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Abstract: In this work, the possibility of using carbon nanotubes for the treatment of olive vegetation
waters (OVWs) was investigated. In general, the disposal of OVWs represents an important envi-
ronmental problem. The possibility of considering these waters no longer just as a problem but as a
source of noble substances, thanks to the recovery of biophenols from them, was tested. In particular,
predetermined quantities of olive vegetation waters were treated with carbon nanotubes. The quanti-
ties of adsorbed biophenols were studied as a function of the quantities of carbon nanotubes used
and the contact time. The experimental conditions for obtaining both the highest possible quantities
of biophenol and a purer adsorbate with the highest percentage of biophenols were studied. After
the adsorption tests, the vegetation waters were analyzed by UV spectrophotometry to determine,
in particular, the variation in the concentration of biophenols. The carbon nanotubes were weighed
before and after each adsorption test. In addition, kinetic studies of the adsorption processes were
considered. Carbon nanotubes proved their effectiveness in recovering biophenols.

Keywords: adsorbtion; biophenols; carbon nanotubes; olive vegetation water; polyphenols

1. Introduction

The production of olive oil results in the production of by-products that are particularly
dangerous for the environment. The main by-products are pomace and so-called olive
vegetation waters (OVWs).

The pomace appears as a substantially solid phase and is made up of various or-
ganic compounds (such as cellulose, carbohydrates, proteins, phenolic and inorganic
compounds, etc.) and parts of the skin and olive stones [1]. Pomace is generally recycled for
the production of animal feed, for the production of biogas or for the production of compost
after appropriate treatment [2]. The olive vegetation waters, on the other hand, represent
the liquid by-products of oil production. The nature of the pomace and the olive vegetation
waters is very variable and depends mainly on the processing process and on the geograph-
ical and climatic characteristics of the place where the olive tree is grown. As with pomace,
disposal is also an important problem for olive vegetation waters since the latter consist
mainly of an important organic fraction, fundamentally phenolic in nature, which is poorly
biodegradable [3]. They are also characterized by a high acidity. Massive release of OVWs
into the environment can involve the modification or destruction of the bacterial flora of
the soils on which they are released or the pollution of aquifers, with serious consequences
for the environment or for the purification systems of civil waters [4,5]. Considering that
millions of tons of such waters are produced every year in the short olive pressing season,
the problem of disposal is of great interest. These by-products, although their disposal is
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a problem, if properly treated, can represent a source of particularly valuable substances.
Vegetable waters, for example, are rich in biophenols [3,6].

It is known that biophenols are excellent allies for human health [7,8]. In fact, they have
antioxidant properties [9–11]. Many studies have confirmed the ability of these substances
to act beneficially on cardiovascular diseases and inflammations [12–14]. Recent research
also confirmed the antitumor action of these molecules [15]. Thanks to these properties,
biophenols are generating more and more interest in the pharmaceutical industry; therefore,
research is increasingly aimed at optimizing and researching new recovery methods. As
is known, the traditional methods of recovery and treatment of contaminated water are
those of centrifugation, membrane, photocatalysis, reverse osmosis, ultrafiltration and
adsorption [16–18].

Carbon nanotubes (CNTs) have proved to be particularly important materials, en-
dowed with marked versatility and applicability in various sectors, i.e., as fiber rein-
forcers [19], adsorbents [20–22], electronic sensors [23–25], etc. These materials have been
shown to have a high competitive adsorbent capacity with the more classic adsorbent ma-
terials such as chitosans [26,27], membranes [28–30], zeolites [31–33] and zeotopes [34–36].

They consist of rolled-up graphene sheets that form tubes, the diameter of which is
nanometric in size. Thanks to this high-adsorbing capacity, carbon nanotubes are advanta-
geously used for the purification of water from organic substances [22,37,38], dyes [39,40],
gasoline [41], etc.

To our knowledge, there are no studies reported in the literature that used carbon
nanotubes for the treatment of olive vegetation waters. Therefore, in this experimental
work, carbon nanotubes for the recovery of biophenols from the olive vegetation waters of
the olives were studied and tested.

