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ABSTRACT 

Multiwall carbon nanotubes (MWCNTs) have numerous 

potential applications which can be attributed to their outstanding 

electrical conductivity, mechanical strength and thermal conductivity. 

However, as-grown multiwall carbon nanotubes (a-MWCNTs) 

usually contain large amount of impurities or by-products in the form 

of carbonaceous and metal particles, which hinder and limit the 

technological implementation of MWCNTs. This study is focused on 

fabricating MWCNTs by arc discharge and developing an efficient 

purification route based on gas and liquid phase oxidation. The 

MWCNTs are fabricated by developing arc discharge carbon plasma 

between graphite rods by applying 20 V dc voltage and 100 A current 

at atmospheric pressure. The purification of as-grown MWCNTs is 

performed in two stages. In first stage, the as-grown MWCNTs are 

subjected to heat treatment at 750 oC at atmospheric pressure. The 

second stage involves chemical oxidation using mixture of HNO3 and 

H2O2 in different ratios via refluxing, sonication and drying processes. 

The role and impact of oxidizing agents such as HNO3 and H2O2 are 

investigated in details and optimized. The synthesized and purified 

MWCNTs are characterized by thermogravimetric analysis (TGA), 

Raman spectroscopy, X-ray diffraction (XRD) and field emission 

electron microscopy (FESEM). The shift in the (002) peak towards 

lower angle in XRD spectra and low value of ID/IG ratio from Raman 

spectra suggest improvement and increase in the presence of tubular 

structure for the chemically oxidized MWCNTs with HNO3:H2O2 

ratio of 3:0. A decrease in amorphous structures with no nanoparticles 

attached with nanotubes is observed for the MWCNTs samples 

treated by thermal and chemical oxidation for HNO3:H2O2 ratio of 3:0 

and 2:1 in the scanning electron microscopic images. Significant 

increase in the as-grown MWCNT density was observed from 

MWCNT samples thermally oxidized at temperature 750 ºC and 

chemically oxidized with HNO3:H2O2 ratios of 3:0 and 2:1.  
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ABSTRAK 

Nanotiub karbon berbilang dinding (MWCNT) mempunyai 

banyak potensi penggunaan kerana kekonduksian elektrik yang luar 

biasa, kekuatan mekanikal dan kekonduksian terma. Walau 

bagaimanapun, MWCNT yang disediakan biasanya mengandungi 

banyak bendasing atau hasil sampingan dalam bentuk berkarbon dan 

zarah logam, yang menghalang dan menghadkan pelaksanaan teknologi 

MWCNT. Projek ini difokuskan pada pembuatan nanotiub karbon 

berbilang dinding dengan nyahcas arka dan membangunkan teknik 

penulenan yang cekap berdasarkan pengoksidaan fasa gas dan cecair. 

MWCNT direka dengan membangunkan nyahcas arka plasma karbon di 

antara rod grafit dengan menggunakan voltan arus terus 20 V dan arus 

100 A pada tekanan atmosfera. Penulenan MWCNT yang disediakan 

dilakukan dalam dua peringkat. Pada peringkat pertama, MWCNT yang 

disediakan dikenakan rawatan haba pada 750 ºC pada tekanan atmosfera. 

Peringkat kedua melibatkan pengoksidaan kimia menggunakan 

campuran HNO3 dan H2O2 dalam nisbah yang berbeza melalui proses 

refluks, sonik dan pengeringan. Peranan dan impak agen pengoksidaan 

HNO3 dan H2O2 disiasat dengan teliti dan dioptimumkan. MWCNT yang 

disintesis dan ditulenkan dicirikan oleh analisis termograviti (TGA), 

spektroskopi Raman, pembelauan sinar-X (XRD) dan mikroskopi 

elektron pancaran medan (FESEM). Anjakan puncak (002) kearah sudut 

rendah pada spektrum XRD dan nilai rendah nisbah ID/IG daripada 

spektrum Raman mencadangkan penambahbaikan dan kenaikan dalam 

kehadiran struktur bertiub untuk MWCNT yang dioksidakan secara 

kimia dengan nisbah HNO3:H2O2  adalah 3:0. Pengurangan struktur 

amorfus dengan tiada zarah nano terlekat pada nanotiub diperhatikan 

pada sampel MWCNT yang dirawat secara terma dan pengoksidaan 

kimia dengan nisbah HNO3:H2O2 3:0 dan 2:1 dalam imej mikroskop 

pengimbas elektron. Kenaikan berkesan dalam ketumpatan MWCNT 

yang disediakan diperhatikan untuk sampel MWCNT yang dioksidakan 

secara terma pada suhu 750 ºC dan secara kimia dengan nisbah 

HNO3:H2O2 3:0 dan 2:1. 
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INTRODUCTION 

1.1  Background of the Study 

Carbon Nanotubes (CNTs) are the center of attention since 

discovery of CNTs by Ijima in 1991 [1]. CNTs possess unique 

chemical, physical, electrical, mechanical and thermal characteristics 

which are strongly dependent on the nano size, tubular structure and 

high aspect ratio of length to diameter. The carbon nanotubes are 

categorized in two categories as single walled carbon nanotubes 

(SWCNTs) and multi-walled carbon nanotubes (MWCNTs). 

