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Abstract

:

This article simply aims to compare two case studies concerning the purification, using carbon nanotubes, of water contaminated by the following two different common pollutants: benzoic acid and diesel. In particular, the aim is to highlight how the different natures of both of the polluting molecules and the carbon nanotubes play a fundamental role in water treatment. These two pollutants were taken into consideration because of their different chemical natures: benzoic acid is a polar pollutant, while the molecules present in diesel are substantially nonpolar. The carbon nanotubes used were both functionalized and nonfunctionalized. Functionalization is a process that allows for the introduction of functional groups onto the surface of carbon nanotubes. In this research, carboxylic functionalization was performed, which allowed for the insertion of carboxylic groups through attacks with sulfuric and nitric acids. Thanks to the results obtained, it was possible to quantify the optimization of the purification process depending on the types of carbon nanotubes and polluting molecules considered. The functionalized nanotubes exhibited greater performances in the treatment of water contaminated by benzoic acid compared to the nonfunctionalized ones. Instead, in the treatment of water contaminated by diesel, a greater purification capacity was shown by the nonfunctionalized carbon nanotubes compared to the functionalized ones.
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1. Introduction


Since 1991, the year in which they were discovered by the researcher Iijima, carbon nanotubes have attracted much attention and interest thanks to their peculiar properties [1]. Carbon nanotubes can be considered rolled graphene sheets capable of forming tubes with diameters of nanometric dimensions and lengths that can vary from a few nanometers to a few centimeters. There are two fundamental types of nanotubes: single-wall carbon nanotubes (SWCNTs), made of a single graphite sheet, and multiwall carbon nanotubes (MWCNTs), made of multiple concentric graphene sheets [2]. Carbon nanotubes are considered among the more resistant and harder materials; these characteristics derive from the type of bonds that are present in their structure, in which the carbon is sp2 hybridized [3]. Thanks to these peculiar properties, carbon nanotubes have been studied in various fields of application, such as electronics [4], medicine [5,6,7], and biology [8,9]. Thanks to their mechanical properties, carbon nanotubes can be used as reinforcers in composite nanomaterials [10,11,12]. A particular field of application in which nanotubes have shown great potential is water purification. The demand for waste and industrial water treatment is increasingly looming and consequently growing, especially in emerging countries as industrialization processes increase. Water pollutants are of many types and vary in origin and chemical nature [13,14]. Among the types of contaminated water, there are those of civil origin, which derive from city wastewater that flows into rivers or directly into the sea without any purification treatment; those of industrial origin, which are made up of different substances depending on the industrial production; and agricultural ones, which are related to the excessive and incorrect use of fertilizers and pesticides, which, being generally water-soluble, penetrate soil and contaminate aquifers.



Industrial waste contains a large quantity of pollutants, and their composition varies depending on the type of production process. Their impact on the environment is complex; often the toxic substances contained in these discharges mutually reinforce their harmful effects and, therefore, the overall damage is greater than the sum of the individual effects. The chemical fertilizers used in agriculture and the sewage produced by livestock are rich in organic substances which, when washed away by rain, end up flowing into aquifers or surface water bodies [15,16,17]. Carbon nanotubes have been advantageously studied for the purification of water contaminated by hydrocarbons [18,19,20] and dyes [21,22,23,24].



Given the great variety and characteristics of possible water contaminants, in each specific case of water treatment, a careful choice of the adsorbent to use is essential. To be effective, the adsorbent must have a certain affinity toward the contaminant to be removed. Carbon nanotubes, due to their structure, have a highly hydrophobic character.



The removal of pollutants present in water through the adsorption technique has been conducted for years. Among the most commonly and traditionally used adsorbent materials are activated carbons and polymers. These are easily available and cheap materials, but they are not always sufficiently effective in the removal of particular pollutants. Their limitations are due to their low capacity and selectivity of adsorption, as well as the difficulty in modifying their surfaces for specific uses. Carbon nanotubes, on the other hand, have high adsorption capacities that are superior to other adsorbent materials used under similar conditions. In addition to their large surface area, carbon nanotubes are distinguished from traditional ones by the possibility of functionalizing their surfaces, giving them a particular specificity and selectivity for the removal of pollutants.



The so-called “functionalization” allows for the surfaces of carbon nanotubes to be modified, which can lead to incisive modification of the hydrophobic character [25]. There are mainly two different functionalization methods: “covalent” and “non-covalent”. With the covalent functionalization method, functional groups, commonly hydroxyl and carboxyl, are created on the surfaces of carbon nanotubes. The structures of the carbon nanotubes near the attachment of functional groups change the hybridization from sp2 to sp3. Covalent functionalization can be carried out with strongly oxidizing acid mixtures consisting of sulfuric acid and nitric acid [26,27]. Other methods involve fluorination reactions that initially lead to the formation of -C-F bonds on the surfaces of the nanotubes. Since these bonds are weak, they subsequently allow for the replacement of the fluorine with other groups, for example, amine or hydroxyl [28,29].



