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Abstract
Carbon nanotubes (CNT)s show exceptional one-dimensional π-electron conjugation, mechanical strength, high chemical and thermal stability, which make them very attractive for use in many applications. CNTs intrinsically tend to hold together as ropes and bundles due to Van der Waals interactions. The prevention of such behavior has been investigated by testing a variety of surface modification methods. The functionalized CNTs present enhanced properties enabling facile production of novel nanomaterials and nanodevices. The functionalizations of CNTs could improve their chemical compatibility and dissolution properties, which enable both a more wide characterization and consequent chemical reactivity. This review aims to provide a brief synopsis about CNT functionalization and highlights recent development in functionalization of CNTs and their applications.
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1. Introduction 
Since carbon nanotubes (CNTs) discovery by Iijima in 1991, they have increasingly drawn the attention of research because of their interesting properties such as excellent mechanical and physical properties, low density, tunable semiconductivity, high modulus and high electrical/thermal properties [1-4]. These outstanding properties make them useful materials for applications in electronic devices, sensors, catalysis, energy storage, superconductors and field-emission devices [5].

CNTs are made of one or more graphene sheets rolled-up to form tubes. Single-walled CNTs (SWCNT)s comprise a single graphene layer seamlessly wrapped into a cylindrical tube. Multi-walled CNTs (MWCNT)s comprise an array of concentric cylinders coaxially arranged around a central hollow core with Van der Waals forces between adjacent layers. The cylindrical nanotubes generally have at least one end capped with a hemisphere of fullerene structure. The graphene layers could be wrapped to form various geometries. According to the rolling angle of the graphene sheet, the tubes may be of armchair, zigzag or chiral form. Current synthetic techniques produce a mixture of the different forms of MWCNTs or SWCNTs, with each single graphene layer having a different geometry [6-8].

However, CNTs tend to aggregate and form clusters owing to high Van der Waals force between the tubes, so the solubility in common solvents and interaction between CNTs and other compounds such as polymeric matrix or molecules is very limited. Functionalization of the CNT surface is a promising means of overcoming these problems and takes an important place for the purpose of application of CNTs [9]. Here, we provide an overview of recent progress and advances that have been made on the functionalization of CNTs and related applications.
2. Functionalization of CNT

CNTs have a tendency to agglomerate uncontrollably, as a result of high surface energy and the stabilization by numerous of π–π electron interactions among the tubes. Weak dispersibility and their insolubility in solvents and matrix have limited their applications. The potential applications of CNTs need an extensive functionalization of the nanotubes to make them processable and to tune their properties [10]. To overcome this drawback, two different strategies are used to disperse CNTs namely mechanical and chemical techniques. The mechanical methods involve high shear mixing, high impact mixing, grinding and rubbing, ultrasonication, and so on. These methods can separate nanotubes from each other, but can also break up nanotubes, decreasing their aspect ratio during processing, and these are time-consuming and ineffective approaches.

Chemical methods are designed to alter the surface energy of the CNTs, improving their wetting or adhesion characteristics and their dispersion stability. These methods are aimed to modify the surface chemistry of the CNTs either non-covalently (adsorption) or covalently (functionalization). Functionalized CNTs might have electrical, optical or mechanical properties that are different from those of the original nanotubes. Thus, it is an appealing area to functionalize CNTs for all kinds of applications [11, 12].
2.1. Covalent functionalization
Covalent functionalization is based on the formation of a covalent bonding between functional entities and the carbon skeleton of CNTs which is stronger than non-covalent interactions. Covalent functionalizations are employed to enhance CNTs dispersion in the target medium (polymer or solvent), which improve wetting or adhesion characteristics and reduce the agglomeration of CNTs [13, 14]. Covalently modifying CNTs could be summarized in two categories, direct covalent sidewall functionalization and indirect chemical modification with carboxylic groups on the surface of CNTs [12]. A considerable disadvantage for covalent functionalization is the disruption of the surface conjugated π network, which leads to deteriorate electrical conductivity. The impact of disrupted π conjugation on mechanical and maybe thermal properties is limited, while the impact on electrical properties is anticipated to be intense since each covalent functionalization site scatters electrons [15].
Mariatti and co-workers functionalized MWCNTs by diphenylcarbinol and silanization processes using 3-aminopropyltriethoxisilane (3APTES). The effects of functionalized MWCNTs (f-MWCNTs) on the mechanical properties and curing behavior of epoxy-based composites have been investigated. The results indicated that the introduction of MWCNTs decreased the activation energy of the reaction and promoted the cure reaction [16].
Li et al. introduced three types of chemical functional groups, aminophenyl (C6H4NH2), nitrophenyl (C6H4NO2) and benzoic acid (C6H4COOH), on the sidewalls of MWCNTs in order to find the optimal functionalization of MWCNTs for make MWCNTs more compatible with the liquid crystalline polymer (LCP). The effects of the electron donating and withdrawing groups attached to the f-MWCNTs on the dispersion of MWCNTs in the LCP matrix and their interaction with the LCP were investigated. The results showed that the –C6H4NH2 f-MWCNTs demonstrated the highest intermolecular interaction between MWCNTs and LCP, which led to the considerable changes in mechanical and rheological properties [17].
Covalent functionalization of SWCNTs with anthracene in molten urea through an environmentally friendly green chemistry approach was reported by Ravichandran’s group. The temperature dependent magnetization and electrical resistivity were determined for both functionalized SWCNTs and SWCNTs. The result showed a 300 fold increase in conductivity at room temperature for functionalized SWCNTs when compared to SWCNTs [18].

2.2. Non-covalent functionalization
Non-covalent functionalization is an alternative approach for adjustment the interfacial properties of nanotubes. It is based on supramolecular complexation using different adsorption forces, such as hydrogen bonds, Van der Waals force, electrostatic force and π-stacking interactions. Non-covalent surface functionalization frequently introduces fewer defects to the graphitic structure and does not destroy the conjugated system of the CNT sidewalls, which is important to maintain pristine structure and properties of CNTs [12, 15]. The main drawback of non-covalent attachment is that the forces between the wrapping molecule and the nanotube might be weak, and the efficiency of the load transfer might be low [19]. He et al. achieved non-covalently amino-f-MWCNTs (MWCNTs-NH2) by adsorption of H2NCH2CH2ONa to MWCNTs wall. Investigation of electrical and thermal mechanical properties on their epoxy composites exhibited non-covalently f-MWCNTs-NH2 were promising filler for developing electrical conductive MWCNT/epoxy composites with enhanced mechanical properties whereas maintaining the electrical properties of as-prepared MWCNT/epoxy [20].
Zhang and coworkers reported non-covalent modification of MWCNTs by the amino molecules of tetrazine compound. Tetrazine molecules could produce π-stacking with the graphitic sidewalls of MWCNTs. The introduction of amino groups on the surface of MWCNTs could help MWCNTs to disperse homogeneously in epoxy matrix. The results demonstrated that the conductivity of the amino coated MWCNTs/EP composites was considerable higher than that of pristine MWCNTs/EP composites [21].

