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Abstract

:

Nitric acid vapor phase oxidation of multi-walled carbon nanotubes (MWCNTs) was proposed as a promising technique to fabricate poly styrene-co-acrylonitrile (SAN)-grafted-CNTs via atom transfer radical polymerization (ATRP). The in-situ ATRP grafting approach was successfully employed to graft polystyrene (PS), SAN and polyacrylonitrile (PAN), onto the convex surfaces of pristine MWCNTs (PCNT) and acid-functionalized MWCNTs (FCNT). Fourier transform infrared spectroscopy (FTIR), proton nuclear magnetic resonance (1H-NMR), and thermogravimetric analysis (TGA) confirmed the effectiveness of the modification via the ATRP grafting approach. The molar composition of acrylonitrile in the synthesized copolymer on the surface of CNTs for an FCNTs was calculated to be about 80% and 67.5% by 1H-NMR and TGA respectively, whereas the value is lower for PCNTs. Morphological studies showed that SAN-grafted FCNTs exhibit rougher surface morphology compared to the SAN-grafted PCNTs. Moreover, the higher diameter of the FCNTs indicated the higher polymer content, which was coated onto CNTs functionalized by vapor-phase oxidation. Therefore, the vapor phase oxidation strategy employed in this study could be utilized as a general method to prepare CNTs which can serve as an ATRP macroinitiator for the fabrication of various polymer grafted CNTs.
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1. Introduction


Carbon nanotubes (CNTs) are categorized among the most impressive recent discoveries in chemistry and materials science [1,2]. CNTs have raised much enthusiasm during the latest years due to their intrinsic extraordinary electrical and mechanical properties [3]. However, transferring their properties into bulk and real-life materials is restricted by their insolubility in most solvents [4,5] and their low dispersibility in polymer matrices [6,7]. The functionalization and surface modification of CNTs are widely accepted and promising measures to improve their dispersion in solvents and enhance their compatibility with polymers by tailoring their structure and surface properties, favoring the fabrication of CNT-based composites [8]. Depending on the method of modification strategy, oxygen-containing groups, mostly carboxyl and hydroxyl, are formed on the primary CNTs graphitic surface [9,10]. Such oxygen-containing groups can help to diversify further tailoring of CNTs and change their performance in a wide range of materials [9,10].



Higher oxygen content in multi-walled carbon nanotubes (MWCNTs) is indicative of the presence of defects in the form of additional functional groups (hydroxyl, carbonyl, or carboxyl) [11,12]. Following the defect-producing oxidation process on the primary surface, further formation of defects can be achieved in the intermediate and final products. The presence of defects on the outer surface of CNTs not only impacts the morphological stability of oxidized material but also determines their electrical and other functional properties [11,12]. The oxidation of CNTs by wet chemical methods was reported by Kovtyukhova et al. [11,12,13]. One of the interesting applications of CNTs is to fabricate polymer-based composites containing conductive carbonaceous materials. This category has been the most attractive nominee to meet urgent requirements such as chemical stability, lightweight, design flexibility, and cost-effectiveness over conventional metal-based materials [14,15]. Grafting macromolecules onto the rounded walls of CNTs, with the intent of improving their processability and extending their applications, has been explored for several years [16]. Recently, the grafting-from approach has been employed to functionalize MWCNTs by the bulk in-situ grafting of polymer chains onto the convex walls of CNTs [17]. Many linear polymers including polystyrene (PS) [17], poly (sodium 4-stryrenesulfon-ate) [18], poly (methyl methacrylate) [19], polyimide [20,21], poly (2-vinylpyridine) [22], poly(ethylene glycol) [23], poly (vinyl alcohol) and its related copolymer poly(vinyl acetate-co-vinyl alcohol) [24], and poly (m-aminobenzenesulfonic acid) [25] have been successfully attached onto CNTs.



Although substantial studies have been accomplished on the grafting of polymers onto CNTs, to the best of our knowledge, there is no published data on the grafting of styrene-co-acrylonitrile (SAN) onto the surface of CNTs in the scientific literature. SAN holds considerable importance in diverse and demanding application areas, such as automotive, packaging, electronics, and medical applications [26,27]. The successful grafting of styrene-co-acrylonitrile onto the surface of CNTs can open up a path to the invention of functional nanomaterials and polymer composites with a fine dispersion of functionalized CNTs, which can be helpful in electronic and a range of other applications. Although traditional radical polymerization techniques are suitable to increase homopolymers or random copolymers under mild circumstances, controlled radical methods are more appealing in achieving beneficial features and architectures with steady molecular weights and low polydispersities [26,27]. The atom transfer radical polymerization (ATRP) has been used widely to functionalize CNTs through the progress of polymer brushes on the surface of nanotubes [28,29].