In “non-covalent functionalization”, unlike the previous method, there is no modification of the structure, but it becomes more accessible and active for the establishment of weak secondary bonds with adsorbed molecules. The method mainly involves the following three steps: sonication of the nanotubes in water, centrifugation, and filtration. Using this method, many molecules, such as biomolecules, surfactant polymers, and aromatic organic molecules, can interact with the surfaces of carbon nanotubes through the establishment of weak molecular interactions [30]. In this research, particular attention was paid to the role played by functionalization in the removal of two common and chemically different pollutants in water. Benzoic acid is a versatile compound that finds applications in various industrial sectors. It is used as a preservative in food products and is identified as E210 in food products [31]. In the pharmaceutical industry, it is used as an ingredient in topical preparations. However, approximately 90% of the benzoic acid on the market is used to produce plastic as an intermediate for the production of plasticizers, resins, and other compounds. Benzoic acid is also used as an activator and retarder in the polymerization of rubber. Benzoic acid is toxic in excessive doses, and its accumulation in the environment can have adverse effects [32,33]. Its release in large quantities can alter local ecosystems. Its presence in industrial wastewater is a cause for concern and requires adequate treatment methods to minimize the environmental impact. Accidental spills of oil or its derivatives, as well as diesel, are a threat to marine and terrestrial ecosystems, with devastating consequences for the environment and biodiversity. They cause irreversible damage to the surrounding fauna and flora. Furthermore, this type of pollution can persist for years, negatively affecting air and soil quality. Coastal communities and marine organisms are particularly vulnerable, with long-term impacts on food security and human health. The management and prevention of pollution from organic fuels, as these are made up of a multitude of organic molecules, require the development and optimization of new technologies for their timely and effective recovery. In this article, two case studies that consider the treatment, with carbon nanotubes, of waters contaminated by two different common pollutants, diesel and benzoic acid, are compared in depth, continuing the research reported in our previous articles [34,35]. These two pollutants were taken as references because they represent two fundamentally different types of molecules. In fact, diesel is substantially made up of nonpolar molecules and, therefore, representative of nonpolar pollutants, while benzoic acid can be considered representative of pollutants characterized by polar molecules. To highlight the factors that allow for the effective optimization of the water purification process, the influence of the functionalization of carbon nanotubes was studied based on the nature of the polluting molecules to be treated.




2. Materials and Methods


2.1. Materials


The carbon nanotubes used in the two case studies were synthesized with the CCVD (catalytic chemical vapor deposition) method using NaY zeolite impregnated with Co-Fe as a catalyst, ethylene as a carbon source, and nitrogen as a carrier gas (Figure 1a). The synthesis was carried out in a reactor at a temperature of 700 °C. After 20 min of reaction, carbon nanotubes of the MWCNT type (multiwalled carbon nanotubes) were obtained with a purity of 95% and specific BET surface equal to 108.78 m2/g. Benzoic acid was taken as the reference for chemicals that can pollute water. It appears as a white solid, slightly soluble in water, soluble in ethanol, and quite soluble in acetone and benzene. It is a weak organic acid and, therefore, forms a weak acidic solution in water (Figure 1b). It was used in the solution, a follows: 20 mg of benzoic acid (99.9% weight—Carlo Erba, Milano, Italy) was solubilized in one liter of distilled water. The diesel, used as a representative of hydrocarbon substances that can contaminate water, was purchased from a common distributor. It has the usual characteristics of diesel used for transport (Figure 1c). The reagents used for the functionalization were nitric acid and sulfuric acid at 65% and 98% by weight, respectively, both from Sigma-Aldrich (Darmstadt, Germany).




2.2. Functionalization


The functionalization was carried out by inserting the carbon nanotubes into an acidic solution. In particular, the latter was obtained by mixing 60 mL of nitric acid (65%) with 100 mL of sulfuric acid (98%). The system was subjected to magnetic stirring for 24 h at room temperature. Research reported in the literature has already highlighted that the chemical functionalization process using sulfuric acid and nitric acid leads to the formation of carboxylic functional groups on the surface of the nanotubes, excluding the formation of sulphate groups [36,37,38].



Subsequently, the carbon nanotubes were recovered by filtration, washed with distilled water to eliminate excess acid, and dried at 100 °C in an oven for 12 h (Figure 2).




2.3. Adsorption Tests


The adsorption tests were conducted differently for diesel and benzoic acid for practical reasons due to the different nature of the latter. The tests were conducted, separately for both the functionalized and nonfunctionalized nanotubes, at room temperature. After each test, the carbon nanotubes were removed by filtration and the phases were characterized differently as needed.



2.3.1. Diesel Adsorption Test


A total of 250 mL of diesel was added to one liter of distilled water. To 100 mL of the mixture was added 0.6 g of carbon nanotubes. The entire system was subjected to magnetic stirring for a programmed time. At the end of the test, the carbon nanotubes were removed by filtration with a vacuum pump. The liquid phase, containing the diesel phase floating on the aqueous phase, was inserted into a separating funnel and the volume of residual diesel was measured. The carbon nanotubes were characterized with thermal analysis (Figure 3a).




2.3.2. Benzoic Acid Adsorption Test


A total of 0.1 g of carbon nanotubes was dispersed in 200 mL of an aqueous solution of benzoic acid with a concentration of 1.64 × 10−4 M. The system was subjected to magnetic stirring for a predetermined time. At the end of the test, the carbon nanotubes were recovered by filtration. The liquid phase was subjected to UV spectrophotometric analysis to evaluate the percentage of adsorbed benzoic acid. The carbon nanotubes were characterized with thermal and UV analyses (Figure 3b).





2.4. Instruments


UV spectrophotometry (UV-3100PC, Shimadzu, Kyoto, Japan) was used to measure the residual concentration of benzoic acid after the adsorption test in a range of 300–1100 nm. To measure the quantity of residual diesel after the adsorption tests, after the separation of the latter through a separating funnel, a simply graduated cylinder was used. The gravimetric thermal analysis (TG) was carried out in air flow (Shimadzu). The carbon nanotubes were characterized by scanning electron microscopy and microanalysis (ESEM QUANTA 200 FEG + EDS EDAX GENESIS 2000, Eindhoven, The Netherlands) and thermal analysis gravimetry (Shimadzu).