SWCNT is made of a single graphene sheet rolled up around in form 

a cylinder, whereas MWCNTs contain concentrically nested cylinders 

with an interlayer spacing of 3.4 A˚ with diameter usually in the order 

of 10 to 20 nm [2]. The outstanding properties make CNTs as 

potential material for the different technological applications such as 

nano-sensors, nano-composite materials [3], nanoelectronic devices, 

as catalyst supports [4], hydrogen storage [5] and optical devices. 

CNTs are also excellent material for electrochemistry application [6].  

The CNTs are grown by different synthetic routes such as arc 

discharge plasma, laser ablation, chemical vapour deposition (CVD) 

and etc. [1]. Regardless of synthesis route, during fabrication of 
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CNTs, the powders of carbonaceous particles such as fullerene, 

amorphous carbon, nanocrystalline graphite, multi-walled graphite 

and metallic catalyst also exist along with tubular structures [7]. These 

carbonaceous particles act as impurities and hinder the accurate 

analysis of CNTs characteristics as well as limit the best performance 

of CNTs for technological applications. As-prepared material, 

contains variety of impurities leads to a weakness of the device or 

material. Most of the advanced technological applications of CNTs 

are highly dependent on the purity of the materials. These impurities 

are desired to be removed and an effective purification is required to 

remove all by-products and at the same time maintaining the original 

physical structure of CNTs in order to exploit the full potential of 

CNTs properties.  

A number of purification techniques have been developed 

which involves chemical and physical processes and mainly depend 

on nanotube stability and morphologies (single-walled or multi-

walled), synthesis techniques, types of impurities [8] and carbon 

source as well as types of catalyst used [9]. Commonly used 

purification techniques are gas phase oxidation, electrochemical 

oxidation and liquid phase oxidation [10]. Furthermore, the synthesis 

methods for SWCNTs require metal catalyst. However, for the 

production of MWCNTs, only the arc discharge method does not 

involve any metal catalyst and does not yield any metallic impurities 

[11]. 

The purification techniques can be divided into two main 

parts, which are chemical and physical purifications. The chemical 
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techniques involve separation process of the synthesis products, 

depend on their reactivity which commonly produce unavoidable 

defects along the tubes and at the tube ends of the pentagonal 

structure. Some extraordinary damages to the CNTs structure and 

morphology can be yielded by these techniques. The examples of 

chemical purification techniques are oxidation by heating, acids and 

oxidizing agents, alkali treatment and annealing in inert gases. 

Besides that, the physical techniques for example filtration, 

ultrasonication, centrifugation and size-exclusive chromatography are 

able to separate the impurities according to their sizes. These 

techniques are actually less effective and more complex although they 

are quite mild and tubes are not damaged badly. Basically, physical 

methods can work to remove and separate the unwanted impurities 

like aggregate, nanocapsules and amorphous carbon [11].  

The gas phase and liquid phase conditions are the most usually 

used in chemical purification technique involving oxidation of as-

synthesized CNTs. The gas phase condition commonly uses air, O2, 

Cl2, H2O and etc. For liquid phase condition generally refers to 

oxidation using strong acids solution and electrochemical oxidation 

[10]. Gas phase oxidation technique generally employes ball milling 

process which flavin mononucleotide (FMN) is helically self 

assembled around MWNTs through non-covalent interactions 

without introducing defects in MWCNTs [12]. The removal of 

carbonaceous impurities without vigorously producing sidewall 

defects is a major challenge [10]. The amorphous carbon, polyhedral 

carbon and metal impurities can be effectively removed by chemical-

based purification according to a large amount of CNTs. Gas phase 
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purification is able to make the caps of CNTs opened without 

increasing considerable more sidewall defects or functional groups. 

Incompatible of volumetric ratio of liquid phase oxidation yields 

defects and functional groups especially on CNTs side wall and 

causes different types of CNTs cutting [10].   

