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ABSTRACT: The functionalisation of carbon nanotubes (CNTs) represents a strategy not only to improve the CNTs dispersion, solubility, and processability, but also to allow strong interfacial interactions to take place between CNTs and guest molecules. In this study, beta-cyclodextrins (β-CD) was used to functionalise the sidewalls of multi-walled CNTs (MWCNTs) for better stability. The role of washing cycles on the β-CD binding was investigated. The results indicated that the mean diameter of MWCNTs was retained at almost the same size even after three cycles of washing. This observation confirmed the strong binding between MWCNTs and β-CD.
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1.          INTRODUCTION

Carbon nanotubes (CNTs) are inorganic disperse phases that differ substantially from other molecular sieves.1 This is because of its synthesised method from metal oxides which is also considered as the inorganic materials as well as its undissolved behaviour in the organic solvents. The CNTs are a member of the fullerene structural family, which consist of six-member carbon rings (hexagon) in a honeycomb lattice relative to the axis of the nanotubes.2 CNTs are different from others carbon materials such as graphite, diamond and fullerene owing to its one-dimensional carbon with an aspect ratio greater than 1000.3

The functionalised CNTs may exhibit enhancement in mechanical or electrical properties as compared to pristine CNTs.4 In this regard, the CNTs functionalisation is an attractive target for many scientists. Based on the principles of CNTs functionalisation, it can be classified into two approaches: covalent and non-covalent functionalisation.5

In this study, the non-covalent functionalisation was applied. It is defined as the electrostatic binding between the CNTs and molecules. It can maintain the activity between CNTs and guest molecules successfully.5 The main advantages of the non-covalent functionalisation method are its low cost, commercially available material, fast, easy to carry out, and simple up-scalability to pilot plant level with maintained structural integrity of CNTs.6 The non-covalent functionalisation can be classified based on the interaction between CNTs and guest molecules into surfactant adsorption, endohedral method, and polymer wrapping.4

In case of suspension of the CNTs in the presence of polymers, this will result in wrapping of the polymer around the CNTs forming supermolecular complexes of CNTs. Polymer wrapping is a typical example of non-covalent functionalisation that can be achieved through van der Waals interactions and π-π stacking between the CNTs and the polymer chains.4 Based on Panhuis et al., the polymer backbone had provided a strong binding to the CNTs (123 kJ/mol) compared to the side chains (36 kJ/mol).7 Furthermore, they found it energetically more favourable for the polymer to lie along the parallel axis instead of mapping onto the chirality of the underlying tube.7

Ma et al. showed that the dispersion stability of functionalised-CNTs was better compared to pristine CNTs.8 This was due to the improvement in the abilities of the hydrogen-bonding on the CNTs surface and the CNTs surface was converted from the hydrophobic to the hydrophilic state.8

Based on Jiang et al., the best stability, accessibility, and selectivity can be achieved through covalent bonding because of its capability to control the location of the biomolecules, improved stability, accessibility, selectivity, and reduced leaching.9 Realising the important of the non-covalent functionalisation of CNTs, the aim of the present work is to investigate the binding stability of the non-covalent functionalised MWCNTs that was prepared via Chen's soft cutting method.


Here, a study was conducted to evaluate the effect of washing cycle on the binding of beta-cyclodextrins (β-CD).

2.          EXPERIMENTAL

2.1        Materials

Materials used in this study were listed in Table 1. Also, the transmission electron microscope (TEM) micrograph of Pristine-MWCNTs (MWCNTs-P) is shown in Figure 1.


Table  1:      List of materials and chemicals used.



	Chemical
	Assay

	Supplier




	Multi-walled carbon nanotubes (MWCNTs)
	> 95% (lengths ranging from 5 to 50 µm)

	Shenzhen Nanotech Port Co. Ltd, China




	Beta-cyclodextrin (β-CD)
	98.3%

	Merck, Malaysia




	Ethanol
	> 99%

	Merck, Malaysia
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Figure  1:      TEM micrograph of MWCNTs-P.