3. Results and Discussion


3.1. Characterization of Nanotubes before Adsorption Tests


The carbon nanotubes, before being used in the various adsorption tests, were characterized.



3.1.1. Microanalysis (EDS) and Electron Microscopy


Each sample was scanned at different points by EDS microanalysis to have the most complete possible overview of chemical characteristics of the samples. The observation highlighted the homogeneity of the samples. The representative EDS of the different samples are reported below. Figure 4 reports the spectra of the EDS microanalysis carried out on the nonfunctionalized (Figure 4a) and functionalized (Figure 4b) carbon nanotubes. Although the EDS method does not allow for a precise determination, it was sufficient for the purpose of this research, since it allows us to highlight the main and substantial differences among the different samples.



The EDS microanalysis (Figure 4a) determined for the nonfunctionalized carbon nanotubes a composition of 98.2% carbon, low percentages of oxygen of around 1.5%, attributable to possible defects, and insignificant percentages of chlorine of 0.3%, attributable to impurities. The high percentage of carbon confirms the high quality of the nonfunctionalized carbon nanotubes.



The EDS analyses (Figure 4b) highlight a significant decrease in the percentage of the carbon content equal to 78.9% and an increase in the oxygen percentage equal to 15.1%. This shows that the functionalization treatment led to the creation of -COOH groups. Traces of sulfur were also visible, equal to 5.1%, justifiable as residues of the functionalization treatment with sulfuric acid and traces, although not very significant, of other elements to be considered as impurities.



SEM images of the nonfunctionalized (Figure 5a) and functionalized (Figure 5b) carbon nanotubes are shown below.



From observations of the samples, the nonfunctionalized carbon nanotubes (Figure 5a) were well-formed with diameters ranging between 20 and 36 nanometers. They appeared poorly isolated and in bundles.



The functionalized carbon nanotubes (Figure 5b) do not show significant morphological variations compared to the nonfunctionalized ones, but compared to the former they appear more isolated and less organized in bundles, modifications which are attributable to the functionalization process. The diameters remain more or less like the previous ones.



As is known, functionalization is an essentially superficial process; therefore, the nonvariation in the diameters can be easily justified, as a single nanotube does not change its diameter but only presents more functional groups on the surface.



In summary, it is possible to state that from the microstructural observations, before and after functionalization, there were no variations in the nanotubes individually but in in the interactions among the nanotubes instead. When they are nonfunctionalized, they appear nonisolated and as if organized in bundles, while after functionalization they appear more isolated. In fact, the functionalization process with the insertion of carboxylic groups on the surface makes them less available for their aggregation. Generally, the limitations of nonfunctionalized nanotubes are that they organize into bundles and often have difficulty dispersing in the different systems in which they are used. The presence of functional groups after the functionalization process causes the phenomena of repulsion among the functional groups and steric hindrance among the single nanotubes, which favor the dissolution of the bundles and their greater dispersion. These behaviors were observed for all samples of functionalized nanotubes.




3.1.2. Thermogravimetric Analyses


Figure 6 shows the results of the thermogravimetric analysis (TG) carried out on the carbon nanotube samples synthesized as reported in Section 2.1. The TG curve shows a significant weight loss between 500 and 650 °C attributable to the combustion of carbon nanotubes, in complete agreement with what is reported in the literature. The thermal behavior of the functionalized nanotubes, verified during the experimentation, showed a similar trend, without variations.



Thermal analyses (TG) were carried out on the functionalized and nonfunctionalized carbon nanotube samples after the adsorption tests for both benzoic acid and diesel. The aim was to highlight the different behaviors of the two types of carbon nanotubes depending on the different natures of the adsorbed pollution.



Figure 7 shows the TG curves of the functionalized and nonfunctionalized carbon nanotubes after the adsorption tests with benzoic acid.



From a comparison of the two thermal curves (TG), different thermal profiles for the two types of carbon nanotubes can be seen. This confirms, as already highlighted previously, that functionalized carbon nanotubes have a better propensity to adsorb benzoic acid than nonfunctionalized carbon nanotubes. In both cases, there is a weight loss of around 600 °C, which can logically be attributed to the combustion of carbon nanotubes. The differences are highlighted at temperatures below 600 °C; in fact, the weight losses attributable to benzoic acid were significantly greater in the case of the functionalized nanotubes compared to the nonfunctionalized ones. In particular, at up to 500 °C, there occurred weight losses of approximately 10% and 30%, respectively, for the functionalized and nonfunctionalized nanotubes Figure 8 shows a profile of the nonfunctionalized carbon nanotubes after the adsorption tests with diesel. This profile is representative and alike to what was also found for functionalized carbon nanotubes.



At 600 °C, weight losses attributable to the combustion of carbon nanotubes occurred, and below this temperature significant weight loss validates the high adsorption of diesel. The data from thermogravimetric analyses confirm that depending on the nature of the pollutant, the carbon nanotubes performed well if they were nonfunctionalized or functionalized. In summary, it is possible to highlight that the thermal analysis (TG) profiles of nonfunctionalized and functionalized nanotubes, carried out after the adsorption tests on the same pollutant, demonstrate the fundamental role of functionalization in the optimal removal of pollutants. The need to functionalize must be taken into consideration in advance based on the pollutant to be removed. In fact, the thermal analysis profiles highlighted how nonfunctionalization is advantageous in the case of diesel adsorption, indicated by the greater weight loss, unlike the adsorption of benzoic acid, which instead showed a greater weight loss in the case of functionalized nanotubes.