2.3. Polymer functionalized carbon nanotube
Functionalization of CNTs with polymer molecules is usually used to improve their dispersion and fabricate CNT-based composites to investigate new properties. The main techniques for the modification of CNTs with polymers are covalent attachment (‘‘grafting to’’and ‘‘grafting from’’) and non-covalent attachment (polymer wrapping and absorption) [19].

In the “grafting from” method, the polymer is attached to the CNT surface by in-situ polymerization of monomers in presence of reactive CNTs or CNT supported initiators. It is the reaction between the reactive groups on the surfaces of CNTs and monomers. The benefit of this method is that polymer brushes with high grafting density can be simply produced [22].

Hua et al. introduced styryl (polymerizable groups) onto the surfaces of the MWCNTs by esterification based on the carboxylate salt of carbon nanotubes and p-chloromethylstyrene in toluene. Then the styryl-modified MWCNTs were used as macro-comonomers for in situ radical copolymerization with styrene and composites of styryl-f-MWCNTs and polystyrene were prepared. Based on the comparison between the scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images of polystyrene/MWCNTs nanocomposites (NCs) synthesized with styryl-grafted MWCNTs and raw MWCNTs, the styryl-grafted MWCNTs provided enhanced compatibility with polystyrene matrix than raw MWCNTs. The results of differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) showed the improved thermal conductivity and Tg owing to the uniform dispersion of MWCNTs in polystyrene matrix and covalently bond between them [23].

The “grafting to” method is based on attachment of polymer molecules on the CNT surface by chemical reactions for instance esterification, amidation, radical coupling, etc. It is the reaction between functional groups on the nanotube surfaces and readymade polymers [19, 22].

Kitano et al. used azo-type radical initiator carrying poly(2-methacryloyloxyethyl D-glucopyranoside) blocks (PMEGlc-initiator) for the modification of SWCNT. The radicals from the macro-initiator were trapped by SWCNT giving the SWCNT covalently modified with the cloven macro-initiator (Fig. 1). Furthermore, the SWCNT covalently functionalized with terminal-aminated poly(N-isopropyl acrylamide) (PIPA) through a condensation reaction between carboxylated SWCNT and PIPA. The terminal-aminated PIPA, 1-hydroxybenzotriazole monohydrate (HOBt) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide HCl (WSC) were added to the carboxylated SWCNT dispersion (10.0 mg in 30 mL H2O) at pH 5.5 for 3 days. The SWCNT was washed thoroughly with water by the centrifugeand consequent ultrafiltration (Fig. 2). The functionalized SWCNT could stably be dispersed in aqueous solutions while maintaining the stimuli-responsive and bio-related functions attributed to the introduced polymer chains [24].

Figure 1

Figure 2
Gao and co-workers reported functionalization of MWCNT by poly(ethyleneimine) (PEI) to prepare CNT/epoxy matrix composite for the potential of thermal performance improvement. In comparison with non-functionalized CNTs, the PEI functionalized CNTs demonstrated better dispersion in epoxy matrix and higher thermal conductivity. A 660% improvement in thermal conductivity could be attained in the CNT/epoxy matrix composite when the containing of PEI functionalized CNTs was as high as 8 vol.% [25].

Park et al. described covalent functionalization of CNTs by surface-initiated ring-opening polymerization of epoxides. TEM and SEM micrographs of functionalized CNTs showed that the nanotubes were enwrapped by polymer chains. The amount of grafted polymer varied from 14 to 74 wt% with rising reaction temperature. The O/C ratio of CNTs increased considerably from 5.1% to 29.8% after surface modification of CNTs [26].

Famá et al. reported a methodology to link covalently MWCNTs with biodegradable polylactic acid (PLA) in order to ensure good stress transfer and therefore good mechanical response. PLA was modified with benzoyl chloride and MWCNTs functionalized by Fenton reaction and both modified materials were bounded covalently by esterification reaction. It was observed that the addition of f-MWCNTs improved Young’s modulus and strength without losing deformation [27].

Non-covalent functionalization is an alternate technique for tuning the interfacial properties of CNTs. Morishita et al. achieved non-covalent functionalization of MWCNTs using macromer-grafted polymers (MGPs). MGP (1) was designed to have polymer side chains to improve the MWCNT solubilization in desirable solvents and pyrene moieties to enhance physical adsorption of MGPs on MWCNT surfaces, consequential from π–π stacking between the MWCNT surface and pyrene units. Fig. 3 demonstrates a schematic illustration of physical adsorption of MGP 1 on MWCNT surface. MGP 1 was prepared by radical copolymerization of macromer 2 with appropriate polymer side chains, 1-pyrenyl butyl methyl methacrylate 3 as the pyrene unit, and methyl methacrylate 4 as a spacer unit (Scheme. 1). These MGPs showed strong physical adsorption on the MWCNT surfaces and act as solubilizers that improve solubility of MWCNTs in both chloroform and hexane, which is usually a poor solvent for MWCNTs [28].

Figure 3

Scheme. 1
2.4. Functionalization with biomolecules
CNTs functionalized with biological molecules exhibit great potential for application in nanotechnology and bioengineering. The studies of CNTs interfacing with biology were generally focused on the interactions of CNTs and biological molecules, for instance nucleic acids, proteins and peptides [29-31]. 

Direct contact with pristine CNT aggregates destroys the cell membrane and leads to cell death [32]. Functionalization with various groups could improve the antimicrobial activity of CNTs. Shanbedi and co-workers functionalized MWCNTs with lysine under microwave irradiation. Antimicrobial activity of pristine and functionalized CNTs was investigated by minimal inhibitory concentration (MIC). The MIC results revealed that functionalized CNTs with lysine were more effective than pristine CNTs against all studied bacteria. The more efficient antimicrobial of CNT-Lysine was related to electrostatic adsorption of bacteria membrane, because of positive charges of the lysine groups on CNTs [33].

