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                    Abstract
High-performance epoxy coatings were prepared by crosslinking commercial diglycidyl ether of bisphenol-A with silicon–sulfur containing di- and tetra-functional carboxyl curing agents based on cardanol. The curing agents were synthesized and products were analyzed by chemical, spectroscopic, and chromatographic techniques. In the next part, coatings were formulated by varying the ratio of epoxy resin to curing agents on equivalent basis, such as 1:0.6, 1:0.8, and 1:1. The coatings were applied on mild steel panels and cured at 150°C for 30 min. The resultant coatings were evaluated for performance properties including mechanical, chemical, optical, thermal anticorrosive, and flame retardant properties. It was observed that with an increase in concentration of silicon–sulfur containing curing agents, water contact angles of the coatings substantially increased. Moreover, electrochemical impedance spectroscopy, Tafel analysis, and salt spray studies revealed that anticorrosive properties of the coatings improved with an increase in concentration of silicon and sulfur. In spite of synergistic effect of silicon–sulfur, only marginal improvement in flame retardant properties was observed.
Graphic abstract

                  [image: ]



                


                    
    


                    
                        
                            
                                
                                    
                                        
                                    
                                    
                                        This is a preview of subscription content, log in via an institution
                                    
                                    
                                        
                                     to check access.
                                

                            

                        

                        
                            
                                
                                    Access this article

                                    
                                        
                                            
                                                
                                                    Log in via an institution
                                                    
                                                        
                                                    
                                                
                                            

                                        
                                    
                                    
                                        
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                    

                                    
                                        Institutional subscriptions
                                            
                                                
                                            
                                        

                                    

                                

                            
                        

                        
                            Fig. 1[image: ]


Fig. 2[image: ]


Fig. 3[image: ]


Fig. 4[image: ]


Fig. 5[image: ]


Fig. 6[image: ]


Fig. 7[image: ]


Fig. 8[image: ]



                        

                    

                    
                        
                    


                    
                        
                            
                                
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        P- and Si-modified shellac for flame-retardant epoxy-based coatings
                                        
                                    

                                    
                                        Article
                                        
                                         30 May 2021
                                    

                                

                                Vinay Jhajharia, Rahul Patil, … S. T. Mhaske

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Phosphorus- and silicon-containing amino curing agent for epoxy resin
                                        
                                    

                                    
                                        Article
                                        
                                         23 March 2020
                                    

                                

                                Ajinkya Satdive, Siddhesh Mestry, … Shashank Mhaske

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Novel DOPO-based epoxy curing agents
                                        
                                    

                                    
                                        Article
                                        
                                         20 June 2016
                                    

                                

                                Xiaodong Qian, Lei Song, … Saihua Jiang

                            
                        

                    
                

            
        
            
        
    
                            
                        
                    

                    

                    

                    References
	Sharif, A, Gupta, A, Sharmin, P, Alam, M, Pandey, S, “Synthesis, Characterization and Development of High Performance Siloxane-Modified Epoxy Paints.” Prog. Org. Coat., 54 248–255 (2005)
Article 
    CAS 
    
                    Google Scholar 
                

	Kumar, S, Denchev, Z, “Development and Characterization of Phosphorus-Containing Siliconized Epoxy Resin Coatings.” Prog. Org. Coat., 66 1–7 (2009)
Article 
    CAS 
    
                    Google Scholar 
                

	Kumar, S, Narayanan, T, “Thermal Properties of Siliconized Epoxy Interpenetrating Coatings.” Prog. Org. Coat., 45 323–330 (2002)
Article 
    
                    Google Scholar 
                

	Lu, S, Hamerton, I, “Recent Developments in the Chemistry of Halogen-Free Flame Retardant Polymers.” Prog. Polym. Sci., 27 1661–1712 (2002)
Article 
    CAS 
    
                    Google Scholar 
                

	Ravadits, I, Toth, A, Marosi, G, Marton, A, Szep, A, “Organosilicon Surface Layer on Polyolefins to Achieve Improved Flame Retardancy Through an Oxygen Barrier Effect.” Polym. Degrad. Stabil., 74 419–422 (2001)
Article 
    CAS 
    