3.2. Adsorption of Benzoic Acid by Functionalized and Nonfunctionalized Carbon Nanotubes


Below are reported the results of the adsorption tests using functionalized and nonfunctionalized nanotubes for water polluted by benzoic acid and diesel, respectively. For the understanding and discussion of the data obtained, particular attention was paid to the following:




	-

	
The different molecular structures of the two pollutants considered;




	-

	
The different dispersing capacities of the functionalized and nonfunctionalized nanotubes in the two systems considered.









Figure 9 shows the percentages of benzoic acid adsorbed as a function of the treatment times for the two systems containing nonfunctionalized and functionalized carbon nanotubes.



The reported data (Figure 9) highlight that functionalized carbon nanotubes have a greater capacity to adsorb benzoic acid compared to nonfunctionalized ones.



This different capacity is more marked in the first minutes of adsorption and then decreases over a long period of time (Table 1), attributable to the decrease in functional active sites.




3.3. Adsorption of Diesel by Functionalized and Nonfunctionalized Carbon Nanotubes


Figure 10 shows the % diesel adsorbed after the tests conducted at different times and using functionalized and nonfunctionalized carbon nanotubes.



The data reported above do not highlight particular differences in the diesel adsorption between nonfunctionalized and functionalized nanotubes.




3.4. Polarity and Solubility of Benzoic Acid and Diesel


An important parameter in determining a greater or lesser propensity toward adsorption with functionalized or nonfunctionalized carbon nanotubes is the polarity of the adsorbed molecule. If a molecule is made up solely of nonpolar covalent bonds, the molecule is nonpolar. If a molecule is made up of polar covalent bonds, the molecule is not necessarily polar, but it depends on its geometry. In fact, if the molecule has a structure such that the distribution of charges is symmetrical, the molecule appears nonpolar.



In the two cases taken as references in this study, benzoic acid is a molecule that structurally presents itself as a polar molecule due to the presence of the carboxyl functional group (Figure 11).



Also contributing to the polarity of the entire structure is the resonance effect present on the benzoic acid molecule (Figure 12).



Because of these peculiarities, benzoic acid is soluble in water, the latter being, as is known, a polar solvent. In particular, the solubilities of benzoic acid in water at 25 °C and 100 °C are 3.44 g/L and 56.31 g/L, respectively. This means that if the carbon nanotubes are in such conditions that their dispersion in water is favored, the adsorption of benzoic acid, present as a pollutant in water, is improved. Diesel, the other pollutant taken as a reference in this research, does not have a specific formula because it is not a single compound. It is made up of a mixture of saturated hydrocarbons and aromatic hydrocarbons containing mainly from 14 to 20 carbon atoms (Table 2). It has a density between 0.84 and 0.88 g/cm3. The organic molecules that constitute it are predominantly nonpolar, and therefore, it is insoluble in polar solvents such as water.



Therefore, if water is polluted by benzoic acid, not in a supersaturated condition, it is solubilized in solution, while in the case of diesel, it appears as a separate floating phase (Figure 14a). In the two cases above, the carbon nanotubes act in the following two different contexts: in a polar aqueous monophasic system when the water is contaminated by benzoic acid and in a biphasic system consisting of a polar and a nonpolar phase when the waters are contaminated by diesel. In these different contexts, the hydrophilic or hydrophobic character of the adsorbent material is then decisive.




3.5. Dispersive Capacity of Nonfunctionalized and Functionalized Nanotubes


A hydrophilic adsorbent material will perform better in a system in which the pollutant is solubilized in an aqueous phase, while in the case of a nonpolar pollutant, the optimal adsorbent is the hydrophobic one. The dispersing capacities in the different phases of the adsorbent material are crucial for optimal purification and therefore must be simultaneously evaluated with the other parameters. For the reasons stated above, the dispersing capabilities of carbon nanotubes, in polar or apolar phases, were studied in relation to their nonfunctionalization or functionalization.



This hydrophobic character makes the dispersion of carbon nanotubes in water difficult. Poor dispersion means that the nanotubes are not distributed uniformly in an aqueous system to be treated but often results in the formation of agglomerates. The latter reduce the accessibility of pollutants to the surface of the nanotubes with a consequent lowering of the adsorption capacity. Therefore, when the pollutant is present in aqueous systems, this aspect must be taken into careful consideration.



Figure 13 shows images of the dispersion of carbon nanotubes, functionalized and nonfunctionalized, for the pollutants treated in this research. In particular, Figure 13a shows an image of the nonfunctionalized carbon nanotubes dispersed in water contaminated by benzoic acid. In this case, it is possible to observe that the hydrophobic character of the nonfunctionalized nanotubes did not allow for adequate and homogeneous dispersion within the system. The situation is completely different if functionalized nanotubes are used in the same system (Figure 13c). In the latter case, the dispersion was homogeneous, and the nanotubes appeared to have agglomerated only a little. The comparison of the aforementioned situations makes it obvious and justifies the data obtained on adsorption; that is, nanotubes functionalized in water contaminated by benzoic acid are better performing.



Figure 13b,d show the images related to the diesel in which the nonfunctionalized and functionalized nanotubes were dispersed, respectively. From the images, it can be observed that the nonfunctionalized nanotubes dispersed excellently in the diesel, while the functionalized nanotubes showed a decrease in dispersing capacity.