In another study, Zou’s group synthesized poly-L-lysine (PLL) using lysine as raw material by N-carboxyanhydride polymerization. MWCNTs were functionalized with PLL by non-convalent method in order to prepare MWCNTs-PLL composite. TGA curve revealed that mass percent of PLL in MWCNTs-PLL composite was about 5%. The obtained MWCNTs-PLL composite could disperse steadily in water as a result of the hydrophilicity of PLL and electrostatic repulsion between MWCNTs-PLL composites [34].

Wu et al. reported the immobilization of a natural pigment, riboflavin (RF), onto MWCNTs by a non-covalent method. RF is a flavoprotein and essential coenzyme in many biological transformations. It is necessary for growth, reproduction and repair hair, skin, nails and joints and is significant for the safety of the body against disease protection [35]. RF and MWCNT mixtures were mulled in agate mortar to prepare an exfoliative solid. This solid was washed and centrifuged to remove the non-immobilized RF (Scheme. 2). 1H NMR analysis showed π-π stacking interaction by observing the resonance peaks’ shifts. Unlike the insoluble pristine MWCNTs, the RF/MWCNTs demonstrated good water solubility and could be stored in the dark for weeks without precipitation [36].

Scheme. 2

Mallakpour et al. reported a convenient strategy to functionalize CNTs with ascorbic acid under microwave irradiation and presented evidences for the attachment between MWCNTs and ascorbic acid molecule. Functionalization was followed by a condensation reaction between the primary hydroxyl group of ascorbic acid and carboxylic acid group of the MWCNT’s surface. F-MWCNTs was employed as a means of improving the state of dispersion of MWCNTs in the poly(amide-imide) (PAI) matrix. The results of the tensile mechanical tests revealed that the tensile strength significantly increased from 75 to 102.2 MPa for the sample with 5 wt% f-MWCNTs loading and it was 36.3% higher than that of the neat PAI [37]. 
Mallakpour and co-worker have also investigated functionalization of MWCNTs with glucose using a covalent, non-specific functionalization approach. An esterification reaction, catalyzed by N,N′-carbonyldiimidazole (CDI), occurred between the carboxylic acid group of the acidified MWCNT’s surface and the glucose molecule. Carboxylated MWCNTs were reacted with CDI to form MWCNT-imidazolide. The MWCNT-imidazolide was reacted with glucose dissolved in water solvent system. The grafting was confirmed by TGA, FT-IR spectroscopy, and electron microscopic techniques such as TEM and field emission scanning electron microscopy (FE-SEM) [38].

In another study by Mallakpour et al. MWCNTs were functionalized with seven different amino acids (S-valine, L-alanine , L-leucine, L-isoleucine , S-methionine, L-phenylalanine , and L-tyrosine ) under microwave irradiation. The carboxylic acid groups at the CNT surface were converted into amide by a condensation reaction between the amino groups of amino acid and carboxylic acid group. Also, a diazonium reaction could be occurred between amino acid molecules and uncarboxylated areas on MWCNT, resulting in the attachment of amino acids to these sites. The procedure is fast, simple and resulted in a high degree of functionalization as well as dispersibility in organic solvents. The amino acid-modified CNTs will grant improvement of compatibility and could promise multipurpose in bionanomaterials and biomedical systems. It could be important precursors for design and preparation of NCs and fibers, targeted drug delivery, and other biomedical and engineering applications [39].

An effective technique for the attachment of biomolecules [bovine serum albumin (BSA) protein and deoxyribonucleic acid (DNA)] to amino-group-f-MWCNTs was reported by Awasthi and coworkers. The MWCNTs were functionalized with carboxylic groups by acid oxidation treatments using ultrasonication bath and further treated with ethylenediamine (NH2 (CH2)2 NH2) to introduce amino groups on the side walls and ends of MWCNTs by amide formation. Then the amino f-MWCNTs were treated with BSA protein and DNA. The TEM observations obviously confirmed the attachment of BSA protein and DNA to the amino f-MWCNTs. The chemical linkage of BSA protein and DNA was verified by the shift of the C=O (amide bond) peak in the amino f-MWCNTs-BSA protein/DNA samples [40]. 

Polysaccharides are among the best candidates for chemical modification of CNTs. They can combine the properties of additional synthetic counterparts with their inherent biocompatibility. Xanthan gum is a polysaccharide and water-soluble biopolymers secreted by the bacterium Xanthomonas campestris, used as a food additive and rheology modifier. Flahaut et al. synthesized hydrophobically modified Xanthan with three derivatives (Diphenylmaleic anhydride, Phtalic anhydride, Epichlorhydrin-Phenol) and studied how such derivatives of Xanthan should prevent the agglomeration of double-walled CNTs in water and therefore consequence in improved dispersibility of suspensions. Results indicated that the obtained suspensions of double-walled CNTs have e a high stability against agglomeration through steric stabilization resulting from the high hydrophobic interaction between the benzene ring of modified Xanthan and the CNTs through π–π stacking [41].

2.5. Nanoparticle decorated carbon nanotube
Many studies have been interested to production of metal nanoparticle (NPs)-decorated CNTs for exceptional optical, magnetic and electrical properties. The combination of two materials is useful to associate the properties of two components in hybrid materials.

Li and Xin decorated CNTs with silver (Ag–CNTs) using N,N-dimethylformamide (DMF) as a reductant. TEM images confirmed that the silver NPs were uniformly decorated and attached tightly onto CNTs surface without aggregation. The average diameter of the Ag particles is several nanometers (Fig. 4). Two thermoplastic polymers, polypropylene (PP) and polystyrene (PS), containing Ag–CNTs and pristine CNTs were prepared by two different methods: melt mixing and solution mixing. It was found that the solution mixing could result in a better dispersion of CNTs than the melt mixing, leading to better electrical conductivity and mechanical properties. The electrical conductivity and mechanical properties of composites containing Ag–CNTs was considerably improved as compared to composites containing pristine CNTs, confirming the benefit of the Ag–CNTs as efficient conductive fillers. Both Ag–CNTs and pristine CNTs could increase tensile modulus and strength, but the Ag–CNTs had a better effect than pristine CNTs because of the silver NPs could help improving the dispersion of CNTs due to the reduced surface energy and Van der Waals forces between CNTs [42].