                    Google Scholar 
                

	Mercado, L, Galia, M, Reina, J, “Silicon-Containing Flame Retardant Epoxy Resins: Synthesis, Characterization and Properties.” Polym. Degrad. Stabil., 91 2588–2594 (2006)
Article 
    CAS 
    
                    Google Scholar 
                

	Kashiwagi, T, Gilman, J, In: Grand, AF, Wilkie, CA (eds.) Fire Retardancy of Polymeric Materials. Marcel Dekker, New York (2000)

                    Google Scholar 
                

	Ye, J, Liang, G, Gu, A, Zhang, Z, Han, J, Yuan, L, “Novel Phosphorus-Containing Hyperbranched Polysiloxane and Its High Performance Flame Retardant Cyanate Ester Resins.” Polym. Degrad. Stabil., 98 597–608 (2013)
Article 
    CAS 
    
                    Google Scholar 
                

	Bajpai, P, Bajpai, M, “Development of a High Performance Hybrid Epoxy Silicone Resin for Coatings.” Pigment Resin Technol., 39 96–100 (2010)
Article 
    CAS 
    
                    Google Scholar 
                

	Shia, Y, Wang, G, “The Novel Silicon-Containing Epoxy/PEPA Phosphate Flame Retardant for Transparent Intumescent Fire Resistant Coating.” Appl. Surf. Sci., 385 453–463 (2016)
Article 
    CAS 
    
                    Google Scholar 
                

	Jiang, Y, Li, X, Yang, R, “Polycarbonate Composites Flame-Retarded by Polyphenylsilsesquioxane of Ladder Structure.” J. Appl. Polym. Sci., 124 4381–4388 (2012)
Article 
    CAS 
    
                    Google Scholar 
                

	Li, L, Li, X, Yang, R, “Mechanical, Thermal Properties, and Flame Retardancy of PC/Ultrafine Octaphenyl-POSS Composites.” J. Appl. Polym. Sci., 124 3807–3814 (2012)
Article 
    CAS 
    
                    Google Scholar 
                

	Masatoshi, I, Shin, S, “Silicone Derivatives as New Flame Retardants for Aromatic Thermoplastics Used in Electronic Devices.” Polym. Adv. Technol., 9 593–600 (1998)
Article 
    
                    Google Scholar 
                

	Wang, W, Perng, L, Hsiue, G, Chang, F, “Characterization and Properties of New Silicone-Containing Epoxy Resin.” Polymer, 41 6113–6122 (2000)
Article 
    CAS 
    
                    Google Scholar 
                

	Wu, C, Liu, Y, Chiu, Y, “Epoxy Resins Possessing Flame Retardant Elements from Silicon Incorporated Epoxy Compounds Cured with Phosphorus or Nitrogen Containing Curing Agents.” Polymer, 43 4277–4284 (2002)
Article 
    CAS 
    
                    Google Scholar 
                

	Ding, J, Tao, Z, Zuo, X, Fan, L, Yang, S, “Preparation and Properties of Halogen-Free Flame Retardant Epoxy Resins with Phosphorus-Containing Siloxanes.” Polym. Bull., 62 829–841 (2009)
Article 
    CAS 
    
                    Google Scholar 
                

	Chen, X, Hu, Y, Jiao, C, Song, L, “Preparation and Thermal Properties of a Novel Flame-Retardant Coating.” Polym. Degrad. Stabil., 92 1141–1150 (2007)
Article 
    CAS 
    
                    Google Scholar 
                

	Liu, Y, Wu, C, Chiu, Y, Ho, W, “Preparation, Thermal Properties, and Flame Retardance of Epoxy–Silica Hybrid Resins.” J. Polym. Sci. Part A Polym. Chem., 41 2354–2367 (2003)
Article 
    CAS 
    