In arc discharge method, MWCNTs are produced by 

controlling the growth conditions such as the pressure of inert gas in 

the discharge chamber and the arcing current. Based on this method, 

the nanotubes commonly bound together by strong Van der Waals 

interactions and tight bundles. The advantageous of arc discharge 

method is the grown MWCNTs possess very straight tubular 

structure, high crystalline and does not involve metal catalyst during 

synthesis process and also yield fewer defects than MWCNTs 

produced by other methods. Typically, the arc discharge process 

produces large amounts of by-product such as polyhedral carbon and 

amorphous carbon [11].                      

1.2  Problem Statement 

MWCNTs have numerous potential applications including 

biomaterials, multifunctional composites and electronic components 

attributed to their outstanding electrical conductivity, mechanical 

strength and thermal conductivity [13]. Despite of CNTs preparation 

route, different types of impurities are produced as by-product which 

mainly depend on the synthetic routes. In all MWCNTs growing 

techniques, by-products or impurities are generally in the form of 
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carbonaceous particles such as nanocrystalline graphite, amorphous 

carbon and fullerenes, produced in large quantity along with the 

MWCNTs [14]. The presence of impurities or by-products hinder and 

limit the technological applications of MWCNTs. Therefore, these 

impurities are required to be removed in order to exploit the full 

potential of the MWCNTs. An effective purification technique is 

required to eliminate such contaminations by keeping intact the 

original physical structure of MWCNTs. The liquid phase oxidation 

is an effective technique to remove carbonaceous impurities from 

MWCNTs sample. Liquid phase oxidation is based on oxidative 

etching process that is capable to eliminate unstable carbon atoms 

such as amorphous carbon and carbon particles easier as compared to 

MWCNTs due to their higher oxidation reaction rate [11].   

The removal of amorphous carbon particles from CNTs 

surface is proven using the strong oxidizing agents as HNO3 and 

H2O2. This strong oxidizing agent removes the carbonaceous 

impurities and enhances thermal stability of carbon nanotubes 

through thermogravimetric analysis [15]. Nitric acid is one of most 

preferable reagent, which is used for purification of CNT due to mild 

oxidation nature and capable to remove amorphous carbon 

selectively. Moreover, it is nontoxic and inexpensive, has the ability 

to remove metal catalysts and no secondary impurities are produced. 

Hydrogen peroxide (H2O2) is also a mild, cost-effective and green 

oxidant agent which is capable to attack the carbon surface [8].  

Therefore, this research focuses on the fabrication of 

MWCNTs by arc discharge method and the optimization of an 
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efficient purification route based on liquid phase and gas phase 

oxidation processes in order to remove the carbonaceous impurities 

present in the synthesized MWCNTs. The selective oxidative etching 

process eliminates impurities more easily as compared to CNTs due 

to the higher oxidation reaction rate of CNTs [16].  

1.3  Objectives 

The main objective of this study is to fabricate of multiwalled 

carbon nanotubes (MWCNTs) by arc discharge and optimize an 

efficient purification route based on liquid phase and gas phase 

oxidation. The specific objectives are: 

1. To fabricate MWCNTs by arc discharge method. 

2. To purify the fabricated MWCNTs by gas phase oxidation 

and liquid phase oxidation using oxidizing agents such as 

HNO3/H2O2 with different volumetric ratios. 

3. To characterize the purified samples based on TGA, Raman 

Spectroscopy, XRD and FESEM.   

1.4  Scope of Study 

The MWCNTs were fabricated using arc discharge method in 

ambient environment at atmospheric pressure for dc voltage 20V and 

current 100A. The purification of MWCNTs was performed using gas 
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phase and liquid phase oxidation. The gas phase oxidation was 

performed by heating grown MWCNTs sample at 750oC for 60 

minutes, followed by the chemical oxidation i.e. refluxing, washing 

and drying. The HNO3 and H2O2 were used as oxidizing agents to 

study the impact of acidic solution on purification for different 

volume ratios of 3:0, 2:1, 1:1, 1:2 and 0:3. The refluxing process was 

performed at 100°C to110 °C and refluxing time 6 hours for all 

different volume ratios of HNO3/H2O. The MWCNTs were dried at 

100°C for 30 minutes after washing. The as-prepared and purified 

sample of MWCNTs were characterized by XRD, FESEM, Raman 

spectroscopy and TGA in order to study and identify the morphology, 

structural changes and content of impurities under different refluxing 

conditions.    

1.5  Significance of Study 

This research contributes significantly towards the 

technological implementation of MWCNTs especially for 

photovoltaic applications. The development of efficient purification 

mechanism will help to exploit full potential of MWCNTs in different 

technological applications of enormous fields such as electronics, 

optoelectronics, medical and many more. The role and impact of the 

investigated refluxing parameters are valuable to optimize the 

purification process of MWCNTs synthesized by arc discharge 

technique.     