Figure 4
Kim’s group reported a simple approach to decorate CNT with silver NPs to enhance the electrical conductivity of CNT and reduce the contact resistance of CNT junctions in a polymer matrix. CNTs were functionalized by ball milling in the presence of ammonium bicarbonate (NH4HCO3.), followed by reduction of silver ions in DMF, preparation silver decorated CNTs (Ag-CNTs). The pH value of the reaction had a significant role for distribution of Ag-NPs on CNTs. Well dispersed Ag-NPs were attained at a pH value about 6. The degree of interactions between CNTs and Ag was estimated with and without ball milling functionalization. When pristine CNTs were used for Ag decoration, most Ag-NPs were deposited onto the carbon film of the copper grid used for TEM characterization (Fig. 5a). The high resolution TEM (HRTEM) image revealed that the CNT surface was comparatively clean without any evidence of Ag-NPs on it. A number of Ag-NPs were introduced inside the CNTs because of the capillary effect (Fig. 5b). When the CNTs were functionalized in the presence of NH4HCO3, several Ag-NPs attached to the CNT surface. Fig. 5c and 5d indicated that the Ag-NPs were uniformly distributed without agglomeration. The strong signal at about 3 keV of the energy dispersion X-ray (EDX) spectrum was a testament to the decoration of Ag-NPs on CNT surface (Fig. 5e). The Ag-CNTs were incorporated into an epoxy resin as conducting fillers to produce electrically conducting composites. The electrical conductivity of composites containing 0.10 wt% of Ag-CNTs was more than four orders of magnitude higher than those containing same content of pristine and functionalized CNTs [43].
Figure 5

In another study by Murugan and Vimala, MWCNTs functionalized with amphiphilic poly(propyleneimine) dendrimer (MWCNTs-APPI), and the f-MWCNTs were decorated with silver NPs (MWCNTs-APPI-AgNPs). TGA results showed that the relative content of covalently attached APPI to the surface of MWCNT was about 67%. The stability of dispersed MWCNTs-APPI in organic solvents such as toluene, chloroform, ethanol, THF, DMSO, and water were investigated keeping the solution for more than 6 months. It could be observed that the solution was stable without forming precipitate at the bottom of the vials. Thus, APPI acts as a dispersing agent for MWCNTs. The dispersability in organic solvents was attained as a result of attraction between the alkyl groups of the APPI dendrimer and the hydrophobic surface of MWCNTs. The MWCNTs-APPI-AgNPs hybrid was prepared by deposition of Ag-NPs onto the MWCNTs-APPI and characterized with spectroscopy and microscopy techniques. The antimicrobial activities of MWCNTs-APPI and MWCNTs-APPI-AgNPs against three different representative microorganism, Staphylococcus aureus, Bacillus subtilis, and Escheriachia coli demonstrated excellent activity. The order of activity in terms of percentage of kill was MWCNTs-APPIAgNPs> MWCNTS-APPI > MWCNTS-COOH [44].
Cveticanin et al. used poly(vinyl alcohol) (PVA) as a source to reduce silver metal ions without having any additional reducing agents to achieve Ag-NPs on SWCNTs and MWCNTs. The decoration of CNTs with Ag-NPs takes place by anchoring of PVA to the surface of CNTs and simultaneous reduction of Ag+ ions under the γ-irradiation. It was shown that the decoration of CNTs with Ag-NPs was much better when Ag/PVA/CNTs were prepared only with PVA• radicals as a reduction species, both for SWCNTs and MWCNTs [45].
In another study, Jeong synthesized suspended SWCNT networks by thermal chemical vapor deposition (CVD) and directly functionalized them with amine group and subsequently functionalized with Au NPs. By measuring the electric properties after each functionalization procedure, it was found that Au NPs performed as electron acceptor to the amine-f-SWCNTs [46].

2.6. Surfactants functionalized carbon nanotube
A wide variety of surfactants have been investigated for dispersion of CNTs include:

(1) non-ionic surfactants, such as octyl phenol ethoxylate (Triton X-100) [47], polyoxyethylene (23) lauryl ether [48], octylphenoxypolyethoxyethanol (Nonidet-P40) [49]; (2) anionic surfactants, such as sodium dodecyl sulfate (SDS) [50], sodium dodecyl benzene sulphonate (SDBS) [51]; (3) cationic surfactants, such as hexadecyltrimethylammonium bromide (CTAB) [52, 53], dodecyl tri-methyl ammoniumbromide (DTAB) [54], cetyltrimethylammounium 4-vinylbenzoate (CTVB) [55]. 

Kim et al. developed a novel method to prepare highly dispersed MWCNTs by cationic surfactant dodecyl trimethylammonium bromide (DTAB), anionic surfactant sodium octanoate (SOCT) and their mixture (1:1). The surfactants were anchored onto the surface of the as-received MWCNTs by a physical interaction using an easy ultrasonic method. Different surfactant concentration levels containing 0.01 wt % MWCNTs were prepared. The samples were ultrasonicated for 2 h to get the surfactant-coated MWCNTs. Both dispersion of MWCNT bundles and functionalization are attained in a single step. The surfactants used individually were unable to make stable suspensions of MWCNTs, whereas in comparison, a mixture of two surfactants exhibited excellent stability at low total surfactant concentration [56].

Nguyen and coworkers prepared stable aqueous suspensions of CNTs in water using a zwitterionic surfactant, 3-(N,N-dimethylstearylammonio)-propanesulfonate (ZW). Cu47.5Zr47.5Al5 (CZA) and Cu50Zr50 (CZ) (at.%) powders were submersed in the ZW-CNT suspensions with dwell time from 1 to 6 h in an ultrasonic bath in order to understand the adhesion-debonding behavior of CNTs onto-from metal powder surfaces. The ZW-CNT metal powder suspensions were dried, and CNT-metal composite powders were obtained after decomposition of the surfactant by calcination. ZW surfactants suffer a self-assembly process onto CNT surfaces forming monolayers, which form an electrostatic double layer. Hydrolysis of metal ions into aqueous suspension generates a net positive charge on the metallic powder surfaces. Adhesion of ZW functionalized CNTs (net negative charge) onto the metallic powder particles is supposed to occur through interaction of hydrolyzed metallic powder particles (net positive charge) with the electrical double layer [57].

