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Abstract 

This work is aimed on studying alterations induced by oxidative functionalization 

treatments of commercially available carbon nanotubes Nanocyl NC7000 using oxidative 

agents and resistance to these treatments; aiming to further tune their physicochemical 

properties and dispersibility. Nitric acid, potassium permanganate, hydrogen peroxide, 

sulfuric acid and sodium hypochlorite are chosen as representatives of commonly used 

oxidizers. Their efficiency is studied in different conditions, concretely concentration 

and temperature, by well-established analytical methods (SEM, FTIR and Raman 

spectroscopy). Additional carbon phase analysis is employed to obtain more detailed 

information of samples, as this little used method is capable to replace commonly used 

TGA. The interpretation of acquired results contains the level of oxidation, functional 

groups present and metallic impurities removal. Suggestions for selecting specific 

treatments to fulfill one’s demands about final product are also included. 

 Keywords: carbon nanotubes, oxidation, FTIR, Raman spectroscopy, electron 

microscopy, carbon phase, functionalization 

 

Anotace 

 Tato práce je zaměřena na studium změn vyvolaných oxidativními 

funkcionalizačními postupy komerčně dostupných uhlíkatých nanotrubiček Nanocyl 

NC7000 s využitím oxidačních činidel a odolnost vůči těmto úpravám; s cílem vylepšit 

jejich fyzikálně-chemické vlastnosti a dispergovatelnost. Kyselina dusičná, manganistan 

draselný, peroxid vodíku, kyselina sírová a chlornan sodný jsou zvoleny jako zástupci 

běžně používaných oxidačních činidel. Jejich účinnost je studována v různých 

podmínkách, konkrétně koncentrace a teploty, pomocí dobře zavedených analytických 

metod (SEM, FTIR a Ramanovy spektroskopie). Dále je využita analýza fázového uhlíku 

k získání podrobnějších informací o vzorcích, jelikož je tato málo používaná metoda 

schopna nahradit běžně používané TGA. Interpretace získaných výsledků zahrnuje úrovně 

oxidace, přítomných funkčních skupin a odstranění kovových nečistot. Návrhy na výběr 

konkrétních postupů pro splnění požadavků na případný konečný produkt jsou také 

zahrnuty. 

 Klíčová slova: uhlíkaté nanotrubičky, oxidace, FTIR, Ramanova spektroskopie, 

elektronová mikroskopie, fázový uhlík, funkcionalizace 
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1 Introduction 

In recent years, many studies have been performed in the field of CNTs, 

as this material represents new generation of nanomaterials with revolutionary properties. 

Carbon nanotubes are well known for their high length/diameter ratio, thermal stability and 

conductivity, high specific surface area and electronic properties. However, there are many 

applications requiring sufficient dispersibility for further development. Right at this point, 

pristine CNTs are failing, thus requiring additional treatments known in general as 

functionalization. Covalent and non-covalent functionalizations were performed and their 

effectiveness studied in terms of structural changes, surfactant adsorption and even 

biomolecular wrapping. 

This thesis is focused on oxidative functionalization treatments of commercially 

available carbon nanotubes Nanocyl NC7000. For the experimental part nitric acid, 

potassium permanganate, hydrogen peroxide, sulfuric acid and sodium hypochlorite at 

various temperatures, concentrations and mixtures will be used. Their efficiency will be 

analyzed by well-established analytical methods (SEM, FTIR and Raman spectroscopy) 

and additional carbon phase analysis, replacing commonly used TGA. The results will be 

interpreted in terms of the level of oxidation, presence of functional groups and metallic 

impurities removal. Suggestions for selecting specific treatments to fulfill one’s demands 

about final product will be also included.  
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2 Theoretical part 

This part of thesis is focused on the description of carbon nanotubes types and their 

structure, methods of production, analytical methods for CNTs characterization, methods 

for their purification, modification and the motivation to perform these modifications. 

The purpose of this chapter is to bring insight into CNTs structure. 

2.1 Carbon nanotubes, methods of characterization and evaluation 

of properties 

Carbon nanotubes are one of the new promising materials in the nanotechnology 

field. It is almost 25 years since the first scientific study has been released, describing 

nanotubes as we know them today [1]. Since then, the advance of our knowledge of this 

material has increased a lot. They exhibit unique structural, chemical and electrical 

properties. The field of applications for this material is very wide, from pollution 

adsorbents to nanoelectronics. In the future, the incorporation of CNTs to much more 

applications can be expected. By the type of application, pristine or modified CNTs are 

used [2]. 

 

2.1.1 Carbon	nanotubes	structure	

Carbon nanotubes can be described as carbon coaxial tubes (walls) with 

honeycomb structure, very similar to graphene with high length/diameter ratio. Tips of 

CNTs are usually enclosed with fullerene-like hemispheres. As stated above, we can divide 

CNTs into 3 groups by the number of walls: 

 Single-walled CNTs (SWCNTs) 

 Multi-walled CNTs (MWCNTs) 

 Double-walled CNTs (DWCNTs) 

SWCNTs consist of only single carbon layer. This makes them relatively the most 

reactive form. They are mostly used in applications, that require well-defined structure 

(nanoelectronics, optics, etc.). Modifications and defects in the structure increase fragility. 

Chirality of SWCNTs has major impact on their properties [3, 4]. 
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Fig. 1: Model of SWCNTs [4] 

 

MWCNTs are structures with multiple coaxial walls. Their topmost layer has the 

same reactivity as in SWCNTs, but also serves as cover for inner layers, making them inert 

until the top layer becomes sufficiently disrupted. MWCNTs are most commonly produced 

material for industrial applications. As every layer can have different chirality, their 

usability is lower compared to CNTs. They are used in applications utilizing their surface 

properties independent on chirality (sorbents development, backbones of tailored 

molecules, composite materials,…) [4, 5]. 

 

Fig. 2: Model of MWCNTs [4] 

 

DWCNTs are sorted out as a transition between SWCNTs and MWCNTs. Their 

chiral description is more relevant due to low amount of walls. Nevertheless, some inertia 

is preserved. Even after the outer layer is damaged, stiffness is also preserved. Due to the 

presence of properties present in groups mentioned previously, they are used in special 

applications [4, 6]. 
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Fig. 3: Model of DWCNTs [4] 

 

Based on the orientation of the tube axis with respect to the hexagonal lattice, 

the structure of a nanotube can be completely specified through its chiral vector. 

This generating vector is called Hamada-vector or folding vector (n, m) [7] and has direct 

impact on CNTs geometry (Fig. 4). 

 

  

Fig. 4:  Description of CNTs geometry. Lattice vectors are denoted as a1 and a2 and Ch represents 
folding vector. Vectors for zigzag and armchair folding are also boundaries of folding possibilities [8] 
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According to this geometry, we can divide them into 3 groups based on chirality 

(Fig. 5): 

 Zigzag CNTs (n,0) 

 Armchair CNTs (n=m) 

 Chiral (m≠0,n≠m) 

Chirality is very crucial for the CNTs description, especially for SWCNTs. 

