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Abstract: Quinoline (QN) is highly toxic and carcinogenic and has been detected in soil, groundwater,
and biological tissues. Advanced oxidation processes (AOPs) have shown promise to address its
degradation in wastewater treatment, with catalytic wet peroxide oxidation (CWPO) being highlighted
due to its cost-effectiveness and mild operation. However, developing active and inexpensive catalysts
is crucial for CWPO’s effectiveness. Another pressing issue is the accumulation of mixed, dirty plastic
solid waste (PSW), particularly polyolefins used in packaging. Although recycling rates have increased,
much plastic packaging remains in landfills. However, polyolefins can be converted into carbon-based
nanostructured materials (CNMs), such as carbon nanotubes (CNTs), through chemical vapor deposition
(CVD) using PSW as a carbon precursor. While many studies focus on CNT preparation, their application
is often overlooked. In this context, this work proposes the preparation of CNMs, particularly CNTs,
through CVD using a single-stage pyrolysis reactor. Polyolefins (LDPE, HDPE, and PP), both individually
and in a mixture simulating PSW, were used as carbon sources. Given a sufficiently high temperature,
the desired CNT architecture was successfully synthesized regardless of the starting polymer. These
CNMs were then tested as catalysts for CWPO in simulated wastewater containing QN. The results
showed a rapid degradation of QN (30–120 min) and high removals of total organic carbon (TOC) and
aromatic compounds (75% and >90%, respectively), demonstrating the applicability of PSW-derived
CNTs in the CWPO process for QN abatement.

Keywords: plastic solid waste; heterogeneous fenton; advanced oxidation processes

1. Introduction

Quinoline (QN) is a nitrogenated heterocyclic aromatic compound widely used in
various industries, such as pharmaceutical and chemical industries [1]. It is ubiquitous to
crude oils, and, thus, it is commonly found in wastewater from petrochemical facilities [1],
with reported concentrations varying from 7.2 mg L−1 [2] to as high as 57 mg L−1 [3]
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for coking wastewater and 82 mg L−1 for a sewage sample [4]. QN is highly toxic and
carcinogenic with high mobility, resulting in its detection in soil, groundwater, and even
biological tissues [5]. Furthermore, QN is not easily biodegraded, requiring alternative
technologies for its degradation. Advanced oxidation processes (AOPs) have shown
promising results for removing QN [6–9]. Among AOPs, catalytic wet peroxide oxidation
(CWPO) can be highlighted due to its low cost and mild operation [10]. CWPO relies on
the formation of highly oxidizing hydroxyl radicals from hydrogen peroxide through the
action of a suitable catalyst [11]. CWPO has been tested for the oxidation of several organic
compounds with distinct catalysts [12–16], showing effective results in the degradation of
organic pollutants. Nevertheless, developing active and inexpensive catalysts is still a key
step for CWPO implementation.

Another issue currently faced is the accumulation of mixed dirty plastic solid waste
(PSW) since recycling this plastic fraction is challenging. According to forecasts on the intro-
duction of microplastics into aquatic and terrestrial ecosystems [17], innovative approaches
to recycling these wastes are needed to significantly reduce the amount of microplastics
entering those environments [17]. Polyolefins are frequently found as constituents in dirty
PSW, considering they are often employed for packaging [18]. Even though recycling
rates for packaging plastics have increased, data from 2020 indicate that around 23% of
plastic packaging is still sent to landfills [18]. However, since polyolefins are primarily
made of carbon (i.e., low- and high-density polyethylene, LDPE and HDPE, respectively,
and polypropylene, PP, are made up of 85.6% of carbon), they can be converted into
carbon-based nanostructured materials (CNMs), such as carbon nanotubes (CNTs) [19–25],
graphene [26], or others [27]. Specifically, CNTs can be produced via chemical vapor de-
position (CVD) using the solid PSW as a carbon precursor [28]. During CVD, the solid
PSW fraction is cracked into several gaseous products, and those carbon-rich gases are then
deposited into a suitable metal substrate for the growth of the nanostructures [28]. There
has been a great development in the obtention of CNTs from residual precursors [29,30], in-
cluding PSW [27,31]. Nevertheless, most papers focus only on the preparation of the CNTs.
There is a lack in the literature regarding the applicability of such types of CNMs [19].