Lin et al. prepared CNT suspensions stabilized by SDBS, Triton X-100 and cetylpyridinium chloride (CPC) and laboratory column experiments were conducted to investigate mobility of MWCNTs suspended by these surfactants in four disturbed soil samples with certain particle sizes. Direct interaction of the soil grains with the surfactants-stabilized MWCNTs was studied. Results demonstrated that the positively-charged CPC-CNT was completely maintained in the columns whereas the negatively-charged SDBS-CNT and TX-100-CNT more or less broke through the columns [58].

In another study, Chen et al. introduced SDBS to the impregnation solution to promote boron nitride formation on MWCNTs through a dip-coating method based on the reaction of the CNTs with H3BO3 and CO(NH2)2 at 1000 oC. The surfactant showed a key function in forming thick boron nitride layers on the MWCNT surface. The coated CNTs revealed controlled electrical property, which offer good possibilities and directions for further preparation of devices and composites [59].
3. Applications

3.1. Sensor
CNTs, among different nano-materials used for design of the nanosensors, have attracted much interest due to their excellent electrical and mechanical properties [60]. Surface functionalization is one of the most important steps for CNT based sensors and biosensors. The surface of CNTs is functionalized for generally two purposes: First, to solubilize and isolate them, second to make them biocompatible or functional for a specific application [61]. CNTs sensitivity to the existence of different molecules in their surrounding chemical environment is a problem owing to interference from these molecules. Since CNTs are sensitive to several substances, it is necessary to functionalize and protect them so that they are selective to the selected target molecule [62].

CNTs have been broadly used as electrode material because of their top surface, considerable mechanical strength, high electrical conduction and significant ability to mediate fast electron transfer kinetics for a wide variety of electroactive species. Various organic and inorganic molecules have been effectively decorated on CNTs by different techniques. Titanium oxide (TiO2) has become an excellent electrode material for electrochemical sensors and biosensors applications, owing to its high conductivity, low cost, nontoxicity, good biocompatibility and high efficient photocatalytic properties. Arvand and Palizkar prepared MWCNTs coated by a layer of TiO2 by sol-gel process. The hydroxyl groups on the surface of the TiO2 could respond to 3-aminopropyl-(diethoxy)-methylsilane as a silane coupling factor to generate the amine functional groups at the surface under mild conditions. The amine-functionalized TiO2/ MWCNTs (NH2-TiO2-MWCNTs) were used for modification of glassy carbon electrode. The modified electrode was applied for determination of olanzapine in human blood serum and in commercial tablet to demonstrate the applicability of this electrode for analysis of olanzapine in real samples. Due to the exceptional properties of NH2-TiO2-MWCNTs NC such as numerous active sites, large surface area and stable electronic properties, the modified electrode exhibited considerable surface improvement effects on the electrochemical behavior of olanzapine [63].

Kumar and Nellaiappan prepared riboflavin (vitamin B2) immobilized MWCNTs modified electrode. It was demonstrated as a selective and sensitive electrocatalytic flow injection analysis electrochemical sensor for iodate detection. Good electrocatalysis toward iodate was observed with a distinctive cyclic voltammetry profile and outstanding stability, reproducibility, and workability in hydrodynamic flow injection analysis conditions [64].

Ghourchian and coworkers produced amine-functionalized MWCNTs using the process of dielectric barrier discharge (DBD) plasma treatment. MWCNTs were treated in a DBD plasma reactor in helium atmosphere for 8 min, and then introducing ammonia gas at 200 oC for 1 h. The skeleton structure of the MWCNTs was preserved during this process. The amine-functionalized MWCNTs were then fixed on glassy carbon electrode and glucose oxidase as a model enzyme was immobilized on the modified glassy carbon electrode. The negatively charged glucose oxidase was electrostatically adsorbed to the positively charged amine-functionalized MWCNTs, removing the disadvantages of the poor adsorptive capacity of enzymes. The obtained modified electrode was used as a glucose biosensor. The amine functional groups increased the biocompatibility of MWCNTs and supplied an appropriate microenvironment for the enzyme to preserve its biological activity [65].

Radiation-induced graft polymerization (RIGP) is a useful technique for the introduction of functional groups into various polymer materials by specially selected monomers. It can be used to functionalize the surface of MWCNTs to achieve the desired hydrophilic properties. Choi et al. described the functionalization of MWCNTs through RIGP of different vinyl monomers with desired functional groups using γ-irradiation. The used vinyl monomers were maleic anhydride, acrylic acid, methacrylic acid, glycidyl methacrylate, and 4-vinylphenyl- boronic acid (Fig. 6). After that, an electrode for glucose sensing without enzymes based on boronic acid-modified MWCNTs was prepared and the application of these f-MWCNTs in enzyme-free biosensors was investigated. As shown in Fig. 7, the boronic acids on the surface of the MWCNTs can be prepared to react with diol groups on the glucose. 10 Mm glucose was measured in 10mM phosphate buffer solution, using the glass carbon electrode (a), MWCNTs-Nafion electrode (b), and f-MWCNTs-Nafion electrode (c). As can be seen from Fig. 8(a) and (b), no redox peaks were observed for glucose on the glass carbon electrode or the MWCNTs-Nafion electrode. Nevertheless, the redox peaks for glucose on the f-MWNTs-Nafion electrode were clearly salient, as shown in Fig. 8(c). This revealed the interaction of boronic acid in the f-MWCNTs with the diol groups on the glucose [66].
Figures 6, 7 and 8
3.2. Catalyst
Due to the remarkable properties of CNTs, it has been receiving a great deal of attention as a support in heterogeneous catalysis. Transition metal NPs supported on CNTs-catalyzed reactions offers the benefits of simplified isolation of product, high atom efficiency, and simple recovery and recyclability of the catalyst [67]. 
Kim and coworkers decorated copper oxide NPs (CuONPs) on acid treated MWCNTs using copper acetate precursor through a simple ‘‘mix and heat’’ technique without the use of any solvent, reducing agent, or electric current. Before mix-and-heat, MWCNTs were treated with a 3:1 mixture of conc. H2SO4 and HNO3, and sonicated in an ultrasonic bath to obtain f-MWCNTs. The resultant solid was filtrated and washed with deionized water and then dried. After that, Cu(OAc)2 was added into f-MWCNTs and mixed homogeneously by a mortar and pestle. Then the mixture was calcinated under argon atmosphere at 350oC. Schematic illustration for the preparation of CuO/MWCNT are shown in Fig. 9.