                    Google Scholar 
                

	Agrawal, S, Narula, A, “Synthesis and Characterization of Phosphorus and Silicon Containing Flame-Retardant Curing Agents and a Study of Their Effect on Thermal Properties of Epoxy Resins.” J. Coat. Technol. Res., 11 631–637 (2014)
Article 
    CAS 
    
                    Google Scholar 
                

	Chao, P, Li, Y, Gu, X, Han, D, Jia, X, Wang, M, Zhou, T, Wang, T, “Novel Phosphorus–Nitrogen–Silicon Flame Retardants and Their Application in Cycloaliphatic Epoxy Systems.” Polym. Chem., 6 2977–2985 (2015)
Article 
    CAS 
    
                    Google Scholar 
                

	Zhang, L, Wang, Y, Liu, Q, Cai, X, “Synergistic Effects Between Silicon-Containing Flame Retardant and DOPO on Flame Retardancy of Epoxy Resins.” J. Therm. Anal. Calorim., 123 1343–1350 (2016)
Article 
    CAS 
    
                    Google Scholar 
                

	Feng, Y, He, C, Wen, Y, Ye, Y, Zhou, X, Xie, X, Mai, Y, “Improving Thermal and Flame Retardant Properties of Epoxy Resin by Functionalized Graphene Containing Phosphorous, Nitrogen and Silicon Elements.” Compos. Part A, 103 74–83 (2017)
Article 
    CAS 
    
                    Google Scholar 
                

	Balgude, D, Konge, K, Sabnis, A, “Synthesis and Characterization of Sol–Gel Derived CNSL Based Hybrid Anti-Corrosive Coatings.” J. Sol–Gel Sci. Technol., 69 155–165 (2014)
Article 
    CAS 
    
                    Google Scholar 
                

	Kathalewar, M, Sabnis, A, D’Mello, D, “Isocyanate Free Polyurethanes from New CNSL Based Bis-Cyclic Carbonate and Its Application in Coatings.” Eur. Polym. J., 57 99–108 (2015)
Article 
    CAS 
    
                    Google Scholar 
                

	Wazarkar, K, Sabnis, A, “Development of Cardanol Based Polyol via Click Chemistry and Crosslinking with Melamine Formaldehyde Resin for Coating Applications.” J. Renew. Mater., 5 3–4 (2017)

                    Google Scholar 
                

	Balgude, D, Sabnis, A, Ghosh, S, “Designing of Cardanol Based Polyol and Its Curing Kinetics with Melamine Formaldehyde Resin.” Des. Monomers Polym., 20 177–189 (2017)
Article 
    CAS 
    
                    Google Scholar 
                

	Wazarkar, K, Kathalewar, M, Sabnis, A, “High Performance Polyurea Coatings Based on Cardanol.” Prog. Org. Coat., 106 96–110 (2017)
Article 
    CAS 
    
                    Google Scholar 
                

	Balgude, D, Sabnis, A, Ghosh, S, “Synthesis and Characterization of Cardanol Based Reactive Polyamide for Epoxy Coating Application.” Prog. Org. Coat., 104 250–262 (2017)
Article 
    CAS 
    
                    Google Scholar 
                

	Xiong, Z, Ma, S, Fan, L, Tang, Z, Zhang, R, Na, H, Zhu, J, “Surface Hydrophobic Modification of Starch with Bio-Based Epoxy Resins to Fabricate High-Performance Polylactide Composite Materials.” Compos. Sci. Technol., 94 16–22 (2014)
Article 
    CAS 
    
                    Google Scholar 
                

	Voirin, C, Caillol, S, Sadavarte, N, Tawade, B, Boutevin, B, Wadgaonkar, P, “Functionalization of Cardanol: Towards Bio-Based Polymers and Additives.” Polym. Chem., 5 3142–3162 (2014)
Article 
    CAS 
    
                    Google Scholar 
                

	Wazarkar, K, Kathalewar, M, Sabnis, A, “Anticorrosive and Insulating Properties of Cardanol Based Anhydride Curing Agent for Epoxy Coatings.” React. Funct. Polym., 122 148–157 (2018)
Article 
    CAS 
    