It has direct effect on electronic structure, thus making CNTs having semiconductive 

or metallic character. CNT is metallic if |n-m| is a multiple of 3, otherwise it is 

semiconducting with value of band gap inversely dependent on tube diameter; 

ranging from 1,8 eV (small diameters) to 0,18 eV (for the widest possible stable tube) [8–

10]. By further investigations, it has been revealed, that armchair nanotubes are truly 

metallic, as they have 2 bands crossing at Fermi level. For other metallic configurations, 

the metallicity is thermally generated, as these structures have band gap in order of  

~10 meV [11]. 

 

Fig. 5: Band structures for SWCNTs with different (n,m) translation vectors [11] 

 

With recent integration of computation technologies, many properties of CNTs can 

be calculated using ab-initio methods [12, 13], MD (molecular dynamics) methods or other 

semi-empirical methods (DFTB – density functional tight binding) and many others [14]. 
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2.1.2 Methods	of	CNTs	synthesis	

Various techniques have been developed to synthesize CNTs; most common used are 

arc-discharge, laser ablation and chemical vapor deposition (CVD). These methods share 

the same principle; using energy for fragmentation of carbon source (into groups or single 

atoms). These fragments then recombine to CNTs structure. The main difference among 

these methods is the form of delivered energy; arc discharge uses electricity, laser ablation 

uses high intensities of light (commonly laser source) and CVD uses heat [8, 15–18]. 

Since the discovery of CNTs, arc discharge method is so far the most efficient 

method in terms of producing high quality material with low amount of structural defects, 

due to high temperatures generated during the synthesis. However, this method produces 

CNTs with various chirality, diameters and length. Another downside to this method is 

high manufacturing cost. Recently, some advances in growth control have been achieved 

using different buffer gases, specialized catalysts, by applying magnetic field etc. [8, 18]. 

Laser ablation is the method using high energy lasers to deliver sufficient energy 

to vaporize carbon instead of electricity used in arc-discharge method. This method also 

uses graphite as a carbon source, usually mixed with catalyst nanoparticles (Ni or Co) for 

preferential growth of SWCNTs. Mostly CO2 and Nd:YAG lasers are used. 

New advancement might come from using UV laser instead infrared, as excitation energies 

are higher, thus changing from photothermal to photochemical ablation. Downside to this 

method is also high cost, as for arc-discharge [8, 18]. 

Both previously methods are recently used mainly for preparation of SWCNTs, as 

the production cost would not be justifiable for MWCNTs production, especially of 

industrial grade material. 

Chemical vapor deposition is a method providing nowadays solution to produce 

CNTs for industrial applications; especially MWCNTs. Compared to previous methods, 

this one requires lower temperatures (generally about 800 °C) and is well-known for its 

easily reaction controllability, scalability and tunability. This method is using a non-source 

substrate (Si, SiO2, Al, Ni, graphite,… ) and carbon source is often delivered into reaction 

chamber as a gas, most often hydrocarbons. Experiments using alcohols were also 

reported, improving purity of final product. It is suggested, that oxygen present in alcohols 

serves as an etching agent, removing amorphous carbon from CNTs during growth [19, 

20]. 
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One important thing for all 3 methods is a required presence of catalysts for CNTs 

growth, especially SWCNTs. It has been demonstrated, that MWCNTs can be grown 

without catalysts, but SWCNTs cannot. This implies the need to develop catalysts for 

CNTs specific growth. In the beginning Fe, Ni, Co were used (3d valence transition 

metals) in CVD. It is assumed, that these catalyst nanoparticles serve as carbon source 

decomposers and allow restructuralization of carbon atoms to form CNTs [8, 18, 19]. 

 

2.1.3 Methods	of	CNTs	characterization	and	evaluation	of	their	properties	

After successful preparation of CNTs, it is most desirable to characterize the final 

product. Unfortunately, there is no universal all describing method, however many 

methods available today can yield great deal of information required, ranging from 

structural to compositional. There are many methods used nowadays, yet only the most 

used are described below. 

 

2.1.3.1 Morphology/structural	analyzing	methods	

It can be said, that the most popular methods for morphological analysis are 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM). These 

two methods are using electrons instead of photons (in optical microscopes); providing 

grayscale images. SEM is used to obtain images of CNTs bundles to assess shape of 

nanotubes. Most of the time the images obtained are showing us entangled “spaghetti-like” 

ropes bundled together [4]. TEM on the other hand allows one to look closer and through 

individual nanotubes. It is often used to obtain more precise morphology, as the number of 

nanotube walls, their diameter and defects present. Presence of amorphous carbon can be 

assumed as well [21, 22]. TEM can be also used to obtain crystallographic information, but 

sample preparation is extremely difficult and high level of experience is more than 

demanded for the operator of TEM. It is more suitable to use XRD (mentioned below). 
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Fig. 6: HRTEM images of a) SWCNTs, b) DWCNTs, c) MWCNTs [23] 

 

As a side-effect, interaction of electrons with sample generates specific X-ray 

radiation containing information about elemental composition of the sample, thus 

instrumentation of SEM and TEM often involves X-Ray detectors used for local elemental 

analysis. By the type of the detector, we can distinguish WDS/EDS (wavelength/energy 

dispersion analysis). 

X-ray diffraction analysis (XRD) is another method used to analyze crystalline 

structure of the sample. Although nanotubes are not exactly crystal-like, this method can 

analyze interlayer spacing between walls (002 basal reflections) and give us information 

about interlayer space distribution [4]. 

Raman spectroscopy is a method generally used to analyze chemical composition. 

This method is also sensitive to carbon in sp2 and sp3 hybridization. As CNTs with no 

defects consist of sp2 carbon (G band) atoms, sp3 carbon (D band) is present as an impurity 

(amorphous carbon, defects). Thus Raman spectroscopy provides simple and powerful 

method as obtained information of chemical composition is directly linked with structure 

[4, 22, 24]. Examples of Raman spectra are in Fig 7.  
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Fig. 7: Examples of Raman spectra of CNTs; with G,D and RBM bands illustrated [25] 

 

In case of SWCNTs, Raman spectroscopy can be used to estimate nanotube 

diameter from RBM (radial breathing mode) peak position (  nm), as ωRBM is 

dependent on laser excitation wavelength [24]. 

 

2.1.3.2 Morphology/structural	analyzing	methods	

Infra-red spectroscopy (IR) is well known complementary method to Raman 

spectroscopy. It is used to analyze functional groups present in the sample. Although ATR 

method is very simple in terms of sample preparation, it cannot be used for CNTs, thus 

KBr pellet method needs to be used. This method is often used to analyze presence of 

oxygen (-OH, -COOH, =O) groups in CNTs sample [22, 26]. Transmittance spectra are 

used for qualitative analysis, but when recalculated to absorbance spectra, quantitative 

analysis can be performed, as absorbance is concentration dependent. 