Figure 9

MWCNTs supported CuONPs behaved as efficient nanocatalyst for N-arylation of imidazole with various aryl halides. The proposed catalyst was chemically and physically very stable, reusable and heterogenous in nature. After the catalytic reaction, MWCNTs were effectively separated from the used CuO/MWCNT and could be used for any further applications [68].

Daletou et al. functionalized MWCNTs with pyridine or hydroxypyridine moieties through the solvent-free functionalization by the use of isoamyl nitrite and 3-aminopyridine or 2-amino-3-hydroxypyridine, respectively. Modified CNTs were used as the support. Platinum was deposited on the new carbon supports and the functionalized CNTs Pt supported catalysts were prepared. Platinum deposition on the new carbon supports was carried out using the polyol synthetic process, through the reduction of the Pt salt in ethylene glycol solution. Polyol procedure is a versatile chemical method, which provides a high-boiling solvent and reducing agent to reduce metal salts to metal particles. Measurements of the catalytic activity towards oxygen reduction were also carried out to estimate the potential use of these materials as catalytic layers in polymer electrolyte membrane fuel cells [69].

Liu et al. fabricated sulfonated magnetic CNT arrays and used as magnetic solid acid catalysts for hydrolyses of polysaccharides in crop stalks into sugars. To determine the catalytic performance, the synthesized sulfonated magnetic CNT arrays were applied to the hydrolysis of wheat, maize, rice and bean stalks. The results show the as-prepared sulfonated magnetic CNT arrays revealed high selectivity and activity, good magnetic property and stability, indicating a good potential application for efficient hydrolyses of polysaccharides in crop stalks in the future [70].
3.3. Polymer composites

CNT has been receiving the spotlight as a filler material for polymers due to its extraordinary properties [71]. The reinforcement efficiency of CNT in a matrix depends on dispersion morphology, types of bonding with surrounding polymer, content fraction of fillers, aspect ratio and waviness of CNTs [6]. There are various techniques for the dispersion of CNTs in the polymer matrix for instance melt mixing, solution mixing, electrospinning, in-situ polymerization and chemical modification of the CNTs [22]. The chemically modified CNTs can enhance the homogeneity and dispersion of the CNTs within a polymer matrix and can effectively increase the interfacial interaction between CNTs and polymer chains, leading to high load-transfer ability and high mechanical strength of the composites [17].

Yan et al. illustrated a facile synthetic method of amine-grafted MWCNTs using silane coupling agent. 1 eq of carboxylated MWCNTs were dispersed in DMF, 1eq of HOBt and EDC•HCl and 1.2 eq of triethylamine and silane coupling agent KH550 were added to this solution, stirring at room temperature for 2h. After the reaction, the solid was washed with anhydrous ethanol for several times to eliminate residual silane. The obtained MWCNTs were added to ammonia for hydrolysis reaction and ultrasonic vibration for 3h. After that the MWCNTs was washed with anhydrous ethanol for several times until PH=7 and dried in vacuum at 80 oC. The results showed that the amine groups were grafted onto the surface of MWCNTs and symmetry of MWCNTs was not destroyed. The resulting amine f-MWCNTs were well dispersed in resin matrix and their distribution was comparatively homogenous. They present large polar forces between nanotubes and strong interaction with resin matrix. The effective interaction between amine grafted MWCNTs increased the crosslink density and the values of glass transition temperature which confirmed the good compatibility with resin matrix. The addition of thermally conductive fillers improved the coefficient of thermal conductivity compared with neat epoxy [72].

Suraya and coworker incorporated CNT and short carbon fibers into an epoxy matrix to produce a high performance multiscale composite through low filler contents of both micro and nano reinforcements. Epoxy resin was chosen as matrix since it is an attractive resin in the composite industry because of its excellent strength, stiffness, chemical resistance and dimensional stability. To enhance the stress transfer between epoxy and carbon fibers, CNT were also grown on fibers through CVD method to prepare CNT grown short carbon fibers (CSCF). Conventional CSCF-epoxy and CNT-epoxy composites were prepared and compared with CSCF-CNT-epoxy. Mechanical characterization of composites was carried out to study the synergy effects of CNT and CSCF in the epoxy matrix. Incorporation of 1 wt.% CSCF with CNT-epoxy led to preparation of multiscale composites which demonstrated a considerable increase of both strength and modulus compared to the baseline epoxy. Modulus and strength of 0.2%CNT-1%CSCF composite were increased to 2.37 GPa and 75.49 MPa respectively in comparison with 1.75 GPa and 55 MPa for the baseline epoxy [73]. 
Polymer foams are a class of cellular materials that have excellent physical, thermal and mechanical properties and are thus desirable engineering materials. Polyurethane (PU) foams are fabricated on an industrial scale finding wide use in transportation, structural and building applications. With the aim of developing a new class of lightweight materials with improved properties, much interest has been focused on polymer NC foams [74]. It is probable to produce a class of materials with promising characteristics, by addition just a little amount of NPs to the polymer matrix. In a study by Pyrz et al. the effect of different concentrations of montmorillonite–CNT hybrids on the final properties of PU NC foams was investigated and compared to pure PU foam. The hybrids were produced by CVD and dispersed in PU foam by an in situ polymerization procedure. The incorporation of the hybrids into PU foam improved the compressive properties of the obtained PU NC foams making it appropriate for different applications. The NC foams showed a decrease in the cell size with a rising amount of particles and an increase in cell density. The incorporation of montmorillonite–CNT hybrids seems to increase the viscosity which hinders the cell growth and results in smaller cell sizes. The microstructures of the pure PU foam and the different types of PU NC foams produced with 0.25%, 0.5% and 1% of montmorillonite–CNT hybrids are shown in Figs. 10 [75].

