corrosion protection of the coating [31]. The Bode plot shows that the phase angle of the coating thickness of 200 μm is the largest, indicating that the anti-corrosion effect of the coating thickness of 200 μm is better.



Figure 7a,b show that the impedance arc radius of the OMMT/EP composite coating is the largest on day three. With time, there is a decrease. Figure 7c,d show that the coated and uncoated steel sheets have the highest modal values in the low-frequency region. As the frequency increases, there is finally an impedance plateau in the high-frequency region and a certain phase angle in the mid-frequency region. Corrosion resistance decreases with time but not significantly [32]. The corrosion resistance of the OMMT/EP composite coating, EP coating, and Q235 steel has little effect when immersed in the corrosive medium for 5 d.



According to the equivalent circuit, Zview 3.1 software was used to fit the electrochemical impedance spectrum of the composite coating on the surface of Q235 steel. The relevant electrochemical parameters are shown in Table 3 and Table 4.






4. Conclusions


	
We successfully modified MMT with HDA to prepare OMMT, which reduced the polarity and surface energy of MMT, increased the layer spacing to 2.87 nm, and greatly improved the hydrophobicity, which provided the basis for the preparation of composite coatings.



	
Adding filler into the OMMT/EP composite coating results in a smoother surface than pure EP coating, reducing surface defects. This smooth and flat surface is beneficial for preventing the infiltration of corrosive ions in the corrosion solution. The best performance of the 7% OMMT/EP composite coating was verified by surface morphology and roughness tests.



	
The corrosion resistance of the OMMT/EP composite coating demonstrates a decrease in Icorr and an increase in impedance value with increasing thickness of the composite coating. However, with increasing soaking time, minimal change is observed in both the Icorr and impedance values. Notably, after 5 days of soaking, the EP coating exhibited a protection rate of 31.27%, whereas the composite coating showed an enhanced protection efficiency of 77.90%.
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Figure 1. The preparation of OMMT/EP composite coating and its role in the environment. 
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Figure 2. (a) FTIR spectroscopy of MMT, HDA, and OMMT; (b)XRD patterns of MMT, SDBA, and HDA; SEM plot of (c) MMT, (d) SDBA, and (e) HDA. 
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Figure 3. (a) XRD patterns of MMT modified with different HDA contents; (b) test chart of water contact angle of different HDA contents. 
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Figure 4. SEM images of (a) EP, (b) 3% OMMT/EP, and (c) 7% OMMT/EP; AFM diagram of (d) EP, (e) 3% OMMT/EP, and (f) 7% OMMT/EP. 
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Figure 5. Polarization curves of composite coating with (a) different thicknesses and (b) different times. 
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Figure 6. (a,b) Nyquist and (c,d) Bode plots of the thickness of OMMT/EP composite coating immersed in sulfur-containing sodium aluminum sulfate corrosive medium. 
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Figure 7. (a,b) Nyquist and (c,d) Bode plots of Q235 steels, EP, and OMMT/EP composite coating immersed in sulfur-containing sodium aluminum sulfate corrosive medium for a time. 
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Table 1. Polarization curve corrosion parameters of OMMT/EP composite coating thickness.
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	Coating

Thickness/μm
	Corrosion

Current (A.cm−2)
	Corrosion

Potential (V)
	βa
	βb
	RP (Ω/cm−2)





	100
	2.356 × 10−4
	−1.215
	8.350
	9.527
	103.2



	150
	2.342 × 10−4
	−1.198
	7.472
	7.995
	104.6



	200
	2.334 × 10−4
	−1.199
	7.997
	9.359
	107.3










 





Table 2. Polarization curve corrosion parameters of OMMT/EP composite coating time.
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	Soak Time/d
	Corrosion

Current (A.cm−2)
	Corrosion

Potential (V)
	βa
	βb
	RP (Ω/cm−2)
	PE%





	2
	6.695 × 10−4
	−1.212
	7.690
	10.475
	357.5
	-



	3
	1.198 × 10−3
	−1.171
	6.467
	7.626
	168.7
	-



	4
	5.791 × 10−4
	−1.187
	7.209
	8.347
	130.3
	-



	5
	1.551 × 10−4
	−1.262
	7.203
	7.641
	120.5
	77.90



	5 (bare steel)
	7.017 × 10−4
	−1.287
	7.274
	7.722
	41.3
	-



	5 (pure epoxy)
	4.823 × 10−4
	−1.271
	7.870
	8.286
	55.8
	31.27










 





Table 3. Electrochemical parameters of OMMT/EP composite coating with thicknesses.
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	Thickness
	100 μm
	150 μm
	200 μm





	Rs/Ω·cm−2
	5.6160
	5.5
	8.1110



	CPEf(Y0)/Ω−1·cm−2·s−n
	0.0029
	0.0081
	0.0061



	n1
	0.6297
	0.7635
	0.4988



	Rf/Ω·cm−2
	79.650
	100.140
	116.50



	CPEct(Y0)/Ω−1·cm−2·s−n
	0.0201
	0.2241
	0.0064



	n2
	0.4942
	0.5152
	0.4956



	Rct/Ω·cm−2
	4.46 × 1015
	1.039 × 1014
	1.176 × 1012










 





Table 4. Electrochemical parameters of OMMT/EP composite coating with times.
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Sample

	
OMMT/EP

	
Bare Steel

	
Pure Epoxy






	
Time

	
2

	
3

	
4

	
5

	
5

	
5




	
Rs/Ω·cm−2

	
18.42

	
4.956

	
12.45

	
3.638

	
3.791

	
6.498




	
CPEf(Y0)/Ω−1·cm−2·s−n

	
1.51 × 10−5

	
0.0012

	
0.0022

	
0.0049

	
0.0199

	
0.0003




	
n1

	
0.8695

	
0.8210

	
0.5804

	
0.7144

	
0.5084

	
0.5124




	
Rf/Ω·cm−2

	
580.05

	
520.77

	
401.8

	
389.76

	
1.133

	
1.0540




	
CPEct(Y0)/Ω−1·cm−2·s−n

	
0.0005

	
0.0141

	
0.0183

	
0.0592

	
1.057 × 10−10

	
0.0044




	
n2

	
0.5366

	
0.6235

	
0.7356

	
0.9564

	
0.8202

	
0.7461




	
Rct/Ω·cm−2

	
5846

	
376.3

	
755.5

	
48.12

	
8.433 × 106

	
138.4
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