TGA (thermogravimetric analysis) is a thermal analysis method measuring weight 

loss dependence on temperature. Additional method implemented is DTA (differential 

thermal analysis) measuring thermal coloring of the sample, thus giving information about 

possible chemical reactions taking place. Analysis can be performed in inert or oxidative 

atmosphere [22, 26, 27]. 
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Carbon phase analysis is very similar to TGA. Its principle is to heat sample in 

flowing oxygen or nitrogen atmosphere with increasing temperature and simultaneously 

analyzing concentrations of carbon dioxide (CO2) and water, which are recalculated to 

carbon and hydrogen concentrations. By the concentration dependence on temperature, we 

can assume the origin of carbon and hydrogen. The weight of residuals needs to be 

measured separately. When performed in nitrogen atmosphere, amount of oxygen can be 

analyzed. It is recommended (especially for CNTs samples) to perform analysis in both 

atmospheres. TGA and carbon phase analysis can be both used to analyze thermal stability 

of CNTs as well. 

XPS (X-ray photoelectron spectroscopy) is a method capable of elemental analysis. 

As the energies used are in the same range as energies of chemical bonds, it is possible to 

analyze them as well. This method is highly efficient for CNTs analysis, as each functional 

group can be measured, making it efficient to analyze levels of oxidation [27, 28]. 

2.2 Importance of treatment and functionalization of carbon nanotubes 

CNTs are well known for their hydrophobicity [29], making their availability for 

number of applications limited [30]. Preparation of nanocomposites requires high 

solubility, electronic applications well-defined structure, drug-delivery systems 

biocompatibility, etc. Most of the time, CNTs are also demanded separated (not in their 

bulk form). As written before, CNTs produced also contain impurities (amorphous carbon, 

catalyst residues,…) or unwanted functional groups. Modification/functionalization is used 

to make CNTs more suitable for those applications mentioned above or serve as one of the 

steps for their separation (length, diameter, chirality,…) [31, 32]. 

2.3 Methods of purification and treatment of carbon nanotubes 

Purification treatments are performed to remove impurities and functional groups 

from the structure [15, 33], while modification treatments are performed to introduce new 

functional groups and/or new compounds into/onto CNTs structure [35]. There is no 

distinct difference for these 2 goals in terms of treatments selection, as some of them are 

used in both categories, thus I will be describing them not by the intended result, but the 

way they are interacting with CNTs. There are basically 2 ways of interaction: covalent 

(changing chemical bonds) and non-covalent (preserving existing bonds) [34]. 
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2.3.1 Covalent	purification	treatments	

Methods altering chemical composition of CNTs can be both chemical and 

physical. The advantage of these methods is progressive way to remove impurities, 

however at the cost of damaging graphitic structure. There are 2 most common ways to 

perform this treatment depending on the selected environment: gas phase and liquid phase 

oxidation. 

 During gas phase oxidative treatments, carbonaceous impurities are removed at a 

temperature ranging from 225 °C to 760 °C depending on the atmosphere. The commonly 

used oxidants include air, O2, a mixture of Cl2, H2O and HCl, a mixture of Ar, O2 and H2O, 

etc. It is advised to maintain even exposure of the material to oxidative atmosphere and 

select appropriate oxidizing agent for used sample to exploit reaction specificity. For 

example, high temperature air oxidation of MWCNTs prepared via arc-discharge method is 

very efficient, as these MWCNTs don’t contain metallic impurities. In case of SWCNTs, 

this way of treatment often leads to destruction of the sample due to the metallic impurities 

inducing lower temperature oxidation of carbon. Also bundling of CNTs causes uneven 

exposure. In conclusion, gas phase oxidation is suitable for removing amorphous carbon 

and opening caps at the ends of CNTs, but insufficient at removing metal impurities [36, 

37]. 

Liquid phase treatments are known for their ability to remove amorphous carbon 

and metal impurities as well. Principle of these methods is exploiting different reactivity of 

impurities (higher) compared to sp2 carbon (lower) in CNTs. Depending on oxidizer 

selection, certain efficiency level is reached. The commonly used oxidants for liquid phase 

oxidation include HNO3, H2SO4, H2O2 and it is possible to use other well-known oxidizers. 

Generally, to choose appropriate oxidizer(s), one needs to follow principles of organic 

chemistry, as CNTs can be viewed as a polyaromatic compound with vast number of 

aromatic circles [38–40]. 

HNO3 is the most commonly used reagent for SWCNT and MWCNTs purification 

for its mild oxidation ability, which can selectively remove amorphous carbon. It is also 

inexpensive and nontoxic, capable of removing metal catalysts and no secondary 

impurities are introduced. Efficiency of HNO3 is concentration dependent and can be also 

enhanced in mixtures with H2SO4 (used for nitration), but at the cost of introducing more 

defects into CNTs [38–43]. 
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H2O2 is another mild oxidant capable of removing carbon impurities. Big advantage 

of this oxidizer is its green character, as only water is produced as a waste. However, the 

disadvantage is its incapability to remove metals. Therefore, it is mostly used in the 

mixture with HCl. This acid is most favored, because it has no oxidation effect on CNTs 

and is still efficient to form soluble salts with metal catalysts [37, 44, 45]. Therefore, 

precipitation of iron and iron hydroxide is hindered. Mechanism is demonstrated below 

(Fig. 7). 

 

Fig. 8: Mechanism of H2O2 disrupting carbon-coated nanoparticles (not in scale) [37] 

 

Another approach is microwave-assisted purification based on high microwave 

absorption of inorganic acids as HCl, HNO3 and H2SO4, thus enabling rapid metal 

dissolution without severe damage to CNTs in short time [37, 46]. 

All these liquid phase treatments can be further enhanced by sonication to further 

assist dispersion in solutions [47, 48]. 

 

2.3.2 Non‐covalent	purification	treatments	

Compared to covalent treatments, these are exploiting differences in physical 

properties between CNTs and impurities, for example aspect ratio, physical size, solubility, 

etc. There are several methods based on these differences to provide separation, for 

example filtration, chromatography, centrifugation, high temperature annealing and many 

more. Some of these methods are performed in solutions, so high dispersibility is required 

[31, 49–51]. 
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Filtration is a separation method based on the differences in physical size, aspect 

ratio, and solubility. Small size particles or soluble objects in solution can be filtered out 

and CNTs with large aspect ratio will remain. Polyaromatic compounds and fullerenes are 

soluble in CS2, toluene, etc. This makes filtration useful only to remove easily soluble 

compounds and particles detached from CNTs. Sonication is also implemented to prevent 

clogging of the filter and slowing down the whole process [52, 53]. 