In addition to biophenols, OVWs are rich in various organic substances, such as organic
acids, reducing sugars, sugar alcohols, etc., and minerals such as potassium, phosphorus
and calcium. For this reason, the recovery of biophenols from OVWs is not always a simple
and easy operation. Taking this aspect into consideration, this research aims to define the
best operating conditions to give a high selectivity in the adsorption of biophenols from
OVWs using carbon nanotubes.

2. Materials and Methods
2.1. Materials
2.1.1. Carbon Nanotubes

Unpurified carbon nanotubes (CNTs) were used. These were synthesized by catalytic
chemical vapor deposition technique (CCVD) and extensively characterized as reported in
previous papers [38–40]. In short, the nanotubes used had a purity of 95%. They had an
average pore width of 103.70 Angstroms and a specific BET area of 108.70 m2/g.

2.1.2. Olive Vegetation Waters (OVWs) and Their Pre-Treatment

The OVWs were supplied by an oil mill of a local, private company. Before being
subjected to adsorption tests, these samples were previously treated. Initially, the olive
vegetation waters were subjected to centrifugation for a time of 10 min and at a rotation
speed of 13,000 rpm.

Subsequently, the OVWs were separated from the precipitate and subjected to vacuum
filtration with a borosilicate glass filter funnel (Pyrex, Corning, NY, USA, porosity 5), with
the aim of eliminating even the finest, suspended particles.

The liquid phase thus obtained, the OVWs were stored in the refrigerator at a temper-
ature of 4 ◦C before being analyzed and subjected to adsorption tests.

2.2. Adsorption Tests

The adsorption tests were conducted in discontinuous mode and on different systems
consisting of a constant volume of OVWs equal to 20 mL and different quantities of carbon
nanotubes equal to 0.3, 0.5 and 1.0 g, respectively, called systems 1, 2 and 3. The adsorption
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times were 5, 10, 20, 45, 60 and 120 min, respectively. The volume of OVWs used for each
single test was 20 mL; this remained unchanged for all the tests. Conversely, the quantity of
CNTs entered varied. The OVWs/CNTs system was stirred at a constant speed of 250 rpm
for characteristic times in a well-sealed container to avoid evaporation phenomena.

After Adsorption Tests

Subsequently, at the end of the programmed stirring time, the CNTs were separated
by filtration by means of a vacuum pump. The filter used was a borosilicate glass filter
funnel (Pyrex, porosity 5).

The filtered phase was collected and stored at 4 ◦C and analyzed by UV spectropho-
tometer while the solid part, which remained on the paper filter, was placed to dry in
the oven at 100 ◦C for about 12 h and weighed before and after to evaluate the increase
in weight.

2.3. Characterization

The UV-3100 Shimadzu spectrophotometer (Kyoto, Japan) was used to characterize
the OVWs after the adsorption tests. The analyses were referred to the characteristic band
at 280 nm. Generally, measurement of biophenols by UV spectrophotometry is referred at
280 nm, which represents a suitable compromise as most phenols absorb considerably at
this wave-length [42,43]. The measurements were repeated three times, and their average
was taken into account.

3. Results and Discussion
3.1. OVWs Characterization

The following Figure 1 shows the characteristic UV band relative to the initial OVWs
sample before being subjected to adsorption tests.

Figure 1. Characteristic UV band of an OVWs sample.

It is known that, in OVWs, there are about twenty different types of biophenol, among
which, the most abundant is hydroxytyrosol, and their composition is different from that
present in olives. In the OVWs considered in this research, a well-defined band around
280 nm was observed, which represents a reference for the presence of biophenols in OVWs
in agreement with other works reported in the literature [42,43]. The initial concentration
of biophenols in the OVWs was found to be 7.4 g/L.
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3.2. Total Mass Adsorbed after the Tests

Figure 2 shows the total mass adsorbed by the carbon nanotubes after the adsorption
tests carried out on the vegetation waters as a function of the contact time and the quantity
of nanotubes used.

Figure 2. Total adsorbed mass of the carbon nanotubes after the adsorption tests as a function of the
treatment times for systems 1, 2 and 3, respectively, characterized by (a) 0.3, (b) 0.5 and (c) 1.0 g of
carbon nanotubes.

The data shown in Figure 2a–c show, in all cases, a considerable amount of mass
adsorbed by the carbon nanotubes, which highlights an important, purifying capacity of
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the latter towards OVWs. In general, the total mass is attributable to the adsorption of the
numerous chemical species present in the OVWs [44]. It is clear that the amount of adsorbed
material is strictly dependent on the contact time and the number of nanotubes used.