64 

REFERENCES 

1. Liu, W. W., Chai, S. P., Mohamed, A. R., and Hashim, U. 

Synthesis and characterization of graphene and carbon 

nanotubes: A review on the past and recent developments. 

Journal of Industrial and Engineering Chemistry. 2014. 20(4): 

1171-1185.  

2. Dasgupta, K., Joshi, J. B., and Banerjee, S. Fluidized bed 

synthesis of carbon nanotubes–A review. Chemical 

Engineering Journal. 2011. 171(3): 841-869.  

3. Thostenson, E. T., Li, C., and Chou, T.-W. Nanocomposites in 

context. Composites Science and Technology. 2005. 65(3): 

491-516.  

4. Qi, W., Liu, W., Zhang, B., Gu, X., Guo, X., and Su, D. 

Oxidative dehydrogenation on nanocarbon: identification and 

quantification of active sites by chemical titration. Angewandte 

Chemie International Edition. 2013. 52(52): 14224-14228.  

5. Chen, C.-M., Zhang, Q., Yang, M.-G., Huang, C.-H., Yang, Y.-

G., and Wang, M.-Z. Structural evolution during annealing of 

thermally reduced graphene nanosheets for application in 

supercapacitors. Carbon. 2012. 50(10): 3572-3584.  

6. Shao, Y., Wang, J., Wu, H., Liu, J., Aksay, I. A., and Lin, Y. 

Graphene based electrochemical sensors and biosensors: a 

review. Electroanalysis. 2010. 22(10): 1027-1036.  

7. Chen, C.-M., Chen, M., Peng, Y.-W., Lin, C.-H., Chang, L.-

W., and Chen, C.-F. Microwave digestion and acidic treatment 

procedures for the purification of multi-walled carbon 



65 

nanotubes. Diamond and related materials. 2005. 14(3): 798-

803.  

8. Hou, P.-X., Liu, C., and Cheng, H.-M. Purification of carbon 

nanotubes. Carbon. 2008. 46(15): 2003-2025.  

9. Li, J. and Zhang, Y. A simple purification for single-walled 

carbon nanotubes. Physica E: Low-dimensional Systems and 

Nanostructures. 2005. 28(3): 309-312.  

10. Mahalingam, P., Parasuram, B., Maiyalagan, T., and 

Sundaram, S. Chemical Methods for purification of carbon 

nanotubes–a review. J. Environ. Nanotechnol. 2012. 1(1): 53-

61.  

11. Ismail, A., Goh, P. S., Tee, J. C., Sanip, S. M., and Aziz, M. A 

review of purification techniques for carbon nanotubes. Nano. 

2008. 3(03): 127-143.  

12. Kim, S., Jang, M., Park, M., Park, N.-H., and Ju, S.-Y. A self-

assembled flavin protective coating enhances the oxidative 

thermal stability of multi-walled carbon nanotubes. Carbon. 

2017. 117: 220-227.  

13. Njuguna, J., Vanli, O. A., and Liang, R. A Review of Spectral 

Methods for Dispersion Characterization of Carbon Nanotubes 

in Aqueous Suspensions. Journal of Spectroscopy. 2015. 2015.  

14. Prasek, J., Drbohlavova, J., Chomoucka, J., Hubalek, J., Jasek, 

O., Adam, V., and Kizek, R. Methods for carbon nanotubes 

synthesis—review. Journal of Materials Chemistry. 2011. 

21(40): 15872-15884.  

15. Singhal, S., Singh, C., Singla, P., and Dharamvir, K. Effect of 

magnetic field on the growth of aligned carbon nanotubes using 

a metal free arc discharge method and their purification. Solid 



66 

State Phenomena. Trans Tech Publ. 2013. 197-209. 

16. Ismail, A. F., Goh, P. S., Tee, J. C., Sanip, S. M., and Aziz, M. 

A Review of Purification Techniques for Carbon Nanotubes. 

Nano. 2008. 3(3): 127-143.  

17. Dervishi, E., Li, Z., Xu, Y., Saini, V., Biris, A. R., Lupu, D., 

and Biris, A. S. Carbon nanotubes: synthesis, properties, and 

applications. Particulate Science and Technology. 2009. 27(2): 

107-125.  

18. Bose, S., Khare, R. A., and Moldenaers, P. Assessing the 

strengths and weaknesses of various types of pre-treatments of 

carbon nanotubes on the properties of polymer/carbon 

nanotubes composites: A critical review. Polymer. 2010. 51(5): 

975-993.  

