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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.

Keywords: benzoic acid; carbon nanotubes; diesel; pollution; wastewaters

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 [5–7], and biology [8,9].
Thanks to their mechanical properties, carbon nanotubes can be used as reinforcers in
composite nanomaterials [10–12]. 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
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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 [15–17]. Carbon nanotubes have been advantageously studied for the
purification of water contaminated by hydrocarbons [18–20] and dyes [21–24].

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 car-
boxyl, 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 modifica-
tion 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
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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 con-
sequences 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 tech-
nologies 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 substan-
tially 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 [36–38].

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).
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2.3. Adsorption Tests

The adsorption tests were conducted differently for diesel and benzoic acid for practi-
cal 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
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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).
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Figure 3. Scheme of the adsorption tests with functionalized and nonfunctionalized carbon nanotubes,
using (a) benzoic acid and (b) diesel.

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).
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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.
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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%, at-
tributable 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 nonfunction-
alized carbon nanotubes.
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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.
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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 morphologi-
cal variations compared to the nonfunctionalized ones, but compared to the former they
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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.
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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
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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.
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with diesel.

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 func-
tionalized. 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 re-
moval 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.
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3.2. Adsorption of Benzoic Acid by Functionalized and Nonfunctionalized Carbon Nanotubes

Below are reported the results of the adsorption tests using functionalized and non-
functionalized 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 nan-

otubes 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.
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Figure 9. The % adsorption of benzoic acid in systems containing nonfunctionalized and functional-
ized 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.

Table 1. Percentage increase in benzoic acid adsorption of functionalized nanotubes compared to
nonfunctionalized ones.

Adsorption Time
[min]

Percentage Increase in Benzoic
Acid Adsorption

10 44%
30 28%
90 14%

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.
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Figure 10. The adsorbed diesel (%) as a function of time in different systems containing 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 ad-
sorption 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).
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Also contributing to the polarity of the entire structure is the resonance effect present
on the benzoic acid molecule (Figure 12).
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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.

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

Organic Molecular Composition (wt%)

Paraffins 39
Naphthenes 34

Alkylbenzene 18
3-Ring Aromatics 1

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 pol-
lutant 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 simulta-
neously 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 diffi-
cult. 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
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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 afore-
mentioned situations makes it obvious and justifies the data obtained on adsorption; that
is, nanotubes functionalized in water contaminated by benzoic acid are better performing.
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Figure 13. Images: (a) nonfunctionalized nanotubes dispersed in benzoic acid solution; (b) nonfunc-
tionalized nanotubes dispersed in diesel; (c) functionalized nanotubes dispersed in benzoic acid
solution; (d) functionalized nanotubes dispersed in diesel.

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).
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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.

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.
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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.
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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.

Figures 16a,b and 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.

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

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
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The data reported in the Table 3 suggest the following:

(I) Regardless of the pollutant treated, benzoic acid or diesel, the functionalized nan-
otubes always presented a lower C/O ratio than the nonfunctionalized ones, confirm-
ing 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
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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).
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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
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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 be-
tween 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 non-
functionalized 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 functional-
ized and nonfunctionalized nanotubes if a sufficient interfacial surface from which the
functionalized nanotubes can act is guaranteed.

Author Contributions: Conceptualization, P.D.L. and A.M.; Methodology, J.B. and P.D.L.; Validation,
P.D.L. and A.M.; Formal analysis, L.M.; Investigation, L.M. and P.D.L.; Writing—original draft
preparation, J.B. and P.D.L.; Writing—review and editing, P.D.L.; Supervision, J.B., A.M. and P.D.L.
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: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.



Inorganics 2024, 12, 238 19 of 20

References
1. Iijima, S. Helical microtubules of graphitic carbon. Nature 1991, 354, 56–58. [CrossRef]
2. Harris, P.J.F.; Hernández, E.; Yakobson, B.I. Carbon Nanotubes and Related Structures: New Materials for the Twenty-First

Century. Am. J. Phys. 2004, 72, 415. [CrossRef]
3. Watanabe, T.; Yamazaki, S.; Yamashita, S.; Inaba, T.; Muroga, S.; Morimoto, T.; Kobashi, K.; Okazaki, T. Comprehensive

Characterization of Structural, Electrical, and Mechanical Properties of Carbon Nanotube Yarns Produced by Various Spinning
Methods. Nanomaterials 2022, 12, 593. [CrossRef] [PubMed]

4. Manzetti, S.; Andersen, O. Carbon Nanotubes in Electronics: Background and Discussion for Waste-Handling Strategies.
Challenges 2013, 4, 75–85. [CrossRef]

5. He, H.; Pham-Huy, L.A.; Dramou, P.; Xiao, D.; Zuo, P.; Pham-Huy, C. Carbon nanotubes: Applications in pharmacy and medicine.
BioMed Res Int. 2013, 2013, 578290. [CrossRef]

6. Marchesan, S.; Kostarelos, K.; Bianco, A.; Prato, M. The winding road for carbon nanotubes in nanomedicine. Mater. Today 2015,
18, 12–19. [CrossRef]