 

Fig. 9: A diagram of methodology to purify SWCNTs produced with laser ablation [37] 

 

High temperature annealing is a method utilizing high thermal stability of graphite 

(even at 3000 °C), while boiling points of metals lie in lower temperatures. If proceeded in 

inert atmosphere (Ar) or vacuum, metal impurities are evaporated, while CNTs structure 

remains technically “intact”. If functional groups are present in CNTs structures, high 

temperature annealing will remove them as well [54–56]. In brief, this method is one of the 

most effective to remove metal impurities from accessible zones (tips, hollow core), it also 

improves crystalline structure (rearranging of carbon atoms), thus improving thermal 

and electronic properties. If these rearrangements are taking place, we are talking about 

graphitization (Fig. 10) [57]. 
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Fig. 10: General scheme of CNTs purification and graphitization [57] 

	

2.3.3 Covalent	functionalization	treatments	

Covalent functionalization strategies are various, from simple oxidative treatments 

to highly complex additive reactions. Efficiency of functionalization is highly dependent 

on agents selected as CNTs structure. Caps, open edges and defects in nanotube structure 

are more reactive compared to undamaged nanotube wall. 

Strategies can be divided into 3 groups: 

 Introduction of defects and subsequent functionalization (and derivatization) 

 Oxidizing ends of nanotubes 

 Covalent sidewall functionalization 

The most used type of functionalization is oxidation. Methods used are similar to 

those used for purification (Chap. 2.3.1) except the oxidation is demanded. This can be 

achieved by using higher temperature, higher concentration of oxidizing agent and longer 

exposure time. Selection of oxidizers is not limited to those previously mentioned (HNO3, 

H2SO4, H2O2), other agents such as KMnO4, NaOCl, K2Cr2O7 can also be used solely or in 

mixture [2, 5, 15, 42, 58–61]. 

It is presumed that oxidation is taking place at the ends of nanotubes and defective 

sites; but in high concentrations, CNTs cutting/fragmentation may occur. During the 

process, carboxylic and other oxygen-bearing groups are introduced onto CNTs surface, 

thus improving dispersion of CNTs. Similar effect can be obtained using ozone [62] 

(Fig. 11), Ar-O2 plasma etching and flash-oxidation [36, 37]. 
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Some oxidizing agents’ behavior is different depending on the experiment. KMnO4 

is capable of carbon double-bond hydroxylation at room temperature, but when the 

solution is boiling, its oxidation capabilities are higher. When combined with sulfuric acid, 

very strong oxidizer Mn2O7 is generated, igniting almost every organic matter. This 

mixture is used to prepare phtalic acid from naphthalene. 

Recent study thoroughly investigated efficiency of HNO3 hydrothermal oxidation 

treatment for controllable surface oxidation on MWCNTs. It was shown that this method is 

more effective at introducing functional groups, while generating less carbon fragments, 

compared to common boiling method. [58] 

 

Fig. 11: Scheme of CNTs oxidation [63] 

 

Fluorination is one of the first functionalization methods tested to directly introduce 

functional groups to nanotubes sidewall. Although electronic properties are significantly 

altered, morphology remains intact [64, 65]. Easily preparable F radicals are used as first 

step to introduce alkyl and aryl groups via lithium derivates (Fig. 12). 
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Fig. 12 Scheme of fluorination and consequent alkylation of CNT [63] 

 

Another additive approach can be performed via nucleophilic dipyridyl 

imidazolidene that reacts with the electrophilic SWCNT π-system to give zwitterionic 

product (Fig. 13). This transfer of charge causes homogenous dispersion in aqueous 

solution, as electric repulsion forces are in effect [37, 65]. 

 

Fig. 13: Scheme of nucleophilic addition of dipyridyl imidazolidene to CNTs [63] 

 

Electrophilic additions can also be performed using Lewis acid and halogen 

derivates. Electrophilic addition of trichloromethane also introduces chlorine into CNTs 

structure that can be hydrolyzed and then used to introduce other functional groups 

(Fig 14.) [63]. 

 

Fig. 14: Scheme of electrophilic addition on CNTs [63] 
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Methods described above serve as a first step in the complex modification 

technology. As primary functional groups are present, further derivatization might take 

place following general organic chemistry principles. At this stage it becomes easy to 

employ this knowledge. Some examples of additional procedures are described below. 

Thiolation is an important method allowing preparation of CNTs-metal 

nanocomposites. Thiol group is well known for its interaction with metals, especially Au, 

thus enabling to create monolayer on Au surface. Nanocomposites prepared this way are 

used to develop antigen sensors for SPR (surface plasmon resonance) [66].  

 

Fig. 15: Scheme of thiolation [63] 

 

Amination is another methodology to introduce –NH2 groups onto CNTs surface. 

There are few possible ways, for example Ar-NH3 plasma treatment [67], substitution of –

OH in carboxylic group (Curtius rearrangement), reduction of -NO2 group, etc. 

Carboxylic and amino groups can form peptide bond that is crucial for protein 

formation, thus –COOH and/or –NH2 functional groups can serve as a vessel to covalently 

bond amino acids, proteins and other biological compounds. This feature enhances CNTs 

biocompatibility and allows one to develop new drug delivery methods or other medical 

applications. 
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Fig. 16: Scheme of amidation and esterification of CNTs [63] 

 

2.3.4 Non‐covalent	functionalization	treatments	

These methods to functionalize CNTs are well-known for their preservation of 

CNTs intrinsic structure. While covalent methods show high impact on electronic 

structure, these methods are interacting on the level of Van der Waals forces, thus changes 

induced are minor. Main goal of these treatment is to increase solubility in water, thus 

surfactant approach is applied. Surfactant is a compound consisting of both hydrophobic 

and hydrophilic parts, serving as a bridge between 2 incompatible environments. 

CNTs delocalized electrons are positioned out of plane, making CNTs prone to 

form a π-π interaction. This interaction can be formed with C=C or aromatic core of the 

surfactant and due to its strength, it is advised to include at least one of these bonds into the 

chosen surfactant structure [4, 68]. 

Compounds used as surfactants can be broadly divided into 3 groups: 

 Biomolecules 

 Polymers 

 Small compounds 
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Used compounds can also be divided by the covering way (Fig. 17): 

 Adsorption 

 Wrapping 

 

 

Fig. 17: Examples of (a) adsorption and (b) wrapping [23] 

 

The first option to improve dispersibility is utilizing of surfactants. These molecules 

are relatively small compared to CNTs and are adsorbed onto CNTs surface with 

hydrophobic tail, while hydrophilic head remains detached and is facing into aqueous 

solution, reducing surface tension. Most used surfactants are for example SDS (sodium 

dodecyl sulfate) [69], SDBS (sodium dodecyl benzenesulfonate) [70], Tween 20, Tween 

80 [71], Triton X-100 (octyl phenol ethoxylate) [70] and many more. Amount of surfactant 

needed for successful dispersion varies, as it is dependent on weight/surface ratio of CNTs. 