However, in the case of biphasic systems characterized by a floating apolar phase, made up of the pollutant, on a polar aqueous phase, it is more particular, as follows: if a hydrophilic adsorbent is used, this will disperse in the aqueous phase and it is from here that it will act to adsorb the nonpolar molecules present in the swimming phase; if the adsorbent has a hydrophobic character, it will disperse mainly in the apolar phase, and it is here that it will act directly to adsorb the polluting molecules.



In the specific case of a water/diesel system (Figure 14a), the nonfunctionalized nanotubes, having a hydrophobic character, are uniformly distributed in the diesel phase and absorb the organic molecules (Figure 14b).



When the functionalized nanotubes were used (Figure 14c), they lost their hydrophobic character and were distributed in the aqueous phase. If an adequate extension of the interface is guaranteed, they adsorb organic molecules without difficulty at the boundary between the diesel and water phases.




3.6. Characterization of Carbon Nanotubes after Adsorption Tests


The images in Figure 15 show the carbon nanotubes recovered after the adsorption tests and dried in an oven at 100 °C for 48 h.



A substantial difference was evident between the nanotubes subjected to tests with benzoic acid and diesel. Regardless of the nature of the carbon nanotubes, functionalized or nonfunctionalized, those used with benzoic acid after the adsorption tests appeared well separated and essentially in the powdery phase. On the contrary, the nanotubes treated with diesel appeared in a highly agglomerated phase. No substantial difference in the appearance of the nanotubes after the tests was evident between the functionalized and nonfunctionalized nanotubes for the same pollutant treated.



Figure 16a,b and Figure 17a,b show the EDS spectra of the carbon nanotubes after the adsorption tests with nonfunctionalized and functionalized nanotubes, respectively, with benzoic acid and diesel.



Table 3 reports the carbon/oxygen ratios of the carbon nanotube samples before and after the adsorption tests according to the EDS data.



The data reported in the Table 3 suggest the following:




	(I)

	
Regardless of the pollutant treated, benzoic acid or diesel, the functionalized nanotubes always presented a lower C/O ratio than the nonfunctionalized ones, confirming the good effect of the functionalization, which resulted in an increase in oxygen and which was also found after the adsorption tests.




	(II)

	
In all types of the test, with benzoic acid or diesel, the nonfunctionalized nanotubes always showed a lower C/O ratio compared to those not used in the adsorption tests. This suggests the onset of an oxidation phenomenon, which becomes even more important in the tests with diesel.




	(III)

	
The functionalized nanotubes presented a lower C/O ratio in the case of the tests with diesel, once again suggesting the same hypothesis as the previous point.




	(IV)

	
However, in the case of the functionalized nanotubes used in the tests with benzoic acid, there was, on the contrary, an increase in the C/O ratio compared to those not used in the tests. In fact, the values of the C/O ratio increased from 5.16 to 11.47. This value, which seems to contradict the general trend, can be explained by the fact that although an oxidation phenomenon may have occurred, it become less noticeable since the prevailing fact is that the functionalized carbon nanotubes allow for more molecules of benzoic acid to be adsorbed thanks to a greater affinity. For each molecule of adsorbed benzoic acid, there are six carbon atoms (72) and two oxygen atoms (32), which lead to an increase in the C/O ratio.









During the adsorption tests, the carbon nanotubes were subjected to stress both due to the agitation to which the system is subjected and the recovery and filtration phases. Under these conditions, it is possible for some bonds to break near defects, leading to the formation of active sites for oxidation reactions. In the case of diesel, because of the greater viscosity of the system, the stressful action that occurs during the adsorption tests is more important, with a consequent increase in the oxidation phenomenon.



Below are SEM images of the nonfunctionalized and functionalized carbon nanotubes after the absorption tests with benzoic acid (Figure 18) and with diesel (Figure 19).



The appearance of the nanotube forms used in the diesel adsorption tests suggests that the adsorption occurred mainly at the surface level, where the large diesel molecules act as a glue, creating a mixture between the adsorbed diesel and nanotubes (Figure 19). In the case of the nanotubes used in the adsorption with benzoic acid, the different nature of the molecules compared to those of diesel did not create this strong congestion between adsorbed pollutant molecules and carbon nanotubes (Figure 18).



This different aspect suggests that carbon nanotube recovery treatments will have to include different phases regarding their regeneration.





4. Conclusions


In this article, two states of water pollution were taken into consideration, comparing the nature and chemical characteristics of the pollutants with the characteristics of carbon nanotubes and, particularly, their functionalization.



In the two case studies, benzoic acid and diesel were taken into consideration as water pollutants, as they have different chemical characteristics. Benzoic acid is soluble in water and is a polar molecule; diesel in water forms a two-phase system and contains nonpolar molecules.



The data obtained show that the nature of the carbon nanotubes is determined for effective adsorption and must be carefully chosen depending on the pollutant to be treated.



In particular, nonfunctionalized nanotubes are hydrophobic, and this means that if the pollutant is dispersed in water, as in the case of benzoic acid, they are unable to disperse adequately in the system with the consequent formation of agglomerates and reduction in access routes for the pollutant toward the active surface of the carbon nanotubes. Using functionalized carbon nanotubes instead, there is an increase in the hydrophilic character with a consequent increase in dispersion and affinity with the polar molecule and with a consequent increase in the purifying action.



In the case of water contaminated by diesel, no variation in the purifying action between the functionalized and nonfunctionalized nanotubes was evident. This can certainly be attributed to the two-phase nature of the water/diesel system. In the case of the nonfunctionalized carbon nanotubes, which have a greater hydrophobic character, when they are inserted into the system they immediately disperse in the organic phase of diesel, with consequent adsorbent action.