7. Jha, R.; Singh, A.; Sharma, P.; Fuloria, N.K. Smart carbon nanotubes for drug delivery system: A comprehensive study. J. Drug
Deliv. Sci. Technol. 2020, 58, 101811. [CrossRef]

8. Moskvitina, E.; Kuznetsov, V.; Moseenkov, S.; Serkova, A.; Zavorin, A. Antibacterial Effect of Carbon Nanomaterials: Nanotubes,
Carbon Nanofibers, Nanodiamonds, and Onion-like Carbon. Materials 2023, 16, 957. [CrossRef]

9. Seo, Y.; Park, C.; Son, J.; Lee, K.; Hwan, J.; Jo, Y.; Lee, D.; Khan, M.S. Synthesis of Multi-walled Carbon Nanotubes Modified with
Silver Nanoparticles and Evaluation of Their Antibacterial Activities and Cytotoxic Properties. J. Vis. Exp. 2018, 135, 57384.

10. Parveen, S.; Vilela, B.; Lagido, O.; Rana, S.; Fangueiro, R. Development of Multi-Scale Carbon Nanofiber and Nanotube-Based
Cementitious Composites for Reliable Sensing of Tensile Stresses. Nanomaterials 2022, 12, 74. [CrossRef]

11. De Luca, P.; Nappo, G.; Siciliano, C.; BNagy, J. The role of carbon nanotubes and cobalt in the synthesis of pellets of titanium
silicates. J. Porous Mater. 2018, 25, 283–296. [CrossRef]

12. Parveen, S.; Rana, S.; Fangueiro, R.A. Review on Nanomaterial Dispersion, Microstructure, and Mechanical Properties of Carbon
Nanotube and Nanofiber Reinforced Cementitious Composites. J. Nanomater. 2013, 2013, 710175. [CrossRef]

13. Babuji, P.; Thirumalaisamy, S.; Duraisamy, K.; Periyasamy, G. Human Health Risks due to Exposure to Water Pollution: A Review.
Water 2023, 15, 2532. [CrossRef]

14. Arman, N.Z.; Salmiati, S.; Aris, A.; Salim, M.R.; Nazifa, T.H.; Muhamad, M.S.; Marpongahtun, M. A Review on Emerging
Pollutants in the Water Environment: Existences, Health Effects and Treatment Processes. Water 2021, 13, 3258. [CrossRef]

15. Li, P.; Sabarathinam, C.; Elumalai, V. Groundwater pollution and its remediation for sustainable water management. Chemosphere
2023, 329, 138621. [CrossRef] [PubMed]

16. Akoto, O.; Andoh, H.; Darko, G.; Eshun, K.; Osei-Fosu, P. Health risk assessment of pesticides residue in maize and cowpea from
Ejura, Ghana. Chemosphere 2013, 92, 67–73. [CrossRef]

17. Vasilachi1, I.C.; Asiminicesei, D.M.; Fertu, D.I.; Gavrilescu, M. Occurrence and Fate of Emerging Pollutants in Water Environment
and Options for Their Removal. Water 2021, 13, 181. [CrossRef]

18. Gotovac, S.; Yang, C.M.; Hattori, Y.; Takahashi, K.; Kanoh, H.; Kaneko, K. Adsorption of polyaromatic hydrocarbons on single
wall carbon nanotubes of different functionalities and diameters. J. Colloid Interf. Sci. 2007, 314, 18–24. [CrossRef]

19. Yang, K.; Zhu, L.; Xing, B. Adsorption of Polycyclic Aromatic Hydrocarbons by Carbon Nanomaterials. Environ. Sci. Technol.
2006, 40, 1855–1861. [CrossRef]

20. Apul, O.G.; Karanfil, T. Adsorption of synthetic organic contaminants by carbon nanotubes: A critical review. Water Res. 2015, 68,
34–55. [CrossRef]

21. Duman, O.; Tunc, S.; Bozoglan, B.K.; Polat, T.G. Removal of triphenylmethane and reactive azo dyes from aqueous solution by
magnetic carbon nanotube-k-carrageenan-Fe3O4 nanocomposite. J. Alloys Compd. 2016, 687, 370–383. [CrossRef]

22. De Luca, P.; Chiodo, A.; Macario, A.; Siciliano, C.; B.Nagy, J. Semi-Continuous Adsorption Processes with Multi-Walled Carbon
Nanotubes for the Treatment of Water Contaminated by an Organic Textile Dye. Appl. Sci. 2021, 11, 1687. [CrossRef]

23. De Benedetto, C.; Macario, A.; Siciliano, C.; B.Nagy, J.; De Luca, P. Adsorption of Reactive Blue 116 Dye and Reactive Yellow 81
Dye from Aqueous Solutions by Multi-Walled Carbon Nanotubes. Materials 2020, 13, 2757. [CrossRef] [PubMed]

24. De Luca, P.; B.Nagy, J. Treatment of Water Contaminated with Reactive Black-5 Dye by Carbon Nanotubes. Materials 2020, 13,
5508. [CrossRef] [PubMed]
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