It has been demonstrated, that effectivity of the dispersion depends on surfactant 

concentration and thermal stability as well [71].  
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Fig. 18: Schematic representation of CNTs dispersion using surfactants [71] 

 

Polymer based dispersions are principally the same as for surfactants. Most of the 

time, conjugated polymers are used for wrapping of CNTs, for example, poly(m-phenylene 

vinylene) (PmPV) or poly(3-hexylthiophene) (P3HT) [72]. These polymers are enhancing 

electronic properties of CNTs, however the stability and dispersibility in polar solvents is 

limited; thus block copolymers consisting conjugated and non-conjugated polymers that 

exhibit good solubility are used [63]. 

 

 

Fig. 19: Scheme of double helically-wrapped P3HT onto CNT with equally spaced coils [63] 

 

 

Fig. 20: Structural model of DNA-wrapped CNT [32] 
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Among vast number of possible choices from biomolecules, DNA attracted a lot of 

attention. This can be attributed to DNA being a “source code” of the life as we know it. 

Several attempts have been made to link CNTs and DNA, to form new biocompatible 

structures with possible self-assembly capabilities. During these experiments, high affinity 

of DNA towards CNTs have been discovered, thus applications using DNA to CNTs 

separation and functionalization started to develop. Most applications are using DNA in its 

single-stranded form (ss-DNA). It is assumed, that ss-DNA is capable to recognize/bind 

any given small molecule targets [49]. It has been demonstrated, that ss-DNA is wrapped 

around CNTs has planar bases stacked onto CNTs surface, while sugar negatively charged 

(deprotonated) backbone is facing outward, thus providing efficient dispersibility. Shorter 

DNA strands are also selective for specific chiral SWCNTs configurations and therefore 

are used for chiral selective separation [31, 50]. 

 

Fig. 21: Short oligonucleotide structure of guanine (G), adenine (A), thymine (T), cytosine (C), 
deoxyribose and a negatively charged phosphate group [32] 
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3 Practical part 

This part of thesis contains information about experiments performed in laboratory, 

from preparation of samples, their analysis to final products’ characterization 

and evaluation of theirs properties. 

3.1 Treatment and functionalization of carbon nanotubes using selected 

methods 

3.1.1 Chemicals,	instrumentation	and	software	used	for	the	experiments	

These materials were used for the experimental part: 

 Nanocyl NC7000 (MWCNTs) – labeled as NC7K 

 Nitric acid (HNO3) – 65% p.a. (MACH chemikálie s.r.o.) 

 Sulfuric acid (H2SO4) – 96% p.a. (MACH chemikálie s.r.o.) 

 Hydrogen peroxide (H2O2) – 30% p.a. (MACH chemikálie s.r.o.) 

 Sodium hypochlorite (NaOCl) – ~10% (Sigma-Aldrich) 

 Potassium permanganate (KMnO4) – powder (PEAXИM) 

 Hydrochloric acid (HCl) – 36.5% (MACH chemikálie s.r.o.) 

 DEMI water – 18.2 MΩ 

 

  These instruments were used for analyzes in experimental part 

 Quanta FEG 450 (FEI) (SEM analysis) 

 Tecnai F30 (FEI) (TEM analysis) 

 XploRA™ (HORIBA Jobin Yvon) (Raman spectroscopy analysis) 

 LECO RC612 (Carbon phase analysis) 

 Nicolet 6700 FT-IR (Thermo Scientific) (FTIR analysis) 

 STT-1700-12 (Sentro Tech Corp.) (Thermal annealing) 

 This software was used for experimental part 

 MATLAB (R2010a) 

 Accelrys Materials Studio 4.2 
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3.1.2 Methodology	

In this chapter, methodology of samples preparation is described. 

 F series of samples 

The F series of samples was prepared by putting 0.3 g of NC7K into a flask. 

Subsequently stir bars and reagents were added and the flasks were placed on magnetic 

stirrers with heater and condensers were connected (for heated samples). Samples NC7K 

F1, F2, F4, F6 and F7 were then heated up to 70 °C for respective time (Tab. 1).  

 

Tab. 1: F series experimental conditions 

F series methodological data 
ID mass [g] Reagent added mass/volume added water heated 

NC7K 
F1 0.3 HNO3 25 ml - for 8 hrs 

NC7K 
F2 0.3 HNO3 12.5 ml 12.5 ml for 8 hrs 

NC7K 
F3 0.3 KMnO4 0.2 g 25 ml not heated 

NC7K 
F4 0.3 KMnO4 + 

H2SO4
0.2 g + 5 ml 20 ml for 8 hrs 

NC7K 
F5 0.3 H2O2 + H2SO4 10ml + 15 ml - not heated 

NC7K 
F6 0.3 KMnO4 0.2 g 25ml for 1 hour 

NC7K 
F7 0.3 NaOCl 15 ml 10 ml for 1 hour 

 

At the next step, previously heated samples were cooled down to room temperature. 

Samples NC7K F1-F5 were then still stirred for another 16 hours, while the rest 

were diluted, filtrated and washed to neutral pH. 

After 16 hours, samples F1-F5 were also filtrated and washed to neutral pH. All 

samples were collected from the cake and dried at 60 °C for 12 hours on Petri dishes. 

Subsequently, dried samples were stored in rubber sealed vials. 
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 Sample NC7K ann (ann – annealed) 

5 grams of NC7K were put into tubular furnace and the aperture was put together. 

At first, Ar gas bomb valve was opened, subsequently input and output furnace valves 

were opened as well. Gas was flushing through the furnace chamber for about 5 minutes 

(to flush out air), after that the furnace heating was initiated. Target temperature was set to 

600 °C, ramping 120 °C/hr, hold time for 2 hours and then cooling down back to room 

temperature. Sample was then collected to rubber sealed vial. 

 Sample NC7Kp (p – purified) 

10 grams of NC7K were put into flask and 150 ml of DEMI water was added. 

Subsequently, 50 ml of H2O2 and 100 ml of HCl was added. The mixture was stirred for 3 

hours and then filtered to neutral pH. At the next step, the filtration cake was collected and 

put into another flask with 150 ml of DEMI water. The mixture was stirred and 150 ml of 

HNO3 was added. The procedure continued by stirring for another 3 hours. Sample was 

then filtered to neutral pH and dried at 80°C overnight and stored in rubber sealed vial. 

This sample was originally prepared for another project; however I considered it 

useful to include it in this thesis. 

3.2  Characterization of treated products 

 

3.2.1 Summary	of	properties	published	by	manufacturer	[73]	

Tab. 2: Properties of NC7000 product 

Property Unit Value Method of measurement 

Average diameter nanometers 9.5 TEM 

Average length microns 1.5 TEM 

Carbon purity % 90 TGA 

Metal oxide % 10 TGA 

Amorphous Carbon - * HRTEM 

Surface area m2/g 250-300 BET 

* Pyrolytically deposited carbon on the surface of the NC7000 
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3.2.2 Electron	microscopy	

SEM was used to obtain insight on morphology of samples and EDS was 

performed to analyze elemental composition. Further analysis of NC7K was conducted 

using TEM (Fig. 22), to obtain information of CNTs radius and to estimate number of 

walls presented. 