19. Pagona, G. and Tagmatarchis, N. Carbon nanotubes: materials 

for medicinal chemistry and biotechnological applications. 

Current medicinal chemistry. 2006. 13(15): 1789-1798.  

20. Heller, D. A., Baik, S., Eurell, T. E., and Strano, M. S. Single‐

walled carbon nanotube spectroscopy in live cells: towards 

long‐term labels and optical sensors. Advanced Materials. 

2005. 17(23): 2793-2799.  

21. Avouris, P. Molecular electronics with carbon nanotubes. 

Accounts of Chemical Research. 2002. 35(12): 1026-1034.  

22. Smalley, R. E., Dresselhaus, M. S., Dresselhaus, G., and 

Avouris, P. Carbon nanotubes: synthesis, structure, properties, 

and applications: Springer Science & Business Media. 2003 

23. Ren, Z., Huang, Z., Xu, J., Wang, J., Bush, P., Siegal, M., and 

Provencio, P. Synthesis of large arrays of well-aligned carbon 

nanotubes on glass. Science. 1998. 282(5391): 1105-1107.  



67 

24. Ren, Z., Huang, Z., Wang, D., Wen, J., Xu, J., Wang, J., Calvet, 

L., Chen, J., Klemic, J., and Reed, M. Growth of a single 

freestanding multiwall carbon nanotube on each nanonickel 

dot. Applied physics letters. 1999. 75(8): 1086-1088.  

25. Dai, H., Rinzler, A. G., Nikolaev, P., Thess, A., Colbert, D. T., 

and Smalley, R. E. Single-wall nanotubes produced by metal-

catalyzed disproportionation of carbon monoxide. Chemical 

Physics Letters. 1996. 260(3-4): 471-475.  

26. Papadopoulos, C., Nanotube engineering and science, 

synthesis and properties of highly ordered carbon nanotube 

arrays and Y-junction carbon nanotubes, 2000, National 

Library of Canada= Bibliothèque nationale du Canada. 

27. Su, Y. and Zhang, Y. Carbon nanomaterials synthesized by arc 

discharge hot plasma. Carbon. 2015. 83: 90-99.  

28. Li, H., Guan, L., Shi, Z., and Gu, Z. Direct synthesis of high 

purity single-walled carbon nanotube fibers by arc discharge. 

The Journal of Physical Chemistry B. 2004. 108(15): 4573-

4575.  

29. Arora, N. and Sharma, N. Arc discharge synthesis of carbon 

nanotubes: Comprehensive review. Diamond and Related 

Materials. 2014. 50: 135-150.  

30. Azad, F. N., Ghaedi, M., Dashtian, K., Montazerozohori, M., 

Hajati, S., and Alipanahpour, E. Preparation and 

characterization of MWCNTs functionalized by N-(3-

nitrobenzylidene)-N′-trimethoxysilylpropyl-ethane-1, 2-

diamine for the removal of aluminum (iii) ions via 

complexation with eriochrome cyanine R: spectrophotometric 

detection and optimization. RSC Advances. 2015. 5(75): 



68 

61060-61069.  

31. Samadi, A. and Amjadi, M. Magnetic Fe3O4@ C 

nanoparticles modified with 1-(2-thiazolylazo)-2-naphthol as a 

novel solid-phase extraction sorbent for preconcentration of 

copper (II). Microchimica Acta. 2015. 182(1-2): 257-264.  

32. Zhao, X., Song, N., Jia, Q., and Zhou, W. Determination of Cu, 

Zn, Mn, and Pb by microcolumn packed with multiwalled 

carbon nanotubes on-line coupled with flame atomic 

absorption spectrometry. Microchimica acta. 2009. 166(3-4): 

329-335.  

33. Sobhanardakani, S., Zandipak, R., and Sahraei, R. Removal of 

Janus Green dye from aqueous solutions using oxidized multi-

walled carbon nanotubes. Toxicological & Environmental 

Chemistry. 2013. 95(6): 909-918.  

34. Gupta, V. K., Kumar, R., Nayak, A., Saleh, T. A., and Barakat, 

M. Adsorptive removal of dyes from aqueous solution onto 

carbon nanotubes: a review. Advances in Colloid and Interface 

Science. 2013. 193: 24-34.  

35. Schnorr, J. M. and Swager, T. M. Emerging applications of 

carbon nanotubes. Chemistry of Materials. 2010. 23(3): 646-

657.  

36. Kreupl, F., Graham, A. P., Duesberg, G., Steinhögl, W., 

Liebau, M., Unger, E., and Hönlein, W. Carbon nanotubes in 

interconnect applications. Microelectronic Engineering. 2002. 