The knowledge of how to control polymer content and selective polymer composition on the surface of CNTs is of fundamental importance in order to determine the final properties, performance, and application of the CNT-polymer hybrid composites. Thus, the objective of this work was to investigate the effect of pre-functionalization on the productivity of ATRP on CNTs. In this study, the ATRP method was employed for the grafting of SAN copolymer on the convex surface of MWCNT. The effect of vapor phase functionalization of MWCNTs via nitric acid prior to ATRP was also investigated on the level of grafting and material characteristics of the product. The SAN-grafted-pristine MWCNTs (SAN-g-PCNT) and SAN-grafted-acid functionalized MWCNTs (SAN-g-FCNT) were explored via Fourier transform infrared spectroscopy (FTIR), proton nuclear magnetic resonance (1H-NMR), and thermal analyses, including a differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) methods.




2. Experimental


2.1. Materials


Pristine MWCNTs (PCNTs) with a diameter range of 20–30 nm and a length range of 10–30 μm were supplied from Neutrino Corporation (Tehran, Iran). Other reagents and materials used for the modification of MWCNTs in this work were styrene (Sigma-Aldrich, 98%, St. Louis, MO, USA), Acrylonitrile (Merck, 98%, Darmstadt, Germany), Copper(I) bromide (Cu(I)Br; Sigma-Aldrich, 98%, Taufkirchen, Germany), ethyl α-bromoisobutyrate (EBiB; Sigma-Aldrich, 97%, Darmstadt, Germany), N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDETA; Sigma-Aldrich, 99%, Milwaukee, WI, USA), tetrahydrofuran (THF; Merck, 99%, Darmstadt, Germany), N,N-dimethylformamide (DMF) (Sigma-Aldrich, 99%, Shanghai, China), and HNO3 (Sigma-Aldrich, 69%, St. Louis, MO, USA).




2.2. Methods


2.2.1. Vapor Phase Functionalization of CNTs


The functionalization of CNT was performed by a nitric acid (HNO3) vapor phase functionalization as per the method reported by Xia et al. [30]. The experimental setup used here is illustrated schematically in Figure 1. The round bottom flask was first filled with 150 mL of 69% HNO3 solution and heated under magnetic stirring to the boiling point (125 °C) in an ethylene glycol bath. 300 mg of PCNTs was then loaded into the reactor and heated up to 135 °C through a resistance heating coil controlled by a temperature controller. The functionalization reaction was then carried out for 2 h under the specific condenser design that completely prevents the reflux of liquid HNO3 to the sample. This ensured that the functionalization process took place under a full vapor phase treatment avoiding the wetting of CNTs with the liquid acid. The condenser was connected to a round bottom flask that provided a recirculation system for continually recycling the solution. At the end of acid treatment, the heating of the ethylene glycol bath was turned off, and the reactor heating was maintained at 110 °C for another 2 h, allowing the CNTs to dry. Then, the acid-functionalized CNTs (FCNTs) were discharged from the reactor for further characterizations.




2.2.2. SAN-Grafted CNTs Via Atom Transfer Radical Polymerization (ATRP)


Copolymerization of styrene and acrylonitrile with a molar feed composition of 30/70 and PMDETA:CuBr:EBiB ratio of 1:1:1 was carried out in the presence of PCNTs and FCNTs. For this, 0.83 mL of PMDETA, 0.57g of CuBr, and 2.5 mL of DMF were introduced into a glass reactor flask with a lid and mixed for 15 min. 7 mL (0.0610 mol) of styrene, 0.6 mL (0.0040 mol) of EBiB, and 3 mL (0.045 mol) of acrylonitrile were then added one by one into the glass flask and stirred under nitrogen and controlled temperature of 90 °C. The polymerization was allowed to continue for 72 h and was stopped by opening the flask.




2.2.3. Characterizations


Boehm titration analysis was performed to quantitatively evaluate the amount of carboxylic functional groups on FCNT samples after modification. For this, 50 mg of sample was added into a closed conical flask, which contains 200 mL of 0.05 N NaOH, and stirred at ambient temperature for 24 h to allow the solid material to equilibrate with the NaOH solution. Then, the 0.2 μL of filtered NaOH solution was titrated with 0.05 N HCl to determine the excess NaOH in the solution after the acid-base reaction with functionalized FCNT. The concentration of the acidic groups on MWCNT (mmole/g) was then adjusted to the amount of the reacted NaOH.



Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) analysis was carried out on a Perkin–Elmer Pyris instrument (Norwalk, CT, USA) under a nitrogen atmosphere, using a ramp rate of 20 °C/min. The morphology of MWCNTs was analyzed using a Philips EM208 transmission electron microscope (TEM) under an accelerated voltage of 100 kV before and after treatment. To study the changes brought by vapor phase functionalization into the crystalline arrangement of MWCNTs, Raman spectra were collected using a Micro-Raman system (RM 1000 RENISHAW). A 50 mW laser operating at 785 nm was used as an excitation source, which was equipped with a Leica DMLM microscope and a Peltier-cooled charge-coupled device detector. Samples dispersed in deuterated chloroform were used to calculate the molar composition of styrene and acrylonitrile in the synthesized copolymer on the surface CNTs using proton nuclear magnetic resonance (1H-NMR) (Ascend 600 MHZ, Bruker, Germany). The Fourier transform infrared spectroscopy (FTIR) spectra changes were evaluated on an Interspec 200-X FTIR spectrometer with 1 cm−1 resolution, in the wavenumber range of 4000–400 cm−1.



To study the glass-rubber transition temperature (Tg) of the polymer grafted onto MWCNTs, differential scanning calorimetry (DSC) was carried out using a 6000 Diamond model Perkin Elmer calorimeter (Perkin Elmer, Norwalk, CT, USA). For the DSC analysis, a sample of about 10 mg SAN-grafted sample was heated at a rate of 10 °C/min in the temperature range of 25 to 250 °C. The morphology change of SAN-grafted CNTs was investigated using scanning electron microscopy (SEM), the Hitachi S-3700N model (Hitachi, Tokyo, Japan), and the information including the nanotube diameter and its distribution were calculated manually with image J software.






3. Results and Discussion


The ATRP of styrene and acrylonitrile monomers on the surface of CNTs was performed in THF at 90 ℃ with CuBr as a catalyst and EBiB-MWCNTs as an initiator. The halogen-exchange technique of CuBr catalyst with boromo initiator was employed. The initiator and the monomers produced a tertiary alkyl radical and a secondary radical respectively, which provided improved control of the copolymerization. A schematic representation of the surface functionalization and the employed ATRP method for the grafting of SAN copolymers is presented in Figure 2.



Results of TEM analyses conducted to study the morphological changes that occurred on the PCNTs as a result of vapor phase functionalization are presented in Figure 3a,b. The PCNT (Figure 3a) exhibited long entangled tubes that consist mainly of smooth graphene layers, while modified ones, FCNTs (Figure 3b), illustrated shorter tubes with a crooked shape. Such nonalignment is rooted in the moderate extent of point defects upon oxidation, which degraded the smooth graphene layers present in PCNTs. This correspondingly caused a significant decrease in the graphitic structure on the external surface of the CNTs [31]. The surface of FCNTs is covered with densely packed clumps, attributed to the formation of defects associated with acid-functionalization. The introduction of hydrophilic functional groups into the surface of CNTs via surface oxidation could be helpful to avoid coagulation of CNTs. The presence of acid groups on the surface of CNTs could also enhance the polymer grafting reaction, due to the local increase in the reaction components on the surface of CNTs [5].



The details of the observed defects and changes in the arrangement of the CNT graphitic network are reflected on the Raman spectra features originating from carbon sp2 vibration modes given in Figure 4. Thus, studying the evolution of the spectral profiles by Raman spectroscopy allows inferring information relative to the structural crystallinity/disorder degree and monitoring effects of the covalent modification of carbon bonds. The D-peak at 1310 cm−1 indicated the impurities, lattice disorder, and defects in the CNTs’ sidewall structure, while the G-peak at 1580 cm−1, which originated from the in-plane vibrations of the graphene sheet, illustrated the crystalline graphitic carbons [32]. The relative intensity of D and G bands (     I G     I D     ) was employed as a measure of the degree of graphitization for estimating the average domain sizes with graphitic order, i.e., crystallites (   L c  = 560    I G     I D    .  E L  − 4    ), where    E L    is the laser visible excitation energy (1.58 eV) [33]. The spectra confirmed that the two samples exhibit a slight difference in terms of defect density. Slightly higher defects were found in CNTs after vapor phase treatment, i.e., lower      I G     I D      and    L c    values were obtained in FCNTs (inserted table in Figure 4). The reduction in graphitization index indicated the increase in the extent of covalent modification of C bonds produced by the formation of oxygenated groups through vapor phase functionalization.



The concentration of carboxylic groups on PCNTs and FCNTs evaluated by Bohem titration was found to be 1.6 and 3.7 mmole/g, respectively. These values confirmed that vapor phase functionalization was achieved successfully, which was consistent with the Raman and TEM results. In addition, the concentrations of the COOH groups on the FCNTs can be reversely proportional to their residual weight prior to CNT degradation temperature (600 °C<) [32] since most of the organic functional groups are thermally decomposed below 600 °C under an inert atmosphere. The weight loss and the derivative weight loss curves associated with PCNTs and FCNTs are shown in Figure 5. The weight loss peak that occurred at a temperature range of 150–350 °C was related to the decomposition of a carboxylic group [34], while the next broad thermal degradation peak in the range between 350 and 600 °C could be associated with the degradation of anhydrides and lactones [35]. The mass loss values at 600 °C [32], which are mainly attributed to the degraded COOH, are 1.5 wt% and 16 wt% corresponding to 1.6 and 3.7 mmole/g of carboxylic groups respectively, that was obtained from the Boehm titration result.