Fig. 22: TEM images of pristine NC7000 

 

According to TEM images, a radius of NC7K nanotubes is approximately 10 nm, 

with almost no amorphous carbon. Number of walls is about 7. These results are in good 

agreement with data provided by manufacturer (Tab. 2). As the amount of amorphous 

carbon is very low, it can be assumed that manufacturer applied some purification 

treatment. An email had been send to the company asking for clarification, but no reply has 

been received yet. 

 

 

 

 

 

 

33



 

 NC7K 

Fig. 23: SEM images of NC7K sample 

 

 

 NC7Kp 

Fig. 24: SEM images of NC7Kp sample [74] 
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 NC7K F1 

Fig. 25: SEM images of NC7K F1 sample 

 

 

 NC7K F3 

Fig. 26: SEM images of NC7K F3 sample 
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 NC7K F4 

Fig. 27: SEM images of NC7K F4 sample 

 

 

 NC7K F5 

Fig. 28: SEM images of NC7K F5 sample 
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 NC7K F6 

Fig. 29: SEM images of NC7K F6 sample 

 

 

 NC7K F7 

Fig. 30: SEM images of NC7K F7 sample 

 

From the SEM images it can be seen, that samples NC7Kp (Fig. 24) and NC7K F7 

(Fig. 30) are having similar entanglement of CNTs as pristine NC7K sample (Fig. 23). 

This might be due to lower amount of oxidation, thus sufficient dispersion and 

reaggregation (during drying) was not taking place. 
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Samples F3 (Fig. 26) and F6 (Fig. 29) are showing different aggregates compared 

to pristine nanotubes. The bundles showed are looking like porous material, probably 

caused by residual crystallized MnO2 present on the surface. These crystals are probably 

serving as zones for water vaporization during drying, thus creating these pores. 

Samples F1 (Fig. 25), F4 (Fig. 27), F5 (Fig. 28) are showing sheet-like structure of 

aggregates, suggesting sufficient dispersibility of samples in water to rearrange structure of 

aggregates. Vaporization of water during drying went through the whole volume. Sheets 

were formed on Petri dishes during drying, as the layers of samples were thin and cracky. 

All functionalized samples that were analyzed show “hairy” nanotubes compared to 

pristine material, thus indicating successful modification of CNTs surface. 

Samples NC7K F2 and NC7K ann were not analyzed, as sample F2 is expected to 

look similar to sample F2 (analogous treatment) and sample NC7K ann should preserve the 

same morphological characteristics of NC7K (not dispersed in water). 

EDS analysis showed major presence of Al (Al2O3 catalyst used for CNTs 

production). Samples F3 and F6 are having Mn present (in form of MnO2) as well (figures 

not shown). 

 

3.2.3 Raman	spectroscopy	

Raman spectroscopy analysis was performed to assess structural integrity of CNTs 

before and after respective treatment. From this point of view, we are looking for IG/ID 

ratio, as it is generally used for evaluation of damage done to sp2 carbon. Numerical data 

were exported and processed in MATLAB. Background was corrected manually. 

As we can see in Fig. 31, Raman spectra of samples are mostly identical. This result 

supports statement presented in publications, that Raman spectroscopy is less powerful 

to assess structural defects in already defective material (in this case MWCNTs) 

and is more suitable for SWCNTs assessment. The D band can be seen at 1348 cm-1, 

G band at 1590 cm-1 and 2D band at 2688 cm-1. RBM band is not present (as expected). 
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Fig. 31: Raman spectra of analyzed samples 

 

Samples NC7K F3 and NC7K F6 also have new peaks present (564 cm-1, 

631 cm-1). These peaks were identified as residual MnO2, indicating its improper removal 

from samples [75]. 

Respective IG/ID ratios of samples are presented in Tab. 3. 

 

Tab. 3: IG/ID ratios of analyzed samples 

Sample IG/ID 

NC7K 0.87 

NC7Kp 0.80 

NC7K F1 0.81 

NC7K F2 0.80 

NC7K F3 0.79 

NC7K F4 0.77 

NC7K F5 0.77 

NC7K F6 0.80 

NC7K F7 0.79 

NC7K ann 0.86 
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3.2.4 FTIR	

FTIR analysis of samples was performed using KBr pellet method, with ~ 0,5 mg 

of sample and 260 mg of spectrocopy-grade KBr. As weighing CNTs samples is not 

accurate enough at these small quantities, FTIR spectra are normalized with the intensity of 

the C–H band at 2919 cm−1 [22]. Samples are divided into groups for clarity (Fig. 32 – 35). 

Respective bands are included in figures. Possible vibrations are demonstrated on 

SWCNTs model for enhanced comprehension (grey – carbon, red – oxygen,  

white – hydrogen). 

 

 

Fig. 32: FTIR spectra of pristine, annealed and purified CNTs 

 

40



 

 

Fig. 33: FTIR spectra of samples treated with nitric acid 

 

 

 

Fig. 34: FTIR spectra of samples treated with potassium permanganate 
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Fig. 35: FTIR spectra of samples treated with hydrogen peroxide and sodium hypochlorite 

 

 From the results we can see, that thermal annealing significantly lowered intensity 

in all bands, thus indicating that pristine nanotubes are already oxidized a little bit. 

Annealing also reduced amount of defects (as structurally perfect CNTs are IR inactive). 

 Each band (except the one presenting broad O-H stretching) is visualized using 

exemplar model of oxidized SWCNT for better clarity. Real model of MWCNT would be 

computationally expensive and not synoptic enough.  

Broad band of O-H stretching vibrations (3060 – 3750 cm-1) includes wide variety 

of hydrogen bond interactions as well as possible moisture, thus it cannot be solely used to 

evaluate the grade of oxidation. 
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The band presenting C-H stretching vibrations (2851 – 2919 cm-1) is used for 

normalization of spectra received and serves to compare the oxidation efficiency. 

 

Fig. 36: Model of SWCNT with C-H stretching vibration 

 

Small band (2040 – 2100 cm-1) was identified as defects of carbon network in 

CNTs. This conclusion was made from molecular dynamics simulation performed on 

oxidized SWCNT model. This stretching was localized on the area of SWCNT, where 

pentagon-heptagon exist with no other element bonded. As this stretching is in-plane, it 

can be assumed, that similar stretching can occur in MWCNTs. 

 

Fig. 37: Model of SWCNT with C-defects stretching vibration 
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Weak band representing C=O stretching (1700 – 1740 cm-1) is presented in samples 

NC7K F3, F5 and F6, indicating presence of carboxylic groups. 