64(1-4): 399-408.  

37. Wang, J., Dai, J., and Yarlagadda, T. Carbon Nanotube− 

Conducting-Polymer Composite Nanowires. Langmuir. 2005. 

21(1): 9-12.  



69 

38. Chen, J., Minett, A. I., Liu, Y., Lynam, C., Sherrell, P., Wang, 

C., and Wallace, G. G. Direct growth of flexible carbon 

nanotube electrodes. Advanced Materials. 2008. 20(3): 566-

570.  

39. Meng, C., Liu, C., and Fan, S. Flexible carbon 

nanotube/polyaniline paper-like films and their enhanced 

electrochemical properties. Electrochemistry communications. 

2009. 11(1): 186-189.  

40. Pumera, M. The electrochemistry of carbon nanotubes: 

fundamentals and applications. Chemistry–A European 

Journal. 2009. 15(20): 4970-4978.  

41. Connolly, T., Smith, R. C., Hernandez, Y., Gun'ko, Y., 

Coleman, J. N., and Carey, J. D. Carbon‐Nanotube–Polymer 

Nanocomposites for Field‐Emission Cathodes. small. 2009. 

5(7): 826-831.  

42. Jin, Y., Jung, J., Park, Y., Choi, J., Jung, D., Lee, H., Park, S., 

Lee, N., Kim, J., and Ko, T. Triode-type field emission array 

using carbon nanotubes and a conducting polymer composite 

prepared by electrochemical polymerization. Journal of 

applied physics. 2002. 92(2): 1065-1068.  

43. Mittal, G., Dhand, V., Rhee, K. Y., Park, S.-J., and Lee, W. R. 

A review on carbon nanotubes and graphene as fillers in 

reinforced polymer nanocomposites. Journal of Industrial and 

Engineering Chemistry. 2015. 21: 11-25.  

44. Lee, I., Lee, S., Kim, H., Lee, H., and Kim, Y. Polymer solar 

cells with polymer/carbon nanotube composite hole-collecting 

buffer layers. Open Physical Chemistry Journal. 2010. 4: 1-3.  

45. Kouhnavard, M., Ludin, N. A., Ghaffari, B. V., Ikeda, S., 



70 

Sopian, K., and Miyake, M. Hydrophilic carbon/TiO 2 colloid 

composite: a potential counter electrode for dye-sensitized 

solar cells. Journal of Applied Electrochemistry. 2016. 46(2): 

259-266.  

46. Dinca, I., Ban, C., Stefan, A., and Pelin, G. Nanocomposites as 

advanced materials for aerospace industry. Incas Bulletin. 

2012. 4(4): 73.  

47. Baughman, R. H., Zakhidov, A. A., and De Heer, W. A. 

Carbon nanotubes--the route toward applications. science. 

2002. 297(5582): 787-792.  

48. Saito, Y. and Uemura, S. Carbon https://doi. 

org/10.1016/S0008-6223 (99) 00139-6 38, 169 (2000). Google 

Scholar Crossref, CAS.  

49. Paradise, M. and Goswami, T. Carbon nanotubes–production 

and industrial applications. Materials & design. 2007. 28(5): 

1477-1489.  

50. Wu, W., Wieckowski, S., Pastorin, G., Benincasa, M., 

Klumpp, C., Briand, J. P., Gennaro, R., Prato, M., and Bianco, 

A. Targeted delivery of amphotericin B to cells by using 

functionalized carbon nanotubes. Angewandte Chemie 

International Edition. 2005. 44(39): 6358-6362.  

51. Barroug, A. and Glimcher, M. J. Hydroxyapatite crystals as a 

local delivery system for cisplatin: adsorption and release of 

cisplatin in vitro. Journal of Orthopaedic Research. 2002. 

20(2): 274-280.  

52. Pai, P., Nair, K., Jamade, S., Shah, R., Ekshinge, V., and 

Jadhav, N. Pharmaceutical applications of carbon tubes and 

nanohorns. Current Pharma esearch Journal. 2006. 1: 11-15.  



71 

53. Pantarotto, D., Partidos, C. D., Hoebeke, J., Brown, F., Kramer, 

E., Briand, J.-P., Muller, S., Prato, M., and Bianco, A. 

Immunization with peptide-functionalized carbon nanotubes 

enhances virus-specific neutralizing antibody responses. 

Chemistry & biology. 2003. 10(10): 961-966.  

54. Deng, P., Xu, Z., and Li, J. Simultaneous determination of 

ascorbic acid and rutin in pharmaceutical preparations with 

electrochemical method based on multi-walled carbon 

nanotubes–chitosan composite film modified electrode. 