When functionalized nanotubes are used, thanks to their hydrophilic character, they can disperse adequately in the aqueous phase, where they can perform in a similar manner to nonfunctionalized ones in terms of the adsorbent action.



In summary, it is possible to conclude that functionalization played a significant role in the purification of water contaminated by benzoic acid, while no substantial variation was exhibited between functionalized and nonfunctionalized nanotubes in water contaminated by diesel.



Generalizing the data obtained, it is possible to say that, if the pollutant is soluble in water, the functionalization of the carbon nanotubes results in a substantial improvement in the purifying action.



If the system is biphasic, there is no substantial difference between the functionalized and nonfunctionalized nanotubes if a sufficient interfacial surface from which the functionalized nanotubes can act is guaranteed.
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Figure 1. Images of (a) carbon nanotubes, (b) benzoic acid, and (c) diesel. 
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Figure 2. Photo of the functionalized carbon nanotubes. 
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Figure 3. Scheme of the adsorption tests with functionalized and nonfunctionalized carbon nanotubes, using (a) benzoic acid and (b) diesel. 
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Figure 4. EDS microanalysis: (a) nonfunctionalized; (b) functionalized carbon nanotubes. 
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Figure 5. SEM images of the (a) functionalized and (b) nonfunctionalized carbon nanotubes. 
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Figure 6. Thermogravimetric analysis (TG) of the carbon nanotubes. 
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Figure 7. Thermogravimetric analyses (TG) of nonfunctionalized (a) and functionalized (b) carbon nanotubes after the adsorption tests with benzoic acid. 
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Figure 8. Thermogravimetric (TG) analysis of nonfunctionalized nanotubes after the adsorption tests with diesel. 
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Figure 9. The % adsorption of benzoic acid in systems containing nonfunctionalized and functionalized carbon nanotubes. 
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Figure 10. The adsorbed diesel (%) as a function of time in different systems containing functionalized and nonfunctionalized carbon nanotubes. 
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Figure 11. Polarity of the benzoic acid molecule. 
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Figure 12. Resonance forms of the benzoic acid molecule. 
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Figure 13. Images: (a) nonfunctionalized nanotubes dispersed in benzoic acid solution; (b) nonfunctionalized nanotubes dispersed in diesel; (c) functionalized nanotubes dispersed in benzoic acid solution; (d) functionalized nanotubes dispersed in diesel. 
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Figure 14. Water/diesel system: (a) without carbon nanotubes; (b) with nonfunctionalized carbon nanotubes; (c) with functionalized carbon nanotubes, after stirring and resting for two minutes. 
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Figure 15. Carbon nanotubes after adsorption tests, separated and treated at 100 °C for 48 h: (a) nonfunctionalized nanotubes after tests with benzoic acid; (b) functionalized nanotubes after tests with benzoic acid; (c) nonfunctionalized nanotubes after tests with diesel; (d) functionalized nanotubes after the tests with diesel. 






Figure 15. Carbon nanotubes after adsorption tests, separated and treated at 100 °C for 48 h: (a) nonfunctionalized nanotubes after tests with benzoic acid; (b) functionalized nanotubes after tests with benzoic acid; (c) nonfunctionalized nanotubes after tests with diesel; (d) functionalized nanotubes after the tests with diesel.



[image: Inorganics 12 00238 g015]







[image: Inorganics 12 00238 g016] 





Figure 16. EDS microanalysis of (a) nonfunctionalized and (b) functionalized nanotubes after adsorption tests with benzoic acid. 
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Figure 17. EDS microanalysis of nanotubes (a) unfunctionalized and (b) functionalized after diesel adsorption tests. 
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Figure 18. Images of (a) nonfunctionalized and (b) functionalized carbon nanotubes after adsorption tests with benzoic acid. 
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Figure 19. (a,b) Images of nonfunctionalized carbon nanotubes; (c) functionalized after adsorption tests with diesel. 
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Table 1. Percentage increase in benzoic acid adsorption of functionalized nanotubes compared to nonfunctionalized ones.
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	Adsorption Time

[min]
	Percentage Increase in Benzoic

Acid Adsorption





	10
	44%



	30
	28%



	90
	14%










 





Table 2. Composition (wt%) of conventional diesel fuel [39].
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	Organic Molecular
	Composition (wt%)





	Paraffins
	39



	Naphthenes
	34



	Alkylbenzene
	18



	3-Ring Aromatics
	1










 





Table 3. Carbon/oxygen ratio in the carbon nanotube samples before and after the adsorption tests.
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Carbon/Oxygen Weight Ratio






	

	
Nonfunctionalized carbon nanotubes

	
Functionalized carbon nanotubes




	
Before adsorption tests

	
65.47

	
5.16




	
After adsorption test with benzoic acid

	
48.85

	
11.47




	
After adsorption test with diesel

	
6.46

	
4.72

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
@ ®)

Non-functionalized carbon nanotubes

Functionalized carbon nanotubes

S
i

-
o
"

H
» .
o o

0 100 200 300 400 500 600 700 800

i siseplty 0100 200 300 400 500 600 700 800

Temperature (°C)





media/file4.png





media/file30.png
(a)






media/file18.png
% Adsorption benzoic acid

10 30 90

Time [min]
®m Functionalized m Non-Functionalized





media/file35.jpg
Benzoicacid test

Functionalized carban nanotubes

ML






media/file21.jpg





media/file26.png
Diesel

(d)