As can be seen in Figure 2a, in the system that used only 0.3 g of carbon nanotubes,
after only 5 min, there was an amount of adsorbed mass of about 0.4 g, which corresponded
to an increase in the weight of the nanotubes of about 35%. After 60 min, the adsorbed
quantity was 0.55 g, which corresponded to an increase in the weight of the nanotubes of
about 80%.

Figure 2b shows the amount of total mass adsorbed in the system using 0.5 g of carbon
nanotubes. The adsorbed quantity at 5 min was about 0.66 g and 1.2 g after 45 min, which
corresponded to an increase in the weight of the carbon nanotubes of about 140%.

Figure 2c shows the total amount of mass adsorbed in the system using 1 g of carbon
nanotubes. In this case, the dependence of time was less evident. In fact, already in the
first 5 min, the adsorbed mass was about 4.8 g, which corresponded to an increase in the
weight of the nanotubes of about 375% and then remained more or less constant, reaching
an adsorbed quantity of about 5.08 g at 60 min, which corresponded to a weight increase
of 400%.

The high purifying action of carbon nanotubes against OVWs was also visible visually.
Figure 3, as an example, shows the images of the olive vegetation water samples relating to
the system that used 1 g of carbon nanotubes as a function of the adsorption time. After
only 45 min, an important clarification of the OVWs could be observed with the naked eye.

Figure 3. Samples of olive vegetation waters at different adsorption times in the system consisting of
20 mL of OVWs and 1 g CNT.

3.3. Amount of Biophenols Retained after Adsorption Tests

In the continuation of the research, only the amount of biophenols adsorbed during
the tests was measured. For this purpose, the biophenols concentrations were measured
before and after the tests in the OVWs by UV spectrophotometry. As reported in Section 3.1,
the initial concentration of biophenols in the OVWs was equal to 7.4 g/L. Specifically,
0.148 g of biophenols were initially present in the 20 mL of OVWs used for each system.
The following Figure 4a–c reports the grams of biophenols adsorbed as a function of time
for systems with three different quantities of nanotubes.

Figure 4a–c shows an important adsorbing action of the carbon nanotubes against the
biophenols present in the OVWs. The adsorbed quantities are a function of the contact
time and the quantities of nanotubes used. In all three cases, as the contact time increased,
the quantities of biophenols adsorbed increased until they stabilized at about 60 min of
adsorption. The same linearity was not found for the quantities of biophenols adsorbed
as the quantities of nanotubes used increased. In fact, an increase in nanotubes from 0.3
to 0.5 g was accompanied by an increase in the quantities of biophenols adsorbed of 0.065
and 0.088 g, respectively, after 60 min. On the other hand, when the quantity of nanotubes
used was further increased to 1 g, after a contact time of 60 min, the grams of adsorbed
biophenols were lower compared to the system with 0.5 carbon nanotubes, which became
equal to 0.076.
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Figure 4. Quantity of adsorbed biophenols as a function of time in systems with (a) 0.3, (b) 0.5,
(c) 1.0 g of nanotubes in 20 mL of OVWs.

The data reported in the previous Section 3.1 showed that, by increasing the quantity
of nanotubes used, there was an increase in the total quantity of material adsorbed by the
OVWs. The same was not true if the adsorption of biophenols alone was considered. It is
evident that, given the large number of chemical species present in the OVWs, competition
phenomena arose. An increase in the quantities of nanotubes beyond a certain value
generated agglomeration phenomena of the nanotubes due to poor dispersion of the latter,
visible to the naked eye a few seconds from the start of the adsorption tests. This situation
predisposed the selection towards the adsorption of more mobile species that are able
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to reach the adsorption sites more easily. It is, therefore, important to evaluate the most
appropriate quantities to use. In the cases studied, the use of 0.5 g of carbon nanotubes on
20 mL of OVWs was the most advantageous as it offered the greatest amount of biophenols
adsorbed at 60 min.

3.4. Percentage of Biophenols in the Total Adsorbed Mass

The following Figure 5a–c reports the percentages of biophenols with respect to the
total mass retained for all three systems studied.