FTIR spectra of SAN-g-PCNTs and SAN-g-FCNTs (Figure 6) were recorded and compared to confirm the existence of the synthesized SAN copolymer on the surface of CNTs. It can be observed from Figure 6 that both SAN-g-PCNTs and SAN-g-FCNTs spectra have peaks at 1600 and 1650 cm−1, which were related to the C=C bond of the aromatic ring of styrene and the C=N bond of acrylonitrile cyanide group, respectively [36]. The peaks at 3436 and 1700 cm−1 in SAN-g-FCNTs are associated with the presence of the hydroxyl group (OH) and the C=O stretching of the carboxylic acid group (COOH), respectively [37,38]. SAN-g-PCNTs spectra illustrate a strong peak at 2850 cm−1, which corresponds to a commonly expected -C-H bond of CNT before functionalization. A remarkable reduction in the intensity of the –C–H peak at SAN–g–FCNT confirms the formation of new COOH bonds on the walls of FCNTs by functionalization which aids the involvement of FCNTs for the synthesis and formation of SAN on its surface.



The covalent bonding of SAN onto MWCNTs both in the pristine and acid-functionalized state is further supported by 1H-NMR. Figure 7 displays the 1H-NMR spectroscopy results of the SAN-g-PCNT and SAN-g-FCNTs copolymer in deuterated chloroform after purification. The 1H-NMR spectra of each material showed all the expected chemical bands, and the SAN grafting polymerization was also confirmed from the broad peaks at 1.3–1.8 ppm (f), at 2.1–2.6 ppm (e), and at 6.8–8.5 ppm (a, b), which correspond to the methylene protons of the styrene and acrylonitrile units, methine protons from styrene and acrylonitrile units, and the aromatic protons of styrene, respectively [39,40].



The C≡N group of acrylonitrile at 2.9–3.2 ppm (d) is a reaction junction copolymer (styrene/acrylonitrile) on MWCNTs [41]. The COOH and OH groups directly attached to the surface of MWCNTs after functionalization was confirmed by the peak in chemical shift of 4.5 to 5.5 ppm [42]. The copolymer composition was calculated from the 1H-NMR spectra using the integrals of peaks due to the aromatic peaks and the backbone protons of styrene and acrylonitrile (methylene and methine protons). The molar composition of acrylonitrile in the synthesized copolymer on the surface CNTs for FCNTs was calculated by about 80%, whereas the value is 78% for SAN-g-PCNTs. Thus, the results revealed that the synthesis of SAN copolymer on the surface of acid-modified CNTs yielded a SAN copolymer that has a higher molar composition of acrylonitrile. After vapor phase treatment of PCNTs with nitric acid, the MWCNTs were functionalized with carboxylic acid at the open ends and the defects of the side walls. The carboxylic acid groups can effectively involve the fixation of the ATRP initiator onto the MWCNTs’ walls and the polymerization. Improved grafting of initiator groups onto the surface of FCNTs was reported by Shanmugharaj et al. [43].



Figure 8 shows the TGA, DTG, and DSC traces of SAN-g-PCNTs and SAN-g-FCNTs, which were used to determine the amount of polymer grafted onto MWCNTs and characterize the thermal behavior of SAN-g-PCNTs and SAN-g-FCNTs. The TGA thermograms (Figure 8a) of SAN-g-FCNT and SAN-g-PCNT exhibited two-step weight loss, in the range of 150–300 and 350–550 ℃, respectively. The decomposition temperatures TFirst and TSecond, correlated to the first and second step of degradation, and the corresponding weight losses obtained from the TGA/DTG curves, were tabulated and presented in Table 1. While a first-step weight loss was 37.2% and 38.1%, the second step weight loss of 17.9% and 20.3% was detected for SAN-g-FCNT and SAN-g-PCNT respectively, as reported in Table 1 [44,45]. The first stage of degradation is related to the degradation of PAN and the second stage corresponds to the degradation of PS in SAN copolymer grafted onto MWCNTs [46,47]. Overall, the TGA data revealed an overall weight loss of 55.1% and 58.4% of SAN-g-FCNT and SAN-g-PCNT at 600 °C, respectively. Thus, SAN-g-FCNT showed higher polymer content, which was a consequence of surface modification of multiwall carbon nanotubes by nitric acid. The acrylonitrile content of SAN copolymer grafted on MWCNTs was calculated to be 67.5% and 65.2% in SAN-g-PCNT and SAN-g-FCNT. Although the SAN polymer content on the CNTs is not the same amount as the value estimated by 1H-NMR, the higher amount of polymer on the FCNT was in agreement with both the 1H-NMR and TGA analysis observations. This showed that FCNTs could be efficiently and selectively enriched with acrylonitrile, which can be identified with the high acrylonitrile/styrene ratio achieved in that case.