Figure 10
Mallakpour et al. [76-80] have incorporated carboxylated-MWCNTs into various PAI and poly(easter–imide) matrixes by a simple ultrasonication-assisted solution blending process. The high compatibility of polymer matrixes for acid-modified MWCNTs was discussed. The carboxyl-functionalized MWCNT appeared to facilitate the dispersion state of MWCNT in the polymer matrix. The homogenous dispersion of MWCNTs and the effective improvement performance of the polymer were because of the stronger interfacial adhesion between the polymer matrix and the sidewall of MWCNTs–COOH which altered the morphological structure of composites as confirmed by FE-SEM and TEM. The reinforcing effect of the content of MWCNTs on the thermal and mechanical properties of the NCs has been examined. NC films were prepared by casting a solution of precursor polymer containing MWCNTs into a thin film, and its tensile properties were studied. It is found that the addition of acid-modified MWCNTs polymer matrix led to obvious improvements in the Young’s modulus, tensile strength and thermal stability of polymers.
In another study by Mallakpour and Soltanian [81, 82], carboxylated-MWCNT was covalently functionalized with 5-aminoisophthalic acid through microwave assisted method in order to achieve increased solubility and dispersability. The carboxylic acid groups could be reacted with the NH2 functional group of 5-aminoisophthalic acid to form an amide covalent bond by a condensation reaction under microwave irradiation. Modified MWCNTs were incorporated into a chiral and biodegradable poly (ester-imide) matrix using solution mixing and ultrasonic dispersion technique. Ultrasonic irradiation was used to break the agglomerate of the CNTs and achieve the fine dispersion of CNTs in polymer. To make MWCNTs more compatible with the polymer, 5-aminoisophthalic acid was introduced to the sidewalls of MWCNTs. The chemical modification of MWCNT reduced the tendency of CNTs to aggregate, leading to improved interaction of the polymer chains with MWCNTs and effective load transfer from the polymer matrix to the CNTs. TGA results revealed that thermal decomposition temperature of the poly (ester-imide) gradually increased as more f-MWCNTs were incorporated into the composite, demonstrating that an improvement was attained due to the presence of f-MWCNTs as reinforcement.

Mallakpour and zadehnazari [83] have also investigated PAI composites containing p-aminophenol f-MWCNTs through ultrasonically assisted process. The MWCNTs were modified with p-aminophenol under microwave irradiation to ensure proper dispersion and appropriate interfacial adhesion between the CNTs and polymer matrix. The procedure was simple, fast, one-pot and results in a high degree of functionalization and dispersibility in organic solvents. The p-aminophenol functionalities on MWCNTs were able to undergo additional reactions, while the structure of the MWCNTs remains comparatively intact. With the intention of development of synthetic methodologies by eliminating toxic, flammable, or carcinogenic organic solvents, PAI were synthesized by step-growth polymerization using a molten ionic salt, TBAB, as a green chemical medium and rapid microwave activation as a nonconventional energy source in organic chemistry. The introduction of various functional groups into the backbone of the aromatic polymer resulted in hydrogen bonding with modified MWCNTs, and PAI chains were strongly attached to the surface of MWCNTs. The mechanical properties and heat-stabilization of NCs were much improved with incorporation of f-MWCNTs and non-covalent bonding between CNTs and polymer chains. 
Mallakpour et al. reported covalently attachment of S-valine amino acid to carboxylated MWCNTs by an amide bond and effectively dispersed in various aromatic polymer such as poly(ester–imide), poly(amide-thioester-imide) and PAI as a continuous medium to prepare MWCNTs reinforced composites. The results indicated that thermal and mechanical properties of the composites were improved, in comparison with those of pure polymers [84-88].

3.4. Biological applications
CNTs have been explored for various biomedical applications such as therapeutic drug delivery systems, diagnostic and imaging tools, biosensors, anti-cancer, gene therapy, tissue engineering scaffolds, photo-thermal therapy and neuron prosthesis [89-90]. One of the main beneficial features of CNTs in biological applications is the ability to link a variety of species for instance cells, sugars, proteins and DNA. These biological or non-biological molecules can improve solubility, electrical properties and biocompatibility to interact with other biological specimens in the micro-environment [89].

CNT can achieve entry into cells efficiently and perform as “nano-needles” which penetrate cells by a diffusion-like mechanism. The form, dimensions of CNT and the technique in which they are functionalized can determine the mechanism of cellular entry [91]. The probable mechanisms suggested for CNT–drug interaction are: (1) the absorption of active components of drug within the CNT mesh, (2) covalent or non-covalent linkage of drug molecules, nucleic acids and peptides to the outside walls of the CNTs, and (3) the utilize of CNT channels as catheters [92]. Different therapeutic agents, ranging from small molecules like antimicrobials [93], and anti-inflammatory agents [94], to more complicated biologics such as antibodies [95], peptide-based vaccines [96] have been effectively delivered with CNTs by different strategies, indicating superior efficacy and reduced toxicity.
Both SWCNTs and MWCNTs are investigated as a drug delivery nanocarrier. They can be covalently attached to drug molecules and carry them throughout the body in a biocompatible approach. They are exhibited to cross cell membranes and show blood circulation half-lives of the order of hours [92]. The loaded dose of the drug in direct attachment to CNT is moderately limited; thus high concentrations of CNT are required for delivery of an adequate amount of drug. In this respect, liposomes are employed as drug carriers such as doxorubicin (DOX). They are biocompatible and biodegradable and can be loaded with a great quantity of drug.

Drug-loaded liposomes were covalently attached to CNT to form a CNT-liposomes conjugate by Regev’s group. Pristine MWCNT were treated with nitric acid, resulting in carboxyl groups' decoration of the MWCNT surface. The liposomes were covalently attached to the carboxylated-MWCNT by an amide bond between the carboxylic groups of CNTs surface and the amine groups, which are part of the liposome's membrane. The benefit of this approach is the high transported dose of drug that can be delivered by the CNT through the covalently attached liposomes (10000–15000 DOX molecules per single liposome), consequently avoiding potential unfavorable systemic effects of CNT when administered at high doses [97].
CNTs are emerging as promising delivery vehicles for chemotherapies and cancer diagnostics. The intention of chemotherapy is to destroy cancer cells while minimizing side effects to healthy tissue [98]. McFadden and coworkers designed a drug delivery system for the anti-cancer drugs DOX and mitoxantrone based on CNTs, affording high chemical and biological stability, high drug loading and selective cancer treatment through an active targeting scheme. The therapeutic efficiency of the system in cell viability assays was studied and found that whilst drug-loaded CNTs were less effective than the free drugs, attachment of the targeting agent folic acid considerably improved the efficiency and selectivity of the system. Free mitoxantrone and DOX are both very efficient in vitro experiments owing to their aqueous solubility and membrane permeability. The targeted, drug loaded CNTs are selective in contrast to the free drugs and furthermore allow for sustained release, which is probable to decrease drug-related side effects in animal models and clinical studies [99].

