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Abstract 
 

Halloysite nanotubes loaded with various corrosion inhibitors have been widely used to 

control corrosion in different fields and sectors, in specific, the oil and gas pipeline 

industries. One of the main factors to be considered is the loading capacity of the halloysite 

nanotubes. In this study, Halloysite nanotubes are loaded with various inhibitors like 

sodium diethyldithiocarbamate, green inhibitors like vanillin, thyme oil and a combination 

of both vanillin and thyme oil. The end products were characterized by Fourier Transform 

Infrared Spectroscopy. The formation of end stoppers in the halloysite nanotubes using 

Copper sulfate was also studied. It is evident from the FTIR analysis that the halloysite 

nanotubes were efficiently loaded with the corrosion inhibitors and the end stoppers have 

formed. 
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Introduction 
 

      Self-healing coatings with containers were first introduced in 2001 by White, S.R., et 

al., [1]. The containers impart a major effect on the smart coatings and are based on their 

structure and properties [2-6]. The containers used in smart coatings can generally be classified 

into organic and inorganic containers. Inorganic containers can be clay nanotubes, mesoporous 

silica, polyelectrolyte multilayer, mesoporous zirconia, hybrid materials and so on [7]. 

Inorganic containers can be PUF, PMF, etc. [8]. The current trend is to encapsulate the 

nanocontainers to achieve easy leaching of corrosion inhibitor, triggering mechanism is 

enabled, prolonged storing period and so on. In this paper, Halloysite nanotubes are chosen as 

nanocontainers, loaded with green corrosion inhibitors like vanillin and thyme oil, and end 

stoppers are formed by using copper sulfate pentahydrate. 

 

      Halloysite nanotubes, shown in Figure 1, are inorganic aluminosilicate clay mineral 

found commonly in countries like China, Brazil, Mexico, United States, New Zealand, and 

Australia. Halloysite nanotubes consist of two basal surfaces. The outer Si-O-Si layer is 

tetrahedral, hydrophilic and can be etched with an alkaline, while the inner Al-OH layer is 

octahedral, hydrophobic and can be etched with acid. These significant features enable HNTs 

to load and release compounds with different natures. The inner lumen of HNTs can be loaded 

up to 30 vol% with proper pre-treatment. Moreover, HNTs are cheap, biocompatible and easy 

to work with. The release of inhibitors can be controlled by layer by layer deposition of 

alternatively charged polymer layers on the outer surface of the HNT or by the formation of 

end stoppers at the ends of the nanotubes by metal ion-inhibitors compound [9-11]. 

 

 
Figure 1: Schematic representation of halloysite nanotubes 

 

   Vanillin, as shown in Figure 2, is a non-toxic, environment-friendly corrosion 

inhibitor obtained from vanilla beans. They have proven to exhibit 93-98% corrosion 

inhibition for carbon steel in acid media [12]. 

 
Figure 2: Schematic representation of Vanillin 
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 Thyme oil, as shown in Figure 3, is an essential oil obtained from Thymus vulgaris. It 

is non-toxic and environmental-friendly which has a proven corrosion inhibition efficiency. 

 
Figure 3: Schematic representation of thyme oil 

     The end stoppers were formed using copper sulfate pentahydrate seen in Figure 4, as 

they have shown better results in comparison to other chemicals for end stopper formation [13]. 

 

 
Figure 4: Schematic representation of copper sulfate pentahydrate 

      This study focuses on the FTIR study of halloysite nanotubes loaded with vanillin and 

thyme oil. End stoppers were also formed. The FTIR spectra show that the nanocontainers were 

successfully loaded with the corrosion inhibitors and the formation of end stoppers has been 

done. To the best of our knowledge, this is the first time halloysite nanotubes have been loaded 

with two green corrosion inhibitors, the only other instance was the loading of halloysite 

nanotubes with non-eco-friendly corrosion inhibitors by Xing et al [13]. 

 

Materials and methods 
 

Materials  

 

      Materials used for the research were halloysite nanoclay, vanillin, thyme oil (white), 

and copper sulfate pentahydrate from Sigma Aldrich, and Ethanol from HmbG chemicals. 

All reagents were of analytical grade and used without further purification. 