2.2        Stability of the Functionalised Mwcnts

The MWCNTs was functionalised according to previously published works.10–13 Then, the functionalised MWCNTs was washed for first, second and third time using deionised water in order to remove the excess amount of β-CD. The suspension solution was filtered using filter paper (Hangzhou Xinhua, China) with pore size of 0.2 µm. After that, the functionalised MWCNTs was dried before it further characterised using TEM.14

2.3        Characterisation

The structures and properties of the MWCNTs were obtained from the TEM Philips CM12 equipped with DOCU version 3.2 image analysis systems. Prior to TEM analysis, samples were sonicated in chloroform for 10 min and then dropped onto Cu grid of TEM holder. At least three samples were analysed to confirm the structure of MWCNTs.

The diameter distribution of the samples was measured from TEM images. It was based on the frequency count of MWCNT's diameters that were observed in these images. Approximately 40–90 measurements were taken. The average diameters and the distribution trends together with the standard errors were tabulated.

3.          RESULTS AND DISCUSSIONS

In order to investigate whether the wrapping of β-CD around MWCNTs was still maintained after a few repeated washing steps, the stability of functionalised MWCNTs was determined. In Figure 2, the functionalised MWCNTs were depicted to have a uniform coating layer of β-CD.
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Figure  2:      TEM micrographs of functionalised MWCNTs without washing at (a) 500 nm and (b) 50 nm.




In addition, it was found that the functionalised MWCNTs without carrying out any washing steps had a mean outer diameter of 33.75 ± 1.16 nm, as shown in Figure 3.
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Figure  3:      Diameter distribution for functionalised MWCNTs without washing.



After three washing cycles, the functionalised MWCNTs were shown to have retained a uniform coating structure (Figure 4(a)–(f)). Thus, this confirmed the strong binding between MWCNTs and β-CD although being washed. This finding is important because it confirmed the successful functionalisation of MWCNTs using β-CD with a strong and stable structure. This was due to the β-CD was wrapped strongly around the CNTs through van der Waals interactions and π-π stacking between the CNTs and the polymer chains.4

In Figure 5, the diameter distributions of functionalised MWCNTs obtained after first, second, and third washing cycles were compared. For the first washing cycle, it was found that the functionalised MWCNTs had a mean outer diameter of 32.46 ± 1.35 nm (Figure 5(a)). By carrying out the washing process repeatedly on the functionalised MWCNTs for the second and third cycle, the mean diameter of MWCNTs was retained at almost the same sizes at 31.71 ± 0.76 nm and 31.61 ± 1.02 nm (Figure 5(b)–(c)), respectively. This proved the firm binding of β-CD to the MWCNTs. Eventually, the findings of the present work were in line with the literature of non-covalent functionalisation.15 Where, the wrapping of variety of polymers along the CNTs sides is robust, uniformly distributed and is not depend on the presence of excess polymer in solution.15
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Figure  4:      TEM micrographs of MWCNTs after (a,b) first, (c,d) second, and (e,f) third washing cycle.
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Figure  5:      Diameter distribution for functionalised MWCNTs at (a) first, (b) second, and (c) third washing cycle.




4.          CONCLUSION

In the present work, the MWCNTs were successfully functionalised using β-CD through Chen's soft cutting technique. The good binding stability of β-CD was demonstrated via repeated washing cycles. The TEM results indicated that the functionalisation of MWCNTs had retained a uniform coating. This finding is important because it confirmed the successful functionalisation of MWCNTs using β-CD with a strong and stable structure. This strong binding of β-CD around the CNTs is very important to maintain the well dispersed MWCNTs within the polymer matrix of the mixed matrix membrane and enhance its separation performance later. In this case, there is no possibility to detach the β-CD from the MWCNTs due to its strong wrapping around the CNTs through van der Waals interactions and π-π stacking between the CNTs and the polymer chains.
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