Figure 5. Percentage of biophenols with respect to the total adsorbed mass for systems with (a) 0.3,
(b) 0.5, (c) 1.0 g of carbon nanotubes.

The data obtained showed that, by increasing the quantity of nanotubes in the systems,
the percentage of biophenols with respect to the total adsorbed mass decreased significantly.
In fact, taking into consideration, for example, a time of 120 h, the percentages were 12.7, 7
and 1.5, respectively, for systems with 0.3, 0.5 and 1.0 g of carbon nanotubes. This, once
again, confirms the hypothesis that greater quantities of carbon nanotubes do not favor the
adsorption of biophenols due to agglomeration phenomena that favor the adsorption of
more mobile and less sterically hindered species. Another aspect that could be observed
was that, as the quantity of nanotubes increased, the influence of time was less evident
until it was almost zero, as in the case of the system that used 1.0 g of nanotubes. System 3,
which used the highest quantities of nanotubes, equal to 1 g, reported the lowest percentage
of biophenols with minimal variability with respect to the adsorption time. The following
Table 1 reports the % removal by weight with respect to the amount of biophenols initially
present in the 20 mL of OVWs, equal to 0.148 g, in the various systems studied as a function
of the adsorption time.
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Table 1. Percentage removal of biophenols with respect to the initial quantity of polyphenols present
in the OVWs.

Recovery [%]

Time
[min]

System 1
(0.3 CNTs)

System 2
(0.5 CNTs)

System 3
(1.0 CNTs)

5 1.52 23.31 37.63
10 9.73 25.65 44.12
20 17.03 34.12 46.28
30 17.23 38.51 50.61
45 23.72 47.97 51.90
60 43.48 59.80 51.49

120 44.09 58.78 51.42

At this point, an important consideration and distinction must be made with respect
to the absolute quantity of biophenols adsorbed and the percentage of biophenols with
respect to the total mass adsorbed. It is clear that the recovery of biophenols from OVWs
presupposes the need to adsorb the highest possible amount. However, it is also necessary
to obtain an adsorbate as pure as possible; that is, an adsorbate with a high percentage of
biophenols. It is, therefore, appropriate to find a compromise between both needs. The data
presented so far show that the highest amount of biophenols absorbed was obtained with
system 2, containing 0.5 g of carbon nanotubes, and with an adsorption time of 60 min. In
this case, the grams of adsorbed biophenols were equal to about 0.09 g, which corresponded
to a percentage removal compared to the initial grams of biophenols present in the OVWs
equal to 59.8% (Table 1). However, the percentage of biophenols with respect to the total
adsorbed mass was approximately 7.25% (Figure 5b).

The purest product, i.e., with a percentage of biophenols higher than the total adsorbed
mass, was obtained for system 1, with 0.3 g of carbon nanotubes and for a reaction time of
60 min equal to 12% (Figure 5a) against a percentage removal equal to 43.48% (Table 2).

Table 2. Grams of carbon nanotubes to be used, gbiophenols adsorbed, gadsorbate total and the ratio
gbiophenol ads/gtotal adsorbate, assuming a treatment of 1 L of OVWs and operating with the conditions
relating to systems 1, 2 and 3 at 60 min as contact time.

System Time
[min]

CNTs
[g]

Biophenols
Adsorbed [g]

Adsorbate
Total [g] gbiophenol ads/gtotal adsorbate

1 60 15 0.88 2.02 0.436
2 60 25 4.42 61 0.072
3 60 50 3.81 254 0.015

Therefore, the conditions that give an adsorbate with the highest percentage of bio-
phenols are the use of system 2 with a time of 60 min, while a purer adsorbate is obtained
with system 1 with a time of 60 min.

From the data obtained, it was possible to hypothesize a treatment of 1 L of OVWs in
order to highlight more concretely which are, in the best experimental conditions found,
the quantities of carbon nanotubes that must be used and the quantities of biophenols that
are recovered.

The following Table 2 reports the grams of carbon nanotubes to be used, grams of
adsorbed biophenols, grams of total adsorbate and the ratio, gbiophenol ads./gtotal ads., assum-
ing a treatment of 1 L of OVWs and operating with the conditions relating to systems 1, 2
and 3.