Journal of pharmaceutical and biomedical analysis. 2013. 76: 

234-242.  

55. Kuznetsova, A., Mawhinney, D. B., Naumenko, V., Yates, J. 

T., Liu, J., and Smalley, R. Enhancement of adsorption inside 

of single-walled nanotubes: opening the entry ports. Chemical 

Physics Letters. 2000. 321(3): 292-296.  

56. Bandaru, P. R. Electrical properties and applications of carbon 

nanotube structures. Journal of nanoscience and 

nanotechnology. 2007. 7(4-1): 1239-1267.  

57. Brown, B., Parker, C. B., Stoner, B. R., and Glass, J. T. Growth 

of vertically aligned bamboo-like carbon nanotubes from 

ammonia/methane precursors using a platinum catalyst. 

Carbon. 2011. 49(1): 266-274.  

58. REVATHI, S., VUYYURU, M., and DHANARAJU, M. D. 

Carbon nanotube: a flexible approach for nanomedicine and 

drug delivery. CARBON. 2015. 8(1).  

59. Tobias, G., Shao, L., Salzmann, C. G., Huh, Y., and Green, M. 

L. Purification and opening of carbon nanotubes using steam. 

The Journal of Physical Chemistry B. 2006. 110(45): 22318-



72 

22322.  

60. Tan, S. H., Goak, J. C., Hong, S. C., and Lee, N. Purification 

of single-walled carbon nanotubes using a fixed bed reactor 

packed with zirconia beads. Carbon. 2008. 46(2): 245-254.  

61. Xia, W., Jin, C., Kundu, S., and Muhler, M. A highly efficient 

gas-phase route for the oxygen functionalization of carbon 

nanotubes based on nitric acid vapor. Carbon. 2009. 47(3): 

919-922.  

62. Barkauskas, J., Stankevičienė, I., and Selskis, A. A novel 

purification method of carbon nanotubes by high-temperature 

treatment with tetrachloromethane. Separation and Purification 

Technology. 2010. 71(3): 331-336.  

63. Foldvari, M. and Bagonluri, M. Carbon nanotubes as 

functional excipients for nanomedicines: I. Pharmaceutical 

properties. Nanomedicine: Nanotechnology, Biology and 

Medicine. 2008. 4(3): 173-182.  

64. Datsyuk, V., Kalyva, M., Papagelis, K., Parthenios, J., Tasis, 

D., Siokou, A., Kallitsis, I., and Galiotis, C. Chemical 

oxidation of multiwalled carbon nanotubes. Carbon. 2008. 

46(6): 833-840.  

65. Joselevich, E., Dai, H., Liu, J., Hata, K., and Windle, A. H. 

Carbon nanotube synthesis and organization: Springer.  101-

165. 2007.  

66. Otubo, L., Ferreira, O. P., Souza Filho, A. G., and Alves, O. L. 

Raman spectroscopy for probing covalent functionalization of 

single-wall carbon nanotubes bundles with gold nanoparticles. 

Journal of Nanoparticle Research. 2014. 16(5): 2415.  

67. CHENG, H., COOPER, A. C., and PEZ, G. P. GEORG KERN, 



73 

GEORG KRESSE, JURGEN HAFNER. Strength from 

Weakness: Structural Consequences of Weak Interactions in 

Molecules, Supermolecules, and Crystals. 2012. 68: 367.  

68. Sahebian, S., Zebarjad, S., Vahdati Khaki, J., and Lazzeri, A. 

A study on the dependence of structure of multi-walled carbon 

nanotubes on acid treatment. Journal of Nanostructure in 

Chemistry. 2015. 5(3): 287-293.  

69. Stancu, M., Ruxanda, G., Ciuparu, D., and Dinescu, A. 

Purification of multiwall carbon nanotubes obtained by AC arc 

discharge method. Optoelectronics and Advanced Materials. 

2011. 5(8): 846-850.  

70. Mazov, I., Kuznetsov, V. L., Simonova, I. A., Stadnichenko, 

A. I., Ishchenko, A. V., Romanenko, A. I., Tkachev, E. N., and 

Anikeeva, O. B. Oxidation behavior of multiwall carbon 

nanotubes with different diameters and morphology. Applied 

Surface Science. 2012. 258(17): 6272-6280.  

71. Feng, Y., Zhang, H., Hou, Y., McNicholas, T. P., Yuan, D., 

Yang, S., Ding, L., Feng, W., and Liu, J. Room temperature 

purification of few-walled carbon nanotubes with high yield. 