Thus, this work aims at evaluating the use of polyolefins as precursors for obtaining
active catalysts for CWPO purposes. Therefore, it proposes the preparation of CNMs, specially
CNTs, via CVD using a single-stage pyrolysis reactor. Polyolefins (LDPE, HDPE, and PP),
individually and in a mixture, were considered carbon sources for the process, simulating
PSW. The desired CNT architecture was successfully synthesized regardless of the starting
polymer, given that the temperature was high enough. The obtained CNMs were then tested
as catalysts for the CWPO of simulated wastewater containing QN. As far as we know, no
other works report the use of waste-based CNTs for QN degradation via AOPs.

2. Results and Discussion
2.1. Materials Synthesis and Characterization
2.1.1. Catalyst for Chemical Vapor Deposition

The X-ray diffraction (XRD) of the CVD catalyst used to grow the CNT structures is
shown in Figure 1a. The results were analyzed with the aid of the software X’Pert HighScore
Plus (v 4.5) loaded with Crystallography Open Database (COD) cards. The qualitative
analysis revealed that samples comprise alumina, hematite, and magnetite, according to
cards 96-152-8248, 96-900-9783, and 96-900-6248 from COD, as shown in Figure S1. The
semi-quantitative analysis, also obtained with the aid of X’Pert HighScore Plus, revealed
that the metal substrate has 76% alumina (Al2O3), 22% hematite (Fe2O3), and 1% magnetite
(Fe3O4). The qualitative and quantitative analysis result demonstrates that the material
is composed of mixed iron oxide phases supported on alumina, and the content of iron
oxide is similar to the intended content of 20%. A similar metal substrate composition
was found in previous studies using a similar procedure to prepare the metal substrate
for CNTs growth via CVD [12]. The content of Fe, as obtained via atomic absorption, was
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determined to be 15 wt.%, corresponding to approximately 21 wt.% of hematite, close to
the values observed via XRD.
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Figure 1. (a) XRD and (b) FTIR of the metal catalyst used in CVD.

FTIR of the metal substrate Fe2O3/Al2O3 is displayed in Figure 1b. Bands related to
adsorbed water were identified (-OH stretching vibration at 3450 and 1636 cm−1). The
bands at 640 and 570 cm−1 were ascribed to the vibration of Fe-O bonds related to iron
oxide phases [32] and the band at 810 cm−1 to Al-O stretch from alumina [33].

2.1.2. Carbon Nanotubes

The morphology of the prepared samples was observed via TEM, and the images
are shown in Figure 2. As observed, the synthesis carried out at 600 ◦C did not allow for
obtaining filamentous structures as expected. However, a crystalline carbon phase can
be observed encapsulating an iron particle on the left side of the figure (Figure 2a). The
sample also presents amorphous structures (Figure S2). Similar observations have been
reported, with CNTs being obtained only at T > 680 ◦C [34]. However, all samples obtained
at 800 ◦C resulted in filamentous structures with hollow cavities, evidencing the shape of
CNTs obtained using Fe2O3/Al2O3 for any polyolefin feedstock or even using a mixture
of them. The mechanism of CNTs formation depends on a series of factors, and two main
steps are generally assumed: (i) the adsorption of the carbon-rich gas in the catalyst and
(ii) a competition between the diffusion of the carbon to the edge of the catalyst particle to
form the hollow CNT or the accumulation of carbon on the catalyst to form amorphous
carbon [35]. The diffusion or not of the carbon will depend on the catalytic particles [36] and
the temperature of the process [35]. For Fe-based catalysts, it has been observed that lower
temperatures (below 700 ◦C) favor the formation of amorphous carbon on the catalyst
particle, hindering the growth of CNTs, whereas temperatures in the range of 750–800 ◦C
favor diffusion and CNT growth [35].