DSC was further employed to study the effect of pre-functionalization of CNTs on the thermal behavior of the products fabricated by ATRP grafting of SAN onto MWCNTs. A typical result of a heating cycle on SAN-g-PCNT and SAN-g-FCNT is shown in Figure 8c. The SAN-g-PCNT and SAN-g-FCNT showed an endothermic peak at 102 and 105 ℃, respectively. Such step changes are indicative of the occurrence of glass to rubber transition in the behavior of the polymer phase (SAN). These peaks can be designated as α relaxation, which is related to the glass-to-rubber transition temperature (Tg) of the soft segments [48]. It should be noted that these Tg values were above the measured values of either PS or PAN pure components reported in the literature [49]. An increase in Tg of the grafted copolymer in comparison with the pure component can be related to the tethering due to the interchain attractions and the restriction in the polymer chain mobility [43].



The figure reveals that the position of the peak temperature is affected by the surface characteristics of MWCNTs before ATRP, which subsequently controls the composition of SAN formed on the surface of MWCNTs by ATRP. It can also be seen that the functionalization of MWCNTs before SAN polymerization shifted the Tg peak towards higher temperatures. The shift in the Tg of SAN in SAN-g-FCNT was mainly attributed to the rise in the acrylonitrile content of SAN copolymer-grafted onto MWCNT. This can confirm that more acrylonitrile content in SAN copolymer could be achieved by using the FCNTs, as shown in the TGA and 1H-NMR analysis. Due to the polar nature of acrylonitrile units, the higher amounts of acrylonitrile in SAN phase increases the polarity of the polymers, which resulted in slightly higher Tg values [48].



Figure 9 shows SEM images obtained from the morphology of SAN-g-PCNT and SAN-g-FCNT at various magnifications. These images revealed densely entangled networks of MWCNTs for both SAN-g-PCNT and SAN-g-FCNT. However, the surface of SAN-g-FCNT exhibits rougher surface morphology as compared with SAN-g-PCNT. The increased roughness of the surface of SAN-g-FCNTs indicated that the SAN-g-FCNTs were coated with a higher amount of polymer chains. This is further confirmed quantitively by measuring the diameters of the SAN-grafted MWCNTs using image analysis software. Histograms of diameter distribution of SAN-grafted CNTs are shown in Figure 10.



The external diameters of SAN-grafted MWCNTs exhibited a substantial increase when compared with the original MWCNTs, which provided further validation that there is SAN copolymer grafted onto the convex of MWCNTs through ATRP. It was evident from Figure 10 that acid functionalization of CNTs before ATRP of SAN significantly increased the diameters of the fabricated MWCNTs, indicating that the SAN-g-FCNTs were coated with a thicker layer of polymer chains. As expected, increasing the grafted polymer content onto MWCNTs raised their diameter. Overall, the SEM results provided further evidence of the successful grafting of SAN onto MWCNTs at higher polymer content using acid-functionalized MWCNTs, implying that pre-functionalization of CNTs display good SAN productivity in the ATRP method, and can be used as a suitable precursor for fabrication of SAN-grafted CNTs.




4. Conclusions


In this work, a vapor phase acid functionalization process was developed as a promising strategy for the preparation of high polymer content SAN-grafted CNTs via ATRP. The successful grafting of SAN polymer on the surface of the CNT was validated by using several characterization techniques, including FTIR, TGA, and 1H-NMR. The results confirmed that SAN content grafted onto CNTs through the cyano group of acrylonitrile was significantly enhanced by a combination of vapor phase acid functionalization and surface-initiated ATRP. In other words, it was found that CNT-COOH is more suitable for macromolecule bonding. Furthermore, by the functionalized CNTs, acrylonitrile could be efficiently and selectively enriched in the SAN phase. The SEM results showed that the functionalization of CNTs altered the surface roughness of the nanotubes. Moreover, a larger diameter of SAN-grafted functionalized CNTs was obtained as a result of the formation of a thicker layer of polymer macromolecules onto the surface of CNTs. This highly selective behavior of vapor-phase acid-functionalized CNTs opens possibilities to use these materials for surface-initiated ATRP-modified materials with improved polymer content for functional nanomaterials, nanocomposites, and other material applications.