Benzoic acid solution

pazijeuoi}ounjuon

pazijeuonduny






media/file39.png





media/file27.jpg
Non-funcionalzed Carbon nanotubes Fundonalited carbonnanotubes





media/file3.jpg





media/file22.png
> oH






media/file19.jpg
% Adsorption Diesel

= Non-functionalized = Functionalized





media/file7.jpg
(@)

(b)

a5 ok w2 o041 ses
oK 15 o6 11
ok 03 o8 01
IS, M Tt 60 w0 AT T 024 s 317
ZAF QuantResut - Ansysis Uncerainy 1047
- Homen Woight®e  MOL Rmie%s
1360 ok ms T
e ok s o8 24
i Ko ois 00
or) sk o1 ou 00
sk s o5 21
el Fk 04 081 o1
o
o o N8 o
R I
S g2 Tt 026 T @) ArpTiesga) 06 Rt 1252

o





media/file28.png
(b)

interface
~ — =

N - ~
— N

Distilled water

o
Distilled water

Non-functionalized Carbon nanotubes Funcionalized carbon nanotubes





media/file10.png
Mag = 80.00 KX 200 nm WD = 9.5 mm
Aperture Size = 30.00 ym
G b 350-8405010133 Noise Reduction = Line Int. Busy

ZEISS

Drrss Mag= 2000KX ENT = 5.00 AV Signal A = inLens
Aperture Size = 30.00 pm

Busy

Date: 23 May 2024 Time: 10:59:46
System Vacuum = 6.79e-06 mbar

e
Signal A =InLens

E \ ,
(b) \ -
I8 _

" I /!
- ¥
%

S

2 ho » . <
Date: 23 May 2024 Time: 10:53:59
System Vacuum = 7.99¢-06 mbar

i

ZEISS Mag= 2000KX 1 pm WD = 9.1mm ENT = 500 kV Signal A = inLens
a Aperture Size = 30.00 ym

Busy

5
Date: 23 May 2024 Time: 11:04:02
System Vacuum = 6.27¢-06 mbar

zEIss Mag= 80.00 KX 200 nm WD = 9.1 mm
Aperture Size = 30.00 ym
Crossbeam 350-8405010133 Noise Reduction = Line Int. Busy

EHT = 5.00 kV

Date: 23 May 2024 2 Time: 11:05:59
System Vacuum = 6.08e-06 mbar

-t
Signal A = InLens






media/file33.jpg
@ = ‘€ZAF Quant Result - Analysis Uncertainy: 8.84%

|
o __-_
o w0
ok me  os ws
E3 30 w 0 0 [} 50
K M Tk T Ao O3 Rt 7
o
(ORI SZAF QuantResult-Anlyss Unctainy: 035 %
| __-_
”“‘ 822 036 862
o ok ma em w1
- E—
-
P
w
o
o
s
o
W m m w W w @ m W m®

K M0 TR UeTrei®0 AT T8 Reskion): 145
0ot e Eubus





media/file32.png
eZAF Quant Result - Analysis Uncertainty: 8.26 %
e Element  Weight%  MDL Atomic%
Fieh cK 977 03 984
3K OK 20 047 15
2.34K CIK 03 0.16 0.1
1.95K
1.56K
1.17K
0.78K
0.39K
o] Clq
0.00K ! 1 -
0.0 1.00 200 3.00 4.00 5.00 6.00 7.00 8.00 9.00

KV:15 Mag:250 Takeoff: 8249 LiveTime:60 Amp Time(us): 048  Resolution:(eV): 126.2

Det : Octane Elite Plus

eZAF Quant Result - Analysis Uncertainty: 9.57 %

3.15K
2.80K CIK 895 0.34 929
2 45K OK 7.8 051 6.1
Al K 0.2 0.1 0.1
2.10K
SiK 0.4 0.1 0.2
1.75K SK 15 0.13 06
1.40K CakK 05 024 02
1.05K
o.70k| I}
0.35k! /AN i B .
1 a Ca
0.00K i A -
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00

kVv:15  Mag:250 Takeoff: 8249 Live Time:60 Amp Time(ps):7.68  Resolution:(eV): 124.5

Det : Octane Elite Plus






media/file14.png
(a) (b)

) ) Functionalized carbon nanotubes
Non-functionalized carbon nanotubes

100
100
80 -
80 -
3
& 60 -
°\ | w
S 60 8
v -
° =
£ 40 - = 40 -
oo
g =
20 - 20 -
O 1 1 I I I ) 1 1
O I 1 | I | I I 1

0O 100 200 300 400 500 600 700 800

o O 100 200 300 400 500 600 700 800
Temperature (°C)

Temperature (°C)





media/file11.jpg
Weight loss (%)

100

®
3

@
3

N
S

~
S

0

0 100

200

300

400 500 600

Temperature (°C)

700

800





media/file6.png
mmm) UV analyses

Liquid phase
U
| \

i mmm) Thermogravimetry
l -‘ Magnetlcstlrred‘- a analyses (TG)
Carbon nanotubes
Acid benzoic solution with Filtration
carbon nanotubes functionalized with
or nonfunctionalized vacuum pump