All CNT samples have a similar configuration, with straight walls and a similar
number of walls (25–27). The outer diameter was also similar for all samples, with average
diameters of 32 ± 5, 29 ± 1, 26 ± 1, and 33 ± 3 nm for CNT-LDPE-800, CNT-HDPE-800,
CNT-PP-800, and CNT-MIX-800, respectively, evidencing no significant difference among
CNTs obtained from different carbon feedstocks, indicating that the morphology of the
CNTs is not affected for the carbon precursors used in this work. For CNM-LDPE-600,
the average particle size could not be determined due to its more amorphous structure.
In sample CNT-MIX-800, an encapsulated metal particle can be observed in the upper
right corner (Figure 2e) because iron nanoparticles are taken from alumina support during
CNTs synthesis, as is well known in the mechanism of CNTs growth [12]. As metallic
particles are inside the nanotubes, purification methods are not able to remove them without
destroying the whole structure. Nevertheless, the metallic phases can work as active phases
for the catalytic application of the CNTs and are typically protected against deactivation
mechanisms, such as leaching [19]. The outer diameters reported here are similar to
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previously reported values for polymer-derived CNTs: 37–44 nm for polyolefin-derived
CNTs [12], 4–63 nm for LDPE-derived CNTs [19], 1–40 nm for a mixture of polyolefins [37],
and 5–25 nm for polyolefins and polystyrene-derived CNTs [38]. SEM micrographs of the
CNT-C sample can be found elsewhere [39].
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The yields of as-synthesized materials are reported in Figure S3. The lowest yield was
obtained for the sample synthesized at 600 ◦C (20 wt.%), which does not present nanotubes.
The CNTs synthesized at 800 ◦C displayed a yield ranging from 26–32 wt.%, depending
on the carbon source. The increase in carbonaceous material yields when the temperature
increases has been previously reported [40–43]. The highest yield was obtained from the
cracking of LDPE at 800 ◦C (32 wt.%), likely because of its higher selectivity towards small-
chain hydrocarbons (i.e., gaseous products) instead of hydrocarbons with longer chains
that mostly result in liquid products during pyrolysis. Previous studies in the catalytic
cracking of polyolefins for the production of liquid fuels have found that LDPE resulted in
the highest selectivity towards C1-C4 hydrocarbons compared to HDPE [44] and compared
to PP [45], especially towards methane, ethane, and ethylene gases [46]. The mass loss of
CNTs from acid washing is also reported in Figure S3. As observed, a mass loss in the range
of 45–60 wt.% was obtained among all samples due to removing inorganic matter (catalysts
of CVD). The highest weight losses (55–60 wt.%) were observed for CNTs synthesized at
800 ◦C versus 45 wt.% for the amorphous sample at 600 ◦C.

Figure 3 displays the results obtained for the TGA of the purified carbonaceous samples
in the air atmosphere. The thermogravimetric profile also changes greatly depending on the
temperature of the CVD process. For CNM-LDPE-600 (Figure 3a), two distinct regions of
mass loss are evident: one centered at 410 ◦C and the main one centered at 550 ◦C. The region
with the lower temperature, corresponding to approximately 5 wt.% of CNM-LDPE-600,
is mostly related to the deposition of amorphous carbon on the catalyst, corroborating the
results observed via TEM. In contrast, the region with higher temperatures is related to the
deposition of highly graphitic carbon structures, such as graphene layers, which was also
observed on TEM images. However, the CNTs synthesized at 800 ◦C do not demonstrate the
presence of amorphous carbonaceous structures, as the mass loss is mostly centered between
585 and 600 ◦C (Figure 3b–d), which also indicates that the use of different polyolefins does
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not seem to impact the center of mass loss. Other authors have also observed that increasing
the temperature increases the degree of graphitization of the CNTs [42,47]. Similar profiles for
TGA/DTG curves have been previously reported [12,13]. Furthermore, as oxidative conditions
were used, the mass at the end of the process is typically associated with the inorganic matter
(ashes) of the materials. In this case, this quantity may be ascribed to the encapsulated iron
nanoparticles along carbon structures, which were resistant to the purification conducted via
acid attack. As can be seen, the ashes of the carbonaceous materials are within the same range
(18–20 wt.%) for the materials synthesized at the same temperature with single polymers
(CNT-LDPE-800, CNT-HDPE-800, and CNT-PP-800). CNT-MIX-800 resulted in 25 wt.% of
ashes and CNM-LDPE-600 in 28 wt.%.
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Figure 3. TGA analysis of (a) CNM-LDPE-600, (b) CNT-LDPE-800, (c) CNT-HDPE-800, (d) CNT-PP-
800, (e) CNT-MIX-800, and (f) CNT-C.