Author Contributions


Conceptualization, E.E., A.V., and M.S.-K.; methodology, E.E. and M.S.-K.; software, M.A.; validation, E.E., A.V., and M.S.-K.; formal analysis, M.A.; investigation, M.A.; resources, E.E. and M.S.-K.; data curation, M.A.; writing—original draft preparation, M.A.; writing—review and editing, E.E., A.V., and T.H.M.; visualization, M.A. and E.E.; supervision, E.E. and M.S.-K.; project administration, E.E. and M.S.-K.; funding acquisition, E.E. and M.S.-K. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ajayan, P.M. Nanotubes from carbon. Chem. Rev. 1999, 99, 1787–1800. [Google Scholar] [CrossRef]

	



Hirsch, A. Functionalization of single-walled carbon nanotubes. Angew. Chem. Int. 2002, 41, 1853–1859. [Google Scholar] [CrossRef]

	



Dresselhaus, M.; Dresselhaus, G.; Avouris, P. Carbon Nanotubes: Synthesis, Structure, Properties, and Applications; Springer: Berlin/Heidelberg, Germany, 2001; pp. 1–9. [Google Scholar]

	



Baughman, R.; Zakhidov, A.A.; de Heer, W.A. Carbon Nanotubes—The Route Toward Applications. Science 2002, 297, 787–792. [Google Scholar] [CrossRef]

	



Basheer, B.V.; Jinu, J.G. Polymer grafted nanotubes-synthesis, properties and application: A review. Nano-Struct. Nano-Objects 2020, 22, 100429–100452. [Google Scholar] [CrossRef]

	



Velasco-Santos, C.; Martinez-Hernandez, A.L. Improvement of thermal and mechanical properties of carbon nanotube composites through chemical functionalization. Chem. Mater. 2003, 15, 4470–4475. [Google Scholar] [CrossRef]

	



Huang, H.; Liu, M. Facile fabrication of glycosylated and PEGylated carbon nanotubes through the combination of mussel inspired chemistry and surface-initiated ATRP. Mater. Sci. Eng. C 2020, 106, 110157. [Google Scholar] [CrossRef]

	



Bianco, A.; Prato, M. Can carbon nanotubes be considered useful tools for biological applications? Adv. Mater. 2003, 15, 1765–1768. [Google Scholar] [CrossRef]

	



Ramanathan, T.; Fisher, F.T. Amino-functionalized carbon nanotubes for binding to polymers and biological systems. Chem. Mater. 2005, 17, 1290–1295. [Google Scholar] [CrossRef]

	



Ziegler, K.J.; Gu, Z. Controlled oxidative cutting of single-walled carbon nanotubes. J. Am. Chem. Soc. 2005, 127, 1541–1547. [Google Scholar] [CrossRef] [PubMed]

	



Kovtyukhova, N.I.; Mallouk, T. Individual single-walled nanotubes and hydrogels made by oxidative exfoliation of carbon nanotube ropes. Am. Chem. Soc. 2003, 125, 9761–9769. [Google Scholar] [CrossRef] [PubMed]

	



Kamigaito, M.; Ando, T. Metal-catalyzed living radical polymerization. Chem. Rev. 2001, 101, 3689–3746. [Google Scholar] [CrossRef] [PubMed]

	



Nagvi, S.T.R.; Rasheed, T. Modification strategies for improving the solubility/dispersion of carbon nanotubes. J. Mol. Liq. 2020, 297, 111919. [Google Scholar] [CrossRef]

	



Mondal, S.; Ganguly, S. High-performance carbon nanofiber coated cellulose filter paper for electromagnetic interface shielding. Cellulose 2017, 24, 5117–5131. [Google Scholar] [CrossRef]

	



Luo, R.; Wu, Y. Rational synthesis and characterization of IL-CNT-PANI microporous polymer electrolyte film. Synth. Met. 2021, 274, 116720. [Google Scholar] [CrossRef]

	



Mondal, S.; Das, P. Thermal-air ageing treatment on mechanical, electrical, and electromagnetic interface shielding properties of lightweight carbon nanotube based polymer nanocomposites. Compos. A Appl. Sci. Manufac. 2018, 107, 447–460. [Google Scholar] [CrossRef]

	



Sano, M.; Kamino, A. Self-Organization of PEO-g raft-Single-Walled Carbon Nanotubes in Solutions and Langmuir−Blodgett Films. Langmuir 2001, 17, 5125–5128. [Google Scholar] [CrossRef]

	



Liu, Y.; Yao, Z. Functionalization of single-walled carbon nanotubes with well-defined polymers by radical coupling. Macromolecules 2005, 38, 1172–1179. [Google Scholar] [CrossRef]

	



Koshio, A.; Yudasaka, M. A simple way to chemically react single-wall carbon nanotubes with organic materials using ultrasonication. Nano Lett. 2001, 1, 361–363. [Google Scholar] [CrossRef]