Yang’s group functionalized shortened MWCNTs with PEI for further covalent conjugation to fluorescein isothiocyanate (FITC) and prostate stem cell antigen (PSCA) monoclonal antibody (mAb). At first, the MWCNTs were oxidized and shortened to introduce carboxylic acid groups onto the side walls of CNTs. The PEI was covalently attached on the CNTs via the formation of amides between the carboxylic acid of MWCNT-COOH and the amine of PEI. For prepare of CNT-PEI(FITC), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were added to a methanol suspension of MWCNT-COOH to activate the carboxylic acid groups of MWCNT-COOH. The mixture was stirred at room temperature and the PEI was added to this solution, followed by stirring for 24h. The obtained MWCNT-PEI was separated by centrifugation. The amine moiety in MWCNT-PEI is desirable for further conjugating the functional groups and biomolecules. A portion of the primary amine groups was utilized to react with FITC to introduce the fluorescein chromophore. The residual amine groups of CNT-PEI(FITC) were allowed to react with glutaraldehyde for further covalent immobilization of mAbPSCA (Fig. 11). The CNT-PEI(FITC)-mAb demonstrated good biocompatibility, and the attachment of antibody increased the cellular uptake ability of the material by PSCA-overexpressed cancer cells. DOX was used as a model drug to investigate the targeted drug delivery of CNT-PEI(FITC)-mAb and chemotherapy effects of PC-3 tumor-bearing mice intravenously injected with CNT-PEI(FITC)-mAb/DOX. Based on the obtained results, CNT-PEI(FITC)-mAb/DOX could selectively accumulate in the malignant tumor issues and reduce the tumor growth [100].

Figure 11
Functionalized CNTs were also appeared as significant class of vectors for delivery of DNA and other biomolecules into various cells. In a study by Abnous et al. SWCNTs were functionalized through non-covalent binding of branched PEIs by two techniques involving hydrophobic interactions with long alkyl chains covalently attached to PEI and through a phospholipid-polyethyleneglycol linker. Functionalized CNTs exhibited good dispersion characteristics in various biological media, presumably due to hydrophobic interactions between the hydrophobic domains on PEIs and CNTs walls. The obtained functionalized CNTs were studied with respect to several properties significant for transfection activity, and their gene delivery potency was examined in vitro and in vivo. PEI-functionalized CNTs showed increased transfection efficiency compared to underivatized PEIs. Furthermore, they were efficient gene delivery vectors in vivo following tail vein injection in mice with the largest expression occurring with the vector PEI-functionalized by a polyethyleneglycol linker [101].

Conclusions

The discovery of CNTs presents exciting opportunities for the development of novel excellent property materials. The outstanding mechanical and physical properties combined with unique transport properties along with other multi-functional characteristics provide a broad potential application for CNTs. Since CNTs tend to self-associate into micro-scale aggregates, disaggregation and uniform dispersion of CNT in different media are critical for successful employment of nanotube properties and developing practical applications of CNTs. The significant challenge is the development of techniques to decrease the nanotube agglomeration. This review provide an overview of the research in functionalization of CNTs with emphases on the introducing various functional groups or surface modifier molecules onto the surface of CNTs. The functionalized CNTs show enhanced properties enabling facile production of novel nanodevices and nanomaterials. Most of the functionalization methods could be classified into the non-covalent adsorption of various functional molecules and the covalent attachment of functional groups onto the surface of CNTs. These methods promote the practical applications of CNTs in many fields. Surface functionalization of CNTs is one of the important steps in the selective detection of molecules. Different inorganic and organic molecules were decorated on CNTs by various methods depending on the molecule to be coupled. The modified CNTs were used for design of sensor and biosensor to the selected target molecule. Also, they are remarkable materials as solid supports for heterogeneous catalysts. CNT-supported metallic NPs exhibit a new class of efficient and recyclable catalysts for chemical reactions. Studies on the outstanding potential of CNTs as reinforcements in polymer composites indicate that these composites not only demonstrate unique intrinsic properties, such as mechanical, electronic and thermal properties but also exhibit cooperative or synergetic effects. The use of CNTs for delivery of drugs and biomolecules is a substantial development in the field of therapeutic nanomedicine. Aattachment of different biomolecules to CNTs generate novel conjugates that are considered noteworthy vehicles for the delivery of drugs, genes and vaccines. Functionalized CNTs have been considered biocompatible and safe for biomolecular delivery applications since functionalization makes the CNTs more hydrophilic and, as such, more water soluble and biocompatible. CNT-based delivery systems are undeniably very promising in terms of their various benefits over the existing technologies.
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Legends for Figures
Figure 1. Susceptible processes of radical trap on SWCNT surface.

Figure 2. The condensation reaction between carboxyl groups on SWCNT and amino groups of PIPA.

Figure 3. Schematic illustration of physical adsorption of MGP 1 on an MWCNT surface.
Figure 4. TEM images of Ag–CNTs.
Figure 5. TEM images of the Ag-CNTs without (a) and with (c) functionalization and the corresponding HRTEM (b, d) and (e) EDX spectrum (spot A in d).
Figure 6. RIGP of the vinyl monomers on the surface of MWCNTs.

Figure7. Preparation procedure of glucose sensor using f-MWCNT prepared by radiation-induced graft polymerization.

Figure 8. Cyclic voltammograms of 10 mM glucose in 0.1M phosphate buffer solution (pH7) at a bare glassy carbon electrode (a), MWCNTs-Nafion electrode (b), and F-MWCNTs-Nafion electrode (c) with a scan rate of 50mV/s.

Figure 9. Schematic illustration for the preparation of CuO/MWCNT.

Figure 10. (a) SEM micrograph of pure PU. (b) SEM micrograph of PU-0.25%. (c) SEM micrograph of PU-0.5%. (d) SEM micrograph of PU-1%.

Figure 11. Schematic diagram of the synthesis process for CNT-PEI(FITC)-mAb.
Legends for Schemes
Scheme. 1. Synthesis of MGP 1 by radical copolymerization.

Scheme. 2. Illustration of noncovalently modified MWCNTs with RF via a π-π stacking interaction.
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