From data reported in Table 2, it is clear that using only 15 g of carbon nanotubes and
in 60 min, it is possible to recover 0.88 g of biophenols from 1 L of OVWs. Data obtained are
certainly interesting considering also that the carbon nanotubes, after a regeneration, for
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example, with desorption in organic solvents, can be reused again. This makes the method
simple and, above all, economically advantageous.

3.5. Study on Reaction Kinetics

The following Table 3 reports the adsorption rates, expressed as grams of adsorbed
biophenols/minute, for the three systems studied in different time intervals: 0–5, 5–60 and
60–120 min.

Table 3. Adsorption rate (g/min) in different time intervals for systems with different contents of
carbon nanotubes.

System
Range Adsorption Time

0–5 [min] 5–60 [min] 60–120 [min]

(1) 0.3 gCNTs/20 mL OVWs 0.0005 0.001 2 × 10−5

(2) 0.5 gCNTs/20 mL OVWs 0.0069 0.001 2 × 10−5

(3) 1.0 gCNTs/20 mL OVWs 0.0111 0.0003 2 × 10−6

The data reported show that, in the first time interval, between 0–5 min, the adsorption
rate increased linearly as the amount of nanotubes increased. This agreed with a large
availability of nanotubes which, in the first interval, were still far from saturation and also
from agglomeration phenomena.

In the interval between 5–60 min between the increase of nanotubes from 0.3 to 0.5, it
did not lead to an increase in the adsorption rate. Furthermore, a decrease in speed was
evident for the higher quantity of nanotubes (1 g). Both cases confirmed the previously
exposed hypothesis of agglomeration formation and selectivity towards more mobile
species than biophenols.

After 60 min, in the interval between 60–120, the nanotubes reached a state of satura-
tion, and the speed returned to very low values for all the systems studied.

4. Conclusions

The results obtained allow us, first of all, to state that carbon nanotubes can be advan-
tageously used for the recovery of biophenols from the vegetation waters of the olives.

In addition to biophenols, carbon nanotubes simultaneously adsorb other substances,
as the vegetation waters of olives are rich in various components.

In the recovery of biophenols from OVWs through carbon nanotubes, it is necessary
to aim to obtain both an absolute highest possible quantity of adsorbed biophenols and an
adsorbate that has the highest possible percentage of biophenols.

The studies carried out showed that the quantities of carbon nanotubes used play a
fundamental role with respect to the previous aspects.

The reported data allow us to conclude that, to obtain a purer adsorbate that is richer
in biophenols, it is necessary to opt for a low quantity of carbon nanotubes.

An increase in the quantities of nanotubes generates agglomeration phenomena of
carbon nanotubes due to poor dispersion of the latter. This situation predisposes the
selection towards the adsorption of more mobile species that are able to reach the adsorption
sites more easily.

In summary, it is possible to state that a greater adsorption selectivity with respect
to biophenols in OVWs is guaranteed by an adequate and weighted quantity of carbon
nanotubes. An excess of the quantities of carbon nanotubes presupposes a lowering
of selectivity.
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Materials 2022, 15, 2893 10 of 11

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 conflict of interest.

References
1. Romero-García, J.M.; Niño, L.; Martínez-Patiño, C.; Álvarez, C.; Castro, E.; Negro, M.J. Biorefinery based on olive biomass. State

of the art and future trends. Bioresour. Technol. 2014, 159, 421–432. [CrossRef] [PubMed]
2. Qdais, H.A.; Alshraideh, H. Selection of management option for solid waste from olive oil industry using the analytical hierarchy

process. J. Mater. Cycles Waste Manag. 2014, 18, 1–9. [CrossRef]
3. Elkacmi, R.; Kamil, N.; Bennajah, M. Separation and purification of high purity products from three different olive mill wastewater

samples. J. Environ. Chem. Eng. 2017, 5, 829–837. [CrossRef]
4. Capasso, R.; Evidente, A.; Schivo, L.; Orru, G.; Marcialis, M.A.; Cristinzio, G. Antibacterial polyphenols from olive oil mill

wastewaters. J. Appl. Bacteriol. 1995, 79, 393–398. [CrossRef]
5. Ramos-Cormenzana, A.; Juárez-Jiménez, B.; Garcia-Pareja, M.P. Antimicrobial activity of olive mill waste-waters (alpechin) and

biotransformed olive oil mill wastewater. Int. Biodet. Biodeg. 1996, 38, 283–290. [CrossRef]
6. Papanikolaou, C.; Melliou, E.; Magiatis, P. Olive Oil Phenols. In Functional Foods; Intech Open: London, UK, 2019; pp. 9–13.
7. Servili, M.; Selvaggini, R.; Esposto, S.; Taticchi, A.; Montedoro, G.; Morozzi, G. Health and sensory properties of virgin olive oil

hydrophilic phenols: Agronomic and technological aspects of production that affect their occurrence in the oil. J. Chromatogr. A
2004, 1054, 113–127. [CrossRef]