 

Fig. 38: Model of SWCNT with C=O stretching vibration 

 

 Medium band presenting C=C stretching (~1640 cm-1) is mainly originated from 

unsaturated carbon in CNTs structure. 

 

Fig. 39: Model of SWCNT with C=C stretching vibration 

 

Strong band of O-H bending (1385 cm-1) is used as a main indicator of oxidation. 

The strongest presence of this band is in samples F1 and F2, indicating that treatment with 

HNO3 might be promising. After investigation of results from carbon phase analysis, 
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this band probably represents N-O stretching of nitro group as well, as other samples not 

treated with HNO3 also have this band present. This unfortunate blending makes it then 

hard to estimate the ratio of –OH and –NO2 groups in the sample, thus requiring another 

analysis [76]. 

 

Fig. 40: Model of SWCNT with O-H bending vibration 

 

Band of C-H bending (770 – 825 cm-1) is unchanged across all samples except 

NC7K ann sample. It is expected, as C-H stretching band is used for normalization. 

 

Fig. 41: Model of SWCNT with C-H bending vibration 
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The conclusion from FTIR analysis is that treatments using HNO3 are probably 

most successful in CNTs oxidation (blending with –NO2), although C=O groups were 

undetected. On the contrary, treatments using KMnO4 and combination of sulfuric acid 

with hydrogen peroxide seem to be successful in the introduction of carboxylic groups on 

CNTs surface, while the amount of hydroxylic groups is rather small. This might be due to 

low amount of sample used for analysis as the sample itself could be inhomogeneous, thus 

analysis might be inaccurate. 

 

3.2.5 Carbon	phase	analysis	

Carbon phase analysis was performed on LECO RC612. This method was 

implemented to evaluate absolute amount of carbon and hydrogen in each sample. Oxygen 

was selected as a flushing gas (unfortunately, nitrogen is not yet installed). 

Calibration of the machine was performed by the instructions in the operational 

manual, using provided standards. Analysis method was manually created after some test 

runs on pristine NC7000 samples. The analysis procedure was following these steps: 

 Heating up catalysts (750 °C) and furnace (100 °C) after start-up (optional). 

 Burn-off procedure (thermal desorption of CO2 and water from quartz 

vessels at 1000 °C in furnace). 

 Preparation of samples (weighing) and cooling down the furnace (100 °C). 

 Initiation of analysis (weight input and analysis method selection) and 

waiting for signal to put sample into the furnace (prompts user to launch 

analysis itself). 

 Waiting for stabilizing IR detectors. (Software itself performs checking of 

detectors stability, but stabilization of H2O detector takes longer time than 

CO2. It seems that software prioritizes carbon analysis, thus launching 

analysis at the time software prompts the user, H2O detector might still not 

be stable.  Due to this rushing, H2O results might be incorrect). 

 Confirmation of the prompt and insertion of the quartz vessel with sample 

into the furnace. 

 Waiting for analysis to finish, removing vessel with residuals to cool it 

down and then weighing residuals in the vessel. Furnace automatically cools 

down to stand-by temperature (100 °C in this case) 
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After the analysis, raw numerical data were exported and processed using 

MATLAB. 

Carbon data can be presented as received, while analyzed water data are 

recalculated to corresponding hydrogen. 

As majority of samples were having similar dependency, only some images are 

included. All results obtained are then presented in Tab. 4 and 5. 

 

Fig. 42: Carbon analysis of NC7K sample 

 

The amount of hydrogen in NC7K and NC7K ann samples was below detection limit, thus 

indicating very low grade of oxidation. Amorphous/damaged carbon starts to burn out at 

370 °C, CNTs’ carbon at approx. 490 °C (Fig. 42). Similar dependency was detected for all 

samples except NC7K F3, F6 and F7. In these samples the amorphous/damaged 

and CNTs’ carbon part becomes blended and the burn out itself starts at approx. 210 °C 

(Fig. 43). This decrease in thermal stability is a consequence of MnO2 present (samples 

NC7K F3 and F6), while in NC7K F7 the highly disrupted structure might be the cause. 
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Fig. 43: Carbon analysis of NC7K F3 sample 

 

 

 

Fig. 44: Hydrogen analysis of NC7K F1 sample 

 

The results of hydrogen analysis are showing minor moisture contribution, while 

the major amount of hydrogen becomes burnt out from sample at temperatures about 

300 – 350 °C (Fig. 44), similar to amorphous/functionalized carbon temperatures. Samples 

with blended peaks are having hydrogen peaks blended in similar manner (Fig. 45). 
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Fig. 45: Hydrogen analysis of NC7K F3 sample 

 

Tab. 4: Carbon phase analysis results 

Carbon phase analysis results 

Sample 
Amorphous/damaged 

carbon CNTs carbon Total carbon Hydrogen Residuals Other 

% (δ = 0.05%) 
NC7K 2.23 86.32 88.55 - 11.3 0.15 
NC7Kp 1.89 87.43 89.32 0.24 8.50 1.94 

NC7K F1 5.12 78.83 83.95 1.52 5.30 9.23 
NC7K F2 4.18 83.32 87.50 0.96 6.50 5.04 
NC7K F3 - 56.53 56.53 0.92 34.4 8.15 
NC7K F4 7.43 76.07 83.50 0.54 12.2 3.76 
NC7K F5 1.88 92.99 94.87 1.32 1.90 1.91 
NC7K F6 - 56.06 56.06 1.17 40.4 2.37 
NC7K F7 - 84.88 84.88 0.99 13.4 0.73 
NC7K ann 2.17 86.45 88.62 - 11.3 0.08 
 

 

 

 

 

 

49



 

Tab. 5: Recalculated carbon phase analysis results (residue-free) 

Carbon phase analysis results (recalculated on 0% residuals) 

Sample 
Amorphous/damaged 

carbon
CNTs carbon Total carbon Hydrogen Other 

% (δ = 0.05%) 
NC7K 2.51 97.32 99.83 - 0.17 
NC7Kp 2.07 95.55 97.62 0.26 2.12 

NC7K-F1 5.41 83.24 88.65 1.61 9.75 
NC7K-F2 4.47 89.11 93.58 1.03 5.39 
NC7K-F3 - 86.17 86.17 1.40 12.42 
NC7K-F4 8.46 86.64 95.10 0.62 4.28 
NC7K-F5 1.92 94.79 96.71 1.35 1.95 
NC7K-F6 - 94.06 94.06 1.96 3.98 
NC7K-F7 - 98.01 98.01 1.14 0.84 
NC7K-ann 2.45 97.46 99.91 - 0.09 

	

From the results (Tab. 4 and 5) it can be seen, that samples NC7K F1, F5 and F6 

are showing the highest hydrogen presence (in respective order), while sample NC7K F4 

CNTs’ structure is the most damaged one. 