 

A. Experiment  

a) Loading of corrosion inhibitor into nano-containers 

 

Loading of vanillin into halloysite nanotubes  

 

 Vanillin and ethanol were taken in 1:2 ratios. The saturated solution was then taken and 

5 g of halloysite nanotubes were added to it. One batch was stirred manually as per previous 

literature and the other was stirred using a magnetic stirrer at 350 rpm for 1 hour. The solutions 

were then placed in a vaporizer at 200 rpm, 175 mbar pressure and room temperature for 4 
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minutes. The obtained vanillin loaded HNT batches were dried in an oven for 8 hours at 40o C. 

Batch I was labeled VHNT A and batch II was labeled VHNT B. 

 

Loading of thyme oil into halloysite nanotubes 
 

 30 ml ethanol was used to dissolve 5 ml thyme oil and 4 g halloysite nanotubes. Two 

batches were made. The batch I was mixed using a magnetic stirrer at 350 rpm, room 

temperature for 24 hours. Batch II was mixed using a magnetic stirrer for 15 minutes at 350 

rpm, room temperature. The solutions were then placed in a vaporizer at 200 rpm, 175 mbar 

pressure and room temperature for 3 minutes. The obtained thyme oil loaded HNT batches 

were dried in an oven for 12 hours at 40o C. Batch I was labeled THNT A and batch II was 

labeled THNT B. 

 

Loading of vanillin and thyme oil into halloysite nanotubes 
 

 Vanillin, thyme oil, halloysite nanotubes, and ethanol were taken in 1:2:2:5 ratios. They 

were stirred together using a magnetic stirrer at 350 rpm, room temperature for one hour. The 

solution was then placed in a vaporizer at 200 rpm, 175 mbar pressure and room temperature 

for one hour. The obtained vanillin and thyme oil loaded HNT were dried in an oven for 12 

hours at 40o C. The Batch was labeled VTHNT. 

 

Formation of end stoppers 
 

 Among the batches, the best were chosen based on FTIR results. The green corrosion 

inhibitor loaded halloysite nanotubes VHNT B, THNT B, and VTHNT were then mixed with 

0.8 mol copper sulfate pentahydrate solution and dried. The end stopper formed loaded 

halloysite nanotubes were labeled as VHNT ES, THNT ES, and VTHNT ES respectively. 

 

Results and discussion 
 

Fourier Transform Infrared Spectroscopy (FTIR) 
      

 The end products were all characterized by Fourier Transform Infrared Spectroscopy 

(FTIR). Vanillin and Thyme oil were also characterized and the spectra showed the required 

curves with significant peaks a seen in Figure 5. 
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Figure 5: FTIR spectra of vanillin and thyme oil 

 

Vanillin loaded halloysite nanotubes 

 

 VHNT A and VHNT B both showed similar curves and peaks as shown in Figure 6. 

But the transmittance of VHNT A > VHNT B making VHNT B, a better option with increased 

loading.  

 

 
Figure 6: FTIR spectra of vanillin loaded HNT: VHNT A and VHNT B 

 

Thyme oil loaded halloysite nanotubes 
 

 THNT A and THNT B both showed similar curves and peaks as shown in Figure 7. But 

the transmittance of THNT A > THNT B making THNT B, a better option with increased 

loading.  
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Figure 7: FTIR spectra of thyme oil loaded HNT: THNT A and THNT B 

 

Loaded halloysite nanotubes with end stoppers 

 

 VHNT ES, THNT ES, and VTHNT ES all showed characteristic peaks (shown in 

Figure 8) with a transmittance % of 48, 47 and 44 respectively. The multi green inhibitor loaded 

HNT showed better loading efficiency. 

 

 

 
Figure 8: FTIR spectra of  loaded HNT with end stoppers: VHNT ES, THNT ES, and 

VTHNT ES 
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Conclusion 

 
 Experiments were done to load vanillin, thyme oil and both together into halloysite 

nanotubes. The loading efficiency was characterized using FTIR results. UV- Vis analysis, 

thermogravimetric analysis (TGA) and field emission scanning electron microscope (FESEM) 

characterization will be done to get more accurate results on the loading ability of Halloysite 

nanotubes. 
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