                    Google Scholar 
                

	Bentiss, F, Lebrini, M, Lagrenee, M, “Thermodynamic Characterization of Metal Dissolution and Inhibitor Adsorption Processes in Mild Steel/2,5-Bis(n-Thienyl)-1,3,4-Thiadiazoles/Hydrochloric Acid System.” Corros. Sci., 47 2915–2931 (2005)
Article 
    CAS 
    
                    Google Scholar 
                

	Popova, A, Christov, M, Zwetanova, A, “Effect of the Molecular Structure on the Inhibitor Properties of Azoles on Mild Steel Corrosion in 1 M Hydrochloric Acid.” Corros. Sci., 49 2131–2143 (2007)
Article 
    CAS 
    
                    Google Scholar 
                

	Bharara, K, Kim, H, Singh, G, “Inhibiting Effects of Butyl Triphenyl Phosphonium Bromide on Corrosion of Mild Steel in 0.5 M Sulphuric Acid Solution and Its Adsorption Characteristics.” Corros. Sci., 50 2747–2754 (2008)
Article 
    CAS 
    
                    Google Scholar 
                

	Ahmed, S, Ali, W, Khadom, A, “Synthesis and Investigations of Heterocyclic Compounds as Corrosion Inhibitors for Mild Steel in Hydrochloric Acid.” Int. J. Ind. Chem., 10 159–173 (2019)
Article 
    CAS 
    
                    Google Scholar 
                

	Kumar, S, Sasikumar, A, “Studies on Novel Silicone/Phosphorus/Sulphur Containing Nano-Hybrid Epoxy Anticorrosive and Antifouling Coatings.” Prog. Org. Coat., 68 189–200 (2010)
Article 
    CAS 
    
                    Google Scholar 
                

	Jafari, H, Danaee, I, Eskandari, H, Rashvandavei, M, “Electrochemical and Theoretical Studies of Adsorption and Corrosion Inhibition of N,N′-Bis(2-Hydroxyethoxyacetophenone)-2,2-Dimethyl-1,2-Propanediimine on Low Carbon Steel (API 5L Grade B) in Acidic Solution.” Ind. Eng. Chem. Res., 52 6617–6632 (2013)
Article 
    CAS 
    
                    Google Scholar 
                

	Jafari, H, Sayin, K, “Sulphur Containing Compounds as Corrosion Inhibitors for Mild Steel in Hydrochloric Acid Solution.” Trans. Indian Inst. Met., 69 805–815 (2016)
Article 
    CAS 
    
                    Google Scholar 
                

	Quraishi, M, Sardar, R, “Effect of Some Nitrogen And Sulphur Based Synthetic Inhibitors on Corrosion Inhibition of Mild Steel in Acid Solutions.” Indian J. Chem. Technol., 11 103–107 (2004)
CAS 
    
                    Google Scholar 
                

	Khaled, K, Al-Qahtani, M, “The Inhibitive Effect of Some Tetrazole Derivatives Towards Al Corrosion in Acid Solution: Chemical, Electrochemical and Theoretical Studies.” Mater. Chem. Phys., 113 150–158 (2009)
Article 
    CAS 
    
                    Google Scholar 
                

	Oguzie, E, Li, Y, Wang, F, “Corrosion Inhibition and Adsorption Behaviour of Methionine on Mild Steel in Sulphuric Acid and Synergistic Effect of Iodide Ion.” J. Colloid Interface Sci., 310 90–98 (2007)
Article 
    CAS 
    
                    Google Scholar 
                

	Sherif, E, Park, S, “2-Amino-5-Ethyl-1,3,4-Thiadiazole as a Corrosion Inhibitor for Copper in 3.0% NaCl Solutions.” Corros. Sci., 48 4065–4079 (2006)
Article 
    CAS 
    
                    Google Scholar 
                

	Tabatabaei, F, Sarabi, A, Kowsari, E, Mohammadloo, H, “Electrochemical and Morphological Study of Steel in 1 M HCl in the Presence of Task Specific Liquid.” J. Mater. Eng. Perform., 24 3433–3443 (2015)
Article 
    CAS 
    