8. Omar, S.H.; Scott, C.J.; Hamlin, A.S.; Obied, H.K. Olive biophenols reduces alzheimer’s pathology in sh-sy5y cells and appswe
mice. Int. J. Mol. Sci. 2018, 20, 125. [CrossRef]

9. Omar, S.H.; Kerr, P.G.; Scott, C.J.; Hamlin, A.S.; Obied, H.K. Olive (Olea europaea L.) biophenols: A nutriceutical against oxidative
stress in sh-sy5y cells. Molecules 2017, 22, 1858. [CrossRef]

10. Obied, H.K.; Prenzler, P.D.; Omar, S.H.; Ismael, R.; Servili, M.; Esposto, S.; Taticchi, A.; Selvaggini, R.; Urbani, S. Chapter
six—Pharmacology of olive biophenols. In Advances in Molecular Toxicology; Fishbein, J.C., Ed.; Elsevier: Amsterdam, The
Netherlands, 2012; Volume 6, pp. 195–242.

11. Papadopoulou, A.; Petrotos, K.; Stagos, D.; Gerasopoulos, K.; Maimaris, A.; Makris, H.; Kafantaris, I.; Makri, S.; Kerasioti, E.;
Halabalaki, M.; et al. Enhancement of antioxidant mechanisms and reduction of oxidative stress in chickens after the administra-
tion of drinking water enriched with polyphenolic powder from olive mill waste waters. Oxid. Med. Cell. Longev. 2017, 5, 1–10.
[CrossRef]

12. Vita, J.A. Polyphenols and cardiovascular disease: Effects on endothelial and platelet function. Am. J. Clin. Nutr. 2005, 81,
292S–297S. [CrossRef]

13. Nocella, C.; Cammisotto, V.; Fianchini, L.; D’Amico, A.; Novo, M.; Castellani, V.; Stefanini, L.; Violi, F.; Carnevale, R. Extra virgin
olive oil and cardiovascular diseases: Benefits for human health. Endocr. Metab. Immune Disord. Drug Targets 2018, 18, 4–13.
[CrossRef]

14. Valls, R.M.; Farras, M.; Suarez, M.; Fernandez-Castillejo, S.; Fito, M.; Konstantinidou, V.; Fuentes, F.; Lopez-Miranda, J.; Giralt,
M.; Covas, M.I.; et al. Effects of functional olive oil enriched with its own phenolic compounds on endothelial function in
hypertensive patients. A randomised controlled trial. Food Chem. 2015, 167, 30–35. [CrossRef]

15. Ruzzolini, J.; Peppicelli, S.; Andreucci, E.; Bianchini, F.; Scardigli, A.; Romani, A.; La Marca, G.; Nediani, C.; Calorini, L.
Oleuropein, the Main Polyphenol of Olea europaea Leaf Extract, Has an Anti-Cancer Effect on Human BRAF Melanoma Cells
and Potentiates the Cytotoxicity of Current Chemotherapies. Nutrients 2018, 10, 1950. [CrossRef]

16. Goh, K.; Karahan, H.E.; Wei, L.; Bae, T.-H.; Fane, A.G.; Wang, R.; Chen, Y. Carbon nanomaterials for advancing separation
membranes: A strategic perspective. Carbon 2016, 109, 694–710. [CrossRef]

17. De Luca, P.; Foglia, P.; Siciliano, C.; B.Nagy, J.; Macario, A. Water contaminated by industrial textile dye: Study on decolorization
process. Environments 2019, 6, 101. [CrossRef]