	



Lee, C.J.; Park, J. Catalyst effect on carbon nanotubes synthesized by thermal chemical vapor deposition. Chem. Phys. Lett. 2002, 360, 250–255. [Google Scholar] [CrossRef]

	



Park, C.; Ounaies, Z. Dispersion of single wall carbon nanotubes by in situ polymerization under sonication. Chem. Phys. Lett. 2002, 364, 303–308. [Google Scholar] [CrossRef]

	



Lou, X.-D.; Xiao-Hua, Z. Preparation of La-Ni mixed oxide and photocatalytic property. Chin. J. Appl. Chem. 2004, 21, 144–149. [Google Scholar]

	



Kahn, M.G.C.; Banerjee, S. Solubilization of oxidized single-walled carbon nanotubes in organic and aqueous solvents through organic derivatization. Nano Lett. 2002, 2, 1215–1218. [Google Scholar] [CrossRef]

	



Lin, Y.; Zhou, B. Polymeric carbon nanocomposites from carbon nanotubes functionalized with matrix polymer. Macromolecules 2003, 36, 7199–7204. [Google Scholar] [CrossRef]

	



Zhao, B.; Hu, H. Synthesis and properties of a water-soluble single-walled carbon nanotube–poly (m-aminobenzene sulfonic acid) graft copolymer. Adv. Funct. Mater. 2004, 14, 71–76. [Google Scholar] [CrossRef]

	



Muñoz-Bonilla, A.; López Madruga, E. Atom transfer radical polymerization of cyclohexyl methacrylate at a low temperature. J. Polym. Sci. A Polym. Chem. 2005, 43, 71–77. [Google Scholar] [CrossRef]

	



Brar, A.; Kaur, S. Atom transfer radical polymerization of N-vinyl carbazole: Optimization to characterization. J. Polym. Sci. A Polym. Chem. 2006, 44, 1745–1757. [Google Scholar] [CrossRef]

	



Baskaran, D.; Mays, J.W. Polymer-grafted multiwalled carbon nanotubes through surface-initiated polymerization. Angew. Chem. 2004, 116, 2190–2194. [Google Scholar] [CrossRef]

	



Saleh, T.; El-Sharif, A.M. Synthesis of carbon nanotube grafted with copolymer of acrylic acid and acrylamide for phenol removal. Environ. Nanotech. Monit. Manag. 2020, 14, 100302. [Google Scholar] [CrossRef]

	



Xia, W.; Jin, C. A highly efficient gas-phase route for the oxygen functionalization of carbon nanotubes based on nitric acid vapor. Carbon 2009, 47, 919–922. [Google Scholar] [CrossRef]

	



Düngen, P.; Prenzel, M. Investigation of different pre-treated multi-walled carbon nanotubes by Raman spectroscopy. Mater. Sci. Appl. 2017, 8, 628–641. [Google Scholar] [CrossRef]

	



Esmizadeh, E.; Naderi, G. Thermal and morphological study of epoxy matrix with chemical and physical hybrid of nanoclay/carbon nanotube. JOM 2016, 68, 362–373. [Google Scholar] [CrossRef]

	



Esmizadeh, E.; Yousefi, A.A. Drastic increase in catalyst productivity of nanoclay-supported CVD-grown carbon nanotubes by organo-modification. Appl. Clay Sci. 2015, 118, 248–257. [Google Scholar] [CrossRef]

	



Aftab, S.; Hussain, S.T. Comprehensive study of trends in the functionalization of CNTs using same oxidizing acids in different conditions. Der Pharm. Chem. 2010, 2, 354–365. [Google Scholar]

	



Pistone, A.; Ferlazzo, A. Morphological modification of MWCNT functionalized with HNO3/H2SO4 mixtures. J. Nanosci. Nanotech. 2012, 12, 5054–5060. [Google Scholar] [CrossRef] [PubMed]

	



Elzain, A.A.; El-AAssar, M.R. Removal of methylene dye using composites of poly (styrene-co-acrylonitrile) nanofibers impregnated with adsorbent materials. J. Mol. Liq. 2019, 291, 111335. [Google Scholar] [CrossRef]

	



Rahmam, S.; Mohamed, N.; Sufian, S. Effect of acid treatment on the multiwalled carbon nanotubes. Mater. Res. Innov. 2014, 18, S6-196–S6-199. [Google Scholar] [CrossRef]

	



Park, K.C.; Hayashi, T. Progressive and invasive functionalization of carbon nanotube sidewalls by diluted nitric acid under supercritical conditions. J. Mater. Chem. 2005, 15, 407–411. [Google Scholar] [CrossRef]

	