ACS nano. 2008. 2(8): 1634-1638.  

72. Mahanandia, P., Nanda, K., Prasad, V., and Subramanyam, S. 

Synthesis and characterization of carbon nanoribbons and 

single crystal iron filled carbon nanotubes. Materials Research 

Bulletin. 2008. 43(12): 3252-3262.  

73. Amente, C. and Dharamvir, K. Purification and 

characterization of carbon nanotubes and the formation of 

magnetic semiconductors for the spintronic application. Sci. 

Res. 2015. 3: 122-128.  



74 

74. Shao, L., Tobias, G., Salzmann, C. G., Ballesteros, B., Hong, 

S. Y., Crossley, A., Davis, B. G., and Green, M. L. Removal of 

amorphous carbon for the efficient sidewall functionalisation 

of single-walled carbon nanotubes. Chemical 

Communications. 2007(47): 5090-5092.  

75. Prakash, D., Amente, C., Dharamvir, K., Singh, B., Singh, R., 

Shaaban, E., Al-Douri, Y., Khenata, R., Darroudi, M., and 

Verma, K. Synthesis, purification and microstructural 

characterization of nickel doped carbon nanotubes for 

spintronic applications. Ceramics International. 2016. 42(5): 

5600-5606.  

76. Lehman, J. H., Terrones, M., Mansfield, E., Hurst, K. E., and 

Meunier, V. Evaluating the characteristics of multiwall carbon 

nanotubes. Carbon. 2011. 49(8): 2581-2602.  

77. Sahle-Demessie, E., Zhao, A., and Salamon, A. A Study of 

Aged Carbon Nanotubes by Thermogravimetric Analysis.  

78. Pang, L. S., Saxby, J. D., and Chatfield, S. P. 

Thermogravimetric analysis of carbon nanotubes and 

nanoparticles. The Journal of Physical Chemistry. 1993. 

97(27): 6941-6942.  

79. Lima, A. M., Musumeci, A. W., Liu, H.-W., Waclawik, E. R., 

and Silva, G. G. Purity evaluation and influence of carbon 

nanotube on carbon nanotube/graphite thermal stability. 

Journal of thermal analysis and calorimetry. 2009. 97(1): 257-

263.  

80. Dunens, O. M., MacKenzie, K. J., and Harris, A. T. Synthesis 

of multiwalled carbon nanotubes on fly ash derived catalysts. 

Environmental science & technology. 2009. 43(20): 7889-



75 

7894.  

81. Belin, T. and Epron, F. Characterization methods of carbon 

nanotubes: a review. Materials Science and Engineering: B. 

2005. 119(2): 105-118.  

82. Liang, F., Shimizu, T., Tanaka, M., Choi, S., and Watanabe, T. 

Selective Preparation of Polyhedral Graphite Particles and 

Multi-Wall Carbon Nanotubes by Transferred Arc under 

Atmospheric Pressure. Diamond and Related Materials. 2012. 

30: 70-76.  

83. Sengupta, J. and Jacob, C. The effect of Fe and Ni catalysts on 

the growth of multiwalled carbon nanotubes using chemical 

vapor deposition. Journal of Nanoparticle Research. 2010. 

12(2): 457-465.  

84. Cancado, L., Takai, K., Enoki, T., Endo, M., Kim, Y., 

Mizusaki, H., Speziali, N., Jorio, A., and Pimenta, M. 

Measuring the degree of stacking order in graphite by Raman 

spectroscopy. Carbon. 2008. 46(2): 272-275.  

85. Lu, B., Huang, H., Dong, X., and Lei, J. Catalytic pyrogenation 

synthesis of C/Ni composite nanoparticles: controllable carbon 

structures and high permittivities. Journal of Physics D: 

Applied Physics. 2010. 43: 105403(6pp).  

86. Sun, Y., Yang, S., Sheng, G., Guo, Z., and Wang, X. The 

removal of U (VI) from aqueous solution by oxidized 

multiwalled carbon nanotubes. Journal of environmental 

radioactivity. 2012. 105: 40-47.  

87. Singh, D. K., Iyer, P., and Giri, P. Diameter dependence of 

interwall separation and strain in multiwalled carbon 

nanotubes probed by X-ray diffraction and Raman scattering 



76 

studies. Diamond and Related Materials. 2010. 19(10): 1281-

1288.  

88. Onyestyák, G., Valyon, J., Hernadi, K., Kiricsi, I., and Rees, L. 

Equilibrium and dynamics of acetylene sorption in multiwalled 

carbon nanotubes. Carbon. 2003. 41(6): 1241-1248.  

 

 