18. Roselló-Soto, E.; Parniakov, O.; Deng, Q.; Patras, A.; Koubaa, M.; Grimi, N.; Boussetta, N.; Tiwari, B.K.; Vorobiev, E.;
Lebovka, N.; et al. Application of Non-Conventional Extraction Methods: Toward a Sustainable and Green Production of
Valuable Compounds from Mushrooms. Food Eng. Rev. 2016, 8, 214–234. [CrossRef]

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

20. Upadhyayula, V.K.K.; Deng, S.; Mitchell, M.C.; Smith, G.B. Application of carbon nanotube technology for removal of contami-
nants in drinking water: A review. Sci. Total Environ. 2009, 408, 1–13. [CrossRef]

21. Mauter, M.S.; Elimelech, M. Environmental applications of carbon-based nanomaterials. Environ. Sci. Technol. 2008, 42, 5843–5859.
[CrossRef]

http://doi.org/10.1016/j.biortech.2014.03.062
http://www.ncbi.nlm.nih.gov/pubmed/24713236
http://doi.org/10.1007/s10163-014-0321-3
http://doi.org/10.1016/j.jece.2017.01.005
http://doi.org/10.1111/j.1365-2672.1995.tb03153.x
http://doi.org/10.1016/S0964-8305(96)00061-3
http://doi.org/10.1016/S0021-9673(04)01423-2
http://doi.org/10.3390/ijms20010125
http://doi.org/10.3390/molecules22111858
http://doi.org/10.1155/2017/8273160
http://doi.org/10.1093/ajcn/81.1.292S
http://doi.org/10.2174/1871530317666171114121533
http://doi.org/10.1016/j.foodchem.2014.06.107
http://doi.org/10.3390/nu10121950
http://doi.org/10.1016/j.carbon.2016.08.077
http://doi.org/10.3390/environments6090101
http://doi.org/10.1007/s12393-015-9131-1
http://doi.org/10.1007/s10934-017-0441-y
http://doi.org/10.1016/j.scitotenv.2009.09.027
http://doi.org/10.1021/es8006904


Materials 2022, 15, 2893 11 of 11

22. Sarkar, B.; Mandal, S.; Tsang, Y.F.; Kumar, P.; Kim, K.-H.; Ok, Y.S. Designer carbon nanotubes for contaminant removal in water
and wastewater: A critical review. Sci. Total Environ. 2018, 612, 561–581. [CrossRef]

23. Iijima, S. Carbon nanotubes: Past, present, and future. Phys. B Condens. Matter 2002, 323, 1–5. [CrossRef]
24. Popov, V. Carbon nanotubes: Properties and application. Mater. Sci. Eng. R-Rep. 2004, 43, 61–102. [CrossRef]
25. Llobet, E. Gas sensors using carbon nanomaterials: A review. Sens. Actuators B Chem. 2013, 179, 32–45. [CrossRef]
26. Bandura, L.; Franus, M.; Madej, J.; Kołodynska, D.; Hubicki, Z. Zeolites in Phenol Removal in the Presence of Cu(II) Ions—

Comparison of Sorption Properties after Chitosan Modification. Materials 2020, 13, 643. [CrossRef]
27. Vakili, M.; Rafatullah, M.; Salamatinia, B.; Abdullah, A.Z.; Ibrahim, M.H.; Tan, K.B.; Gholami, Z.; Amouzgar, P. Application of

chitosan and its derivatives as adsorbents for dye removal from water and wastewater: A review. Carbohydr. Polym. 2014, 113,
115–130. [CrossRef]

28. Konieczny, K.; Rajca, M.; Bodzek, M.; Kwiecinska, A. Water treatment using hybrid method of coagulation and low-pressure
membrane filtration. Environ. Protect. Eng. 2009, 35, 5–22.