Alam, M.M.; Peng, H. Reactivity Ratios and Sequence Distribution Characterization by Quantitative 13C NMR for RAFT Synthesis of Styrene-Acrylonitrile Copolymers. J. Polym. Sci. A Polym. Chem. 2017, 55, 919–927. [Google Scholar] [CrossRef]

	



Shi, J.-H.; Yang, B.-X. Covalent functionalization of multiwalled carbon nanotubes with poly (styrene-co-acrylonitrile) by reactive melt blending. Eur. Polym. J. 2009, 45, 1002–1008. [Google Scholar] [CrossRef]

	



Litmanovich, A.D.; Platé, N.A. Alkaline hydrolysis of polyacrylonitrile. On the reaction mechanism. Macromol. Chem. Phys. 2000, 201, 2176–2180. [Google Scholar] [CrossRef]

	



Ngoy, J.M.; Iyuke, S.E. Covalent functionalization for multi-walled carbon nanotube (f-MWCNT)-folic acid bound bioconjugate. J. Appl. Sci. 2011, 15, 2700–2711. [Google Scholar] [CrossRef]

	



Shanmugharaj, A.; Bae, J.H. Preparation of poly (styrene-co-acrylonitrile)-grafted multiwalled carbon nanotubes via surface-initiated atom transfer radical polymerization. J. Polym. Sci. A Polym. Chem. 2007, 45, 460–470. [Google Scholar] [CrossRef]

	



Mu, S.; Yu, C. A novel solid-solid phase change material based on poly (styrene-co-acrylonitrile) grafting with palmitic acid copolymers. J. Macromol. Sci. Part A 2015, 52, 617–624. [Google Scholar] [CrossRef]

	



Kar, P.; Shirvastava, N.K. PTCR characteristics of poly (styrene-co-acrylonitrile) copolymer/stainless steel powder composites. J. Appl. Polym. Sci. 2012, 124, 607–615. [Google Scholar] [CrossRef]

	



Salles, V.; Bernard, S. A new class of boron nitride fibers with tunable properties by combining an electrospinning process and the polymer-derived ceramics route. Nanoscale 2010, 2, 215–217. [Google Scholar] [CrossRef]

	



Tan, W.T.; Radhi, M.M. Synthesis and characterization of grafted polystyrene with acrylonitrile using gamma-irradiation. J. Appl. Sci. 2010, 10, 139–144. [Google Scholar] [CrossRef]

	



Das, G.; Banerjee, A.N. A DSC study of poly (styrene-co-acrylonitrile) and poly (vinyl chloride-co-vinyl acetate) blends produced using different blending techniques. Eur. Polym. J. 1996, 32, 179–184. [Google Scholar] [CrossRef]

	



Broglia, M.F.; Acevedo, D.F. Rapid fabrication of periodic patterns on poly (styrene-co-acrylonitrile) surfaces using direct laser interference patterning. Int. J. Polym. Sci. 2015, 2015, 1–7. [Google Scholar] [CrossRef]








[image: Processes 09 00459 g001 550] 





Figure 1. Schematic illustration of the set-up used for vapor phase functionalization of carbon nanotubes (CNTs) with HNO3. 
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Figure 2. Schematic representation of functionalization CNT and synthesis of pristine CNT (PCNT) and acid-functionalized (FCNT). 
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Figure 3. Transmission electron microscopy (TEM) micrographs of (a) PCNT and (b) FCNT after vapor phase treatment. 
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Figure 4. Raman spectra of pristine and vapor phase functionalized CNTs. 
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Figure 5. TGA/DTG thermographs of pristine and functionalized MWCNT. 
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Figure 6. FTIR spectra for the SAN-grafted CNTs: SAN-g-PCNT and SAN-g-FCNT. 
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Figure 7. 1H-NMR spectra for the SAN-grafted CNTs: SAN-g-PCNT and SAN-g-FCNT. 
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Figure 8. (a) TGA, (b) DTG, and (c) DSC curves for SAN-g-PCNT and SAN-g-FCNT. 
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Figure 9. Scanning electron microscopy (SEM) micrographs of (a–c) SAN-g-PCNTs and (e–g) SAN-g-FCNTs. 
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Figure 10. Diameter distribution histograms of SAN-grafted CNTs. 
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Table 1. Thermal results of SAN-g-FCNT and SAN-g-PCNT obtained from TGA and DSC.
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	Sample
	     T  f i r s t      ( ° C )     
	wt.% Loss at 1st Step
	     T  s e c o n d      ( ° C )     
	wt.% Loss at 2nd Step
	     T  g      ( ° C )     





	SAN-g-PCNT
	249 °C
	37.2
	408 °C
	17.9
	102 °C



	SAN-g-FCNT
	266 °C
	38.1
	410 °C
	20.3
	105 °C
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