& -V -
/ i Volumetric analysis

of residual diesel

Liquid phases
Separation of
_ liquid phases
I @ Magneticstired @ a : \
N - Thermogravimet
Mixture of diesel, water Filtration @ = analygses (16) v
and functionalized or with Caih i
nonfunctionalized vacuum pump RTINS

carbon nanotubes






media/file36.png
Benzoic acid test

Non Functionalized carbon nanotubes Functionalized carbon nanotubes

) .t d 3 . . v s 4
/ \ \ v - 4 . 0
R s ~ i_ 2 L ol e \ 4 i Y $ Vi ; ) eI N
Mag= 2000 KX 1 pm WD = 5.6 mm EHT = 5.00 kV Signal A = InLens Date: 23 May 2024 Time: 11:09:09 Mag= 2000 KX 1 um WD = 5.6 mm EHT = 5,00 kV Signal A = InLens Date: 23 May 2024 Time: 11:17:08
Aperture Size = 30.00 pm System Vacuum = 5.83¢-06 mbar Aperture Size = 30.00 pm System Vacuum = 5.39¢-06 mbar
Crossbeam 350-8405010133 Noise Reduction = Line Int. Busy Crossbeam 350-8405010133 Noise Reduction = Line Int. Busy

ZEISS






media/file15.jpg
Weight loss (%)

g

®
3
L

@
3
L

2
S
L

20

T
100

200

300

400 500 600

Temperature (°C)

700

800





media/file37.jpg
Dieseltest






nav.xhtml


  inorganics-12-00238


  
    		
      inorganics-12-00238
    


  




  





media/file16.png
Weight loss (%)

100 -

80 =

60 -

40 -

—

! I
100

I
200

|
300

|
400

I ! I |
500 600 700

Temperature (°C)

|
800





media/file2.png
Carbon nanotubes

(c)

D

(b)

~
o
0
= =
o

OH

Benzoic acid






media/file20.png
% Adsorption Diesel

2.5 5 15 30 60

Time [min]

® Non-functionalized ® Functionalized





media/file23.jpg
Fot e
!






media/file5.jpg
/- = UVanalyses

Uiquid phase.

@ mmp Thermogravimetry
analyses (TG)

Carbon nanotubes

(.,, -
Y — =

I of residual diesel

= — 1\
== —
Mm:mm.m,fm %..,_u: \® mp Thermogravimetry

i alyses T6)
and functionalzedor with
nonfuncionalized acumpump  Corbonnanotubes
carbon nanotubes






media/file24.png
o

D ®
@ 7 ZOH
G B
0o S
g™






media/file29.jpg
@

@





media/file1.jpg
Carbon nanotubes

(b)

0,

©

Dies
OH

Benzoic acid






media/file31.jpg
(a) ‘€ZAF Quant Result - Analysis Uncertainty: 826 %

&8 ]
SRR
S E—
&
-
T I T ———

WIS Mo Tt 010 Ui 6 ATt 048 Rkt 282

(b)

s

ame

p S5 o Sis

Wt o Tk 20 o Tomi 0 T 78 e 35






media/file25.jpg
Benzoic acid solution

(@)

pazijeuonaunjuoN

pazijeuonouny






media/file12.png
100 ==

80 -

Weight loss (%)

o | ad 1 L  J L 1 L4 |

0 100 200 300 400 500 600 700 800

Temperature (°C)





media/file9.jpg





media/file0.png





media/file38.png
Dieseltest

Non Functionalized carbon nanotubes Functionalized carbon nanotubes

//i , N
/ / ¥ N . >
1 pm WD~ 5.6 mm ENT = 500 AV ens Date: 23 May 2024 Time: 11:21:06 sy Mag = WD = 5.4 mm Date: 23 May 2024 Time: 11:26:20

System Vacoum = 5.230-06 mbar \perture Size = 30.00 pm System Vacuum = 5.08¢-06 mbar
Crossbeam 350-8405010133 Noise Reduction = Line int. Busy Crossbeam 350-8405010133 Noise Reduction = Line int. Busy






media/file8.png
3.60K
3.24K eZAF Quant Result - Analysis Uncertainty: 8.20 %
2 52K CK 98.2 041 9838
216K OK 1) 065 1.1
1.80K CIK 0.3 0.18 0.1
1.44K
1.08K
0.72K
0.36K
0 Cl ¢
0.00K - ==t -
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00
kV:15  Mag:250 Takeoff: 8249 Live Time:60 Amp Time(us):0.24  Resolution:(eV): 131.7
Det : Octane Elite Plus
1.70K
eZAF Quant Result - Analysis Uncertainty: 10.47 %
Cloment Weight% DL
1.36K CK 78.9 067 853
1.19K OK 15.3 061 124
1.02K Al K 0.1 015 0.0
SiK 0.1 014 00
0.85K
SK 5.1 0159 2:1
068K It FeK 0.4 051 0.1
0.51K
0.34K
0.17K: "}
', o Fe Fe
0.00K* . :
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00
kV:i15  Mag:250 Takeoff: 8249 Live Time:60 Amp Time(us): 048  Resolution:(eV): 126.2

Det : Octane Elite Plus





media/file34.png
(b)

2.00K
1.80K
1.60K
140K
1.20K
1.00K
0.80K
0.60K
0.40K

0.20K

eZAF Quant Result - Analysis Uncertainty: 8.84 %

CK 86.6 0.38 89.6
OK 134 054 104

0.00K

-

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00

kV:15

Mag:250  Takeoff: 8249 LiveTime:60 Amp Time(ps): 0.24  Resolution:(eV): 131.7

Det : Octane Elite Plus

216K eZAF Quant Result - Analysis Uncertainty: 9.35 %
13K CK 822 036 86.2
1.68K OK 174 052 137
144K SK 04 0.15 0.1
1.20K
0.96K
0.72K
0.48K
024
; ‘ ::' ] S
0.00K - =
0.00 1.00 2.00 3.00 400 5.00 6.00 7.00 8.00 9.00
kv:i15 Mag:250 Takeoff: 8249 LiveTime:60 Amp