29. Qdais, H.A.; Moussa, H. Removal of Heavy Metals from Waste Water by Membrane Processes a Comparative Study. Desalination
2004, 164, 105–110. [CrossRef]

30. Ma, Z.; Lei, T.; Ji, X.; Gao, X.; Gao, C. Submerged Membrane Bioreactor for Vegetable Oil Wastewater Treatment. Chem. Eng.
Technol. 2015, 38, 101–109. [CrossRef]

31. Wang, S.; Peng, Y. Natural zeolites as effective adsorbents in water and wastewater treatment. Chem. Eng. J. 2010, 156, 11–24.
[CrossRef]

32. Breck, D.W. Zeolite Molecular Sieves; Wiley: New York, NY, USA, 1974.
33. Hui, K.S.; Chao, C.Y.H.; Kot, S.C. Removal of mixed heavy ions in wastewater by zeolite 4A and residual products from recycled

coal fly ash. J. Hazard. Mater. 2005, 127, 89–101. [CrossRef]
34. De Luca, P.; Poulsen, T.G.; Salituro, A.; Tedeschi, A.; Vuono, D.; Kònya, Z.; Madaràsz, D.; B.Nagy, J. Evaluation and comparison of

the ammonia adsorption capacity of titanosilicates ETS-4 and ETS-10 and aluminotitanosilicates ETAS-4 and ETAS-10. J. Therm.
Anal. Calorim. 2015, 122, 3, 1257–1267. [CrossRef]

35. De Raffele, G.; Aloise, A.; De Luca, P.; Vuono, D.; Tagarelli, A.; B.Nagy, J. Kinetic and thermodynamic effects during the adsorption
of heavy metals on ETS-4 and ETS-10 microporous materials. J. Porous Mater. 2016, 23, 389–400. [CrossRef]

36. De Luca, P.; Mastroianni, C.; B.Nagy, J. Synthesis of self-bonded pellets of ETS-4 phase by new methodology of preparation. In
IOP Conference Series: Materials Science and Engineering; IOP Publishing: Bristol, UK, 2018; Volume 374, p. 012003.

37. De Luca, P.; Siciliano, C.; Macario, A.; B.Nagy, J. The Role of Carbon Nanotube Pretreatments in the Adsorption of Benzoic Acid.
Materials 2021, 14, 2118. [CrossRef]

38. 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]

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

40. 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]

41. Lico, D.; Vuono, D.; Siciliano, C.; B.Nagy, J.; De Luca, P. Removal on unleaded gasoline from water by multi-walled carbon
nanotubes. J. Environ. Manag. 2019, 237, 636–643. [CrossRef]

42. Hrncirik, K.; Fritsche, S. Comparability and reliability of different techniques for the determination of phenolic compounds in
virgin olive oil. Eur. J. Lipid Sci. Technol. 2004, 106, 540–549. [CrossRef]

43. Tsimidou, M.; Papadopoulos, G.; Boskou, D. Determination of phenolic compounds in virgin olive oil by reversed-phase HPLC
with emphasis on UV de-tection. Food Chem. 1992, 44, 53–60. [CrossRef]

44. Ryan, D.; Robards, K. Critical review: Phenolic compounds in olives. Analyst 1998, 123, 31R–44R. [CrossRef]

http://doi.org/10.1016/j.scitotenv.2017.08.132
http://doi.org/10.1016/S0921-4526(02)00869-4
http://doi.org/10.1016/j.mser.2003.10.001
http://doi.org/10.1016/j.snb.2012.11.014
http://doi.org/10.3390/ma13030643
http://doi.org/10.1016/j.carbpol.2014.07.007
http://doi.org/10.1016/S0011-9164(04)00169-9
http://doi.org/10.1002/ceat.201400184
http://doi.org/10.1016/j.cej.2009.10.029
http://doi.org/10.1016/j.jhazmat.2005.06.027
http://doi.org/10.1007/s10973-015-4922-4
http://doi.org/10.1007/s10934-015-0092-9
http://doi.org/10.3390/ma14092118
http://doi.org/10.3390/app11041687
http://doi.org/10.3390/ma13235508
http://doi.org/10.3390/ma13122757
http://doi.org/10.1016/j.jenvman.2019.02.062
http://doi.org/10.1002/ejlt.200400942
http://doi.org/10.1016/0308-8146(92)90258-4
http://doi.org/10.1039/a708920a

	Introduction 
	Materials and Methods 
	Materials 
	Carbon Nanotubes 
	Olive Vegetation Waters (OVWs) and Their Pre-Treatment 

	Adsorption Tests 
	Characterization 

	Results and Discussion 
	OVWs Characterization 
	Total Mass Adsorbed after the Tests 
	Amount of Biophenols Retained after Adsorption Tests 
	Percentage of Biophenols in the Total Adsorbed Mass 
	Study on Reaction Kinetics 

	Conclusions 
	References