                    Google Scholar 
                

	Ituen, E, Essien, E, Udo, U, Oluwaseyi, O, “Experimental and Theoretical Study of Corrosion Inhibition Effect of Cucumeropsis mannii N. Seed Oil Metallic Soap of Zinc on Mild Steel Surface in Sulphuric Acid.” Adv. Appl. Sci. Res., 5 26–53 (2014)

                    Google Scholar 
                

	Verma, C, Verma, D, Ebenso, E, Quraishi, M, “Sulphur and Phosphorus Heteroatom Containing Compounds as Corrosion Inhibitors: An Overview.” Heteroatom Chem., 29 e21437 (2018)
Article 
    CAS 
    
                    Google Scholar 
                


Download references




Acknowledgments
The authors are grateful to Cardolite Specialty Chemicals, India, for providing NC-700 sample. The authors would also like to express their gratitude to UGC-BSR F.25-1/2014-15 (BSR)/No. F.7-314/2010 (BSR) for funding the project.


Author information
Authors and Affiliations
	Department of Polymer and Surface Engineering, Institute of Chemical Technology, Matunga, Mumbai, 400019, India
Kunal Wazarkar & Anagha Sabnis


Authors	Kunal WazarkarView author publications
You can also search for this author in
                        PubMed Google Scholar



	Anagha SabnisView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding author
Correspondence to
                Anagha Sabnis.


Additional information
Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Electronic supplementary material

Below is the link to the electronic supplementary material.
Supplementary material 1 (DOC 396 kb)




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Wazarkar, K., Sabnis, A. Sustainable cardanol-based multifunctional carboxyl curing agents for epoxy coatings: Si–S synergism.
                    J Coat Technol Res 17, 1217–1230 (2020). https://doi.org/10.1007/s11998-020-00341-4
Download citation
	Published: 18 April 2020

	Issue Date: September 2020

	DOI: https://doi.org/10.1007/s11998-020-00341-4


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        


Keywords
	Cardanol
	Hydrophobic
	Anticorrosive
	Synergistic
	Silicon–sulfur








                    
                

            

            
                
                    

                    
                        
                            
    

                        

                    

                    
                        
                    


                    
                        
                            
                                
                            

                            
                                
                                    
                                        Access this article


                                        
                                            
                                                
                                                    
                                                        Log in via an institution
                                                        
                                                            
                                                        
                                                    
                                                

                                            
                                        

                                        
                                            
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                        

                                        
                                            Institutional subscriptions
                                                
                                                    
                                                
                                            

                                        

                                    

                                
                            

                            
                                
    
        Advertisement

        
        

    






                            

                            

                            

                        

                    

                
            

        

    
    
    


    
        
            Search

            
                
                    
                        Search by keyword or author
                        
                            
                            
                                
                                    
                                
                                Search
                            
                        

                    

                
            

        

    



    
        Navigation

        	
                    
                        Find a journal
                    
                
	
                    
                        Publish with us
                    
                
	
                    
                        Track your research
                    
                


    


    
	
		
			
			
	
		
			
			
				Discover content

					Journals A-Z
	Books A-Z


			

			
			
				Publish with us

					Publish your research
	Open access publishing


			

			
			
				Products and services

					Our products
	Librarians
	Societies
	Partners and advertisers


			

			
			
				Our imprints

					Springer
	Nature Portfolio
	BMC
	Palgrave Macmillan
	Apress


			

			
		

	



		
		
		
	
		
				
						
						
							Your privacy choices/Manage cookies
						
					
	
						
							Your US state privacy rights
						
						
					
	
						
							Accessibility statement
						
						
					
	
						
							Terms and conditions
						
						
					
	
						
							Privacy policy
						
						
					
	
						
							Help and support
						
						
					


		
	
	
		
			
				
					
					44.192.75.148
				

				Not affiliated

			

		
	
	
		
			[image: Springer Nature]
		
	
	© 2024 Springer Nature




	






    