If the results are recalculated to ideal 0% impurity presence, NC7K F6 sample 

is the one with highest hydrogen content; followed by samples F1, F3, F5 and F7. 

To ensure removal of these metallic impurities, additional HCl treatment is required. 

It can only be speculated that unidentified portion of the sample (labeled “Other”) 

is oxygen, as the reagents used are not expected to introduce other elements not present in 

solid residue after analysis. Results from FTIR are indicating presence of C=O group in 

samples NC7K F3, F5 and F6 so the possibility of this being oxygen is high. However this 

band was not found in samples NC7K F1 and F2, suggesting very much possible existence 

of –NO2 groups. 

 

3.3 Discussion and proposition of methodological procedures 

For the experimental part, series of samples were prepared using commonly used 

oxidizers. All samples were analyzed by well-established methods in this research field – 

scanning and transmission electron microscopy, Raman spectroscopy and FTIR analysis. 

Another conventional method is TGA (thermogravimetric analysis) suitable for many 

materials; instead the decision was made to use carbon phase analysis instead. 
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Benefits of this choice are self-explanatory; TGA is able to provide sample weight 

dependency on temperature/time, while carbon phase analysis provides dependency of 

carbon and hydrogen (or oxygen with nitrogen used as flushing gas) on temperature. As 

functionalization treatments were simple and their goal was oxidation of CNTs, carbon 

phase analysis is able to measure composition of almost every burnable element in CNTs. 

Residuals can be weighed as well as in TGA, giving information about metal catalysts 

portion. Another problem with TGA is the amount of time necessary to analyze one sample 

of CNTs (compared to carbon phase analysis) as well as smearing when oxidative 

atmosphere is used. 

FTIR results of thermally annealed CNTs (NC7K ann) are showing, that pristine 

CNTs (NC7K) are slightly oxidized. As the time and temperature of annealing was rather 

low, differences in FTIR spectra are sizable. The efficiency can be further enhanced by the 

increase of time and temperature as well. 

Samples treated with nitric acid are showing the biggest grade of oxidation 

according to FTIR analysis and carbon phase analysis as well, although majority of 

introduced groups are nitro ones, which does not necessarily mean unsuccessful 

functionalization, rather the opposite. Nitro groups can be converted to amino groups, 

making these treatments another possibility for amino-functionalization of CNTs. These 

treatments also removed ~50% of metallic impurities. 

Samples treated with potassium permanganate are showing greatest amount of 

oxidation with oxidic groups, as presented in FTIR and carbon phase analysis results 

(samples NC7K F3 and F6). Treatments using solely potassium permanganate were also 

successful in introduction of carboxylic groups onto CNTs surface. Strong influence of 

heating during procedure can be observed as well, reducing time required from one day to 

one hour to achieve similar results.  However, residual manganese dioxide is present in 

these samples, lowering thermal stability of CNTs; thus additional treatment is required 

to remove it (possibly using HCl). On the contrary, potassium permanganate in 

combination with sulfuric acid shows low amount of oxidation whilst not leaving 

manganese dioxide as impurity. This treatment also caused highest damage to CNTs. 

Treatment using combination of hydrogen peroxide and sulfuric acid (NC7K F5) 

can be considered the most successful purification in terms of removal metallic impurities. 

The removal efficiency is about 85%. Carbon phase analysis also shows the least damage 

done to CNTs and mediocre oxidation, although carboxylic groups were introduced. 
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Sample NC7K F7 (treatment using sodium hypochlorite) is probably the least 

efficient one. It was unsuccessful in removing metal impurities, oxidation grade 

is mediocre and thermal stability of CNTs is lowered. 

Treatment applied on sample NC7Kp was originally aimed to remove amorphous 

carbon while keeping the oxidation grade low. From obtained results it can be said, that the 

goal was accomplished. 

When it comes to suggest optimal methodology, one must first define demands on 

final product. From the results can be concluded, that none of the methodologies used are 

perfect. In most applications, removal of metallic impurities is requested. This can be 

accomplished quite successfully using mixture of hydrogen peroxide and sulfuric acid. If 

higher grade of oxidation is required, treatments using nitric acid or potassium 

permanganate can be subsequently chosen. Nitric acid treatments are more suitable for 

subsequent amination, while potassium permanganate treatments are more suitable for 

carboxylation of CNTs (subsequent HCl treatment required).  

In case of demand for complex purification, one might suggest utilizing hydrogen 

peroxide and sulfuric acid treatment followed by HCl treatment to remove metallic 

impurities and keeping oxidation grade low. Next step would be thermal annealing to 

remove oxidic groups present, thus graphitizing CNTs. 
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4 Conclusion 

This diploma thesis was focused on covalent functionalization of commercially 

available industrial grade CNTs (Nanocyl® NC7000). A variety of oxidizers were used for 

the experimental functionalization of CNTs, different in their oxidation strength, 

concentration and thermal conditions. All samples were analyzed by SEM, TEM (pristine 

NC7000 only), Raman spectroscopy, FTIR and carbon phase analysis. Examples of IR 

spectra were also modeled (by using oxidized SWCNT model). 

Functionalization efficiency in terms of damaging CNTs, grade of oxidation, 

metallic impurities removal and functional groups identification was performed according 

to results obtained. TEM images were used to measure diameter of nanotubes and number 

of walls. SEM images were taken to assess morphology of each sample. EDS provided 

information about elemental composition of metallic impurities. Raman spectroscopy was 

used to analyze structural integrity; however it turned out to be less efficient to assess 

changes induced by applied treatments. FTIR analysis provided qualitative information 

about functional groups presented. Carbon phase analysis was used to measure amount of 

carbon, hydrogen and metallic impurities in each sample. 

Thermal annealing was utilized to assess oxidation grade of pristine CNTs, showing 

low amount of hydroxylic groups presented in the sample (according to FTIR analysis). It 

was shown, that the effect of thermal annealing at lower temperatures and intervals can be 

observed in IR spectra. 

Treatments using nitric acid showed high oxidation efficiency and intermediate 

impurity removal. Majority of the functional groups introduced are probably nitro groups, 

but it was not confirmed. Functionalization methods utilizing potassium permanganate 

showed high oxidation efficiency as well. Moreover, these treatments were able to 

introduced carboxylic groups as well; however they also require subsequent impurity 

removal treatments. 

In terms of metallic impurity removal, the most efficient mixture was the one 

consisting of hydrogen peroxide. Although oxidation grade was low, removal efficiency 

was about 85%, making this mixture suitable for purification of CNTs. The overall 

performance of sodium hypochlorite was weak, probably due to concentration and time of 

the treatment itself. 
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 From the results it can also be concluded, that efficiencies of treatments used are 

relative with respect to pristine CNTs provided. Nowadays, there are many manufacturers 

in the world and the overall quality and composition of their respective products is 

different, thus making these results not entirely applicable to every CNT product.  
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