In this work, commercial CNTs (CNT-C) have also been characterized (Figure 3f) and
tested to compare them with those findings obtained for CNTs prepared from plastics.
The commercial sample shows a mass loss centered at 600 ◦C, which is similar to those
observed for CNTs prepared from polyolefins. However, ash content resulted in 2 wt.%,
which is likely because the mechanism growth, operating conditions (carbon precursor,
temperature, flow and pressure), and purification methods are different and are focused on
obtaining a highly purified CNT, avoiding the feasible encapsulation of metals inside CNT
structures for catalytic proposals.

The textural properties are reported in Table 1, and the adsorption–desorption profiles
can be found in Figure S4. The BET surface area (SBET) has varied from 159 to 242 m2 g−1 for
the CNT sample synthesized from polymeric materials, whereas the commercial sample has
a surface area of 254 m2 g−1. The temperature of the synthesis seems to influence the surface
area, as CNM-LDPE-600 (159 m2 g−1) resulted in a significantly lower surface area than
CNT-LDPE-800 (235 m2 g−1) and all other CNTs synthesized at 800 ◦C (≥189 m2 g−1). The
lowest surface area for CNM-LDPE-600 agrees with TEM observations, since no nanotubes
were formed, only graphene layers around the catalyst particles. The total volume of
pores followed a similar pattern, varying from 406 to 595 mm3 g−1 (and 690 mm3 g−1
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for CNT-C), with CNM-LDPE-600 (406 mm3 g−1) resulting in the lowest volume of pores
compared to CNT-LDPE-800 (594 mm3 g−1). Similar results were previously reported for
CNT samples [13].

Table 1. Textural properties of the CNT samples and the CVD metal substrate.

Material SBET (m2 g−1) Vtotal (mm3 g−1)

CNM-LDPE-600 159 406
CNT-LDPE-800 235 594
CNT-HDPE-800 189 456

CNT-PP-800 242 595
CNT-MIX-800 194 496

CNT-C 254 690
Fe2O3/Al2O3 98 273

Al2O3 185 437

The infrared spectrum of the materials is reported in Figure 4. A band located at
1582 cm−1 was identified for all samples, which was ascribed to the stretching vibration
of C=C bonds of either CNT structures or graphene layers [48]. For CNM-LDPE-600, two
other bands were identified at 2920 and 2853 cm−1, which were ascribed to the stretching
vibration of C-H bonds in -CH2 groups [48], which could be attributed to defects in
crystalline structures [49]. The band at 1386 cm−1 is ascribed to O-H bending resulting
from adsorbed water.
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Figure 4. FTIR analysis of the samples.

The elemental analysis of the samples is described in Table 2. As expected, CNM-LDPE-
600 resulted in the lowest carbon content among the samples and the highest incorporation of
hydrogen and oxygen, likely due to the acid treatment. The higher incorporation of oxygen
and hydrogen by CNM-LDPE-600 can be ascribed to its less crystalline structure compared to
the other samples: amorphous carbon phases, which were observed for CNM-LDPE-600 and
not for the remaining CNTs, can be more easily oxidized during acid treatment [50]. Among
the samples synthesized at 800 ◦C, there is also a tendency: LDPE results in the highest C
content, followed by HDPE, PP, and, lastly, the mixture of polymers (MIX).
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Table 2. Elemental composition of the CNT samples.

Material C
(wt.%)

H
(wt.%)

N
(wt.%)

S
(wt.%)

O
(wt.%)

Remaining
(wt.%)

Fe
(wt.%)

CNM-LDPE-600 70.6 ± 2.1 1.77 ± <0.01 0.07 ± <0.01 0.12 ± <0.01 4.50 ± 0.01 23.0 9.7 ± 0.0
CNT-LDPE-800 86.2 ± 1.1 0.32 ± 0.04 0.10 ± 0.01 0.08 ± 0.01 0.88 ± 0.07 12.5 11.3 ± 0.2
CNT-HDPE-800 85.3 ± 0.5 0.27 ± 0.02 0.09 ± <0.01 0.14 ± 0.01 0.83 ± 0.03 13.4 14.0 ± 0.7

CNT-PP-800 84.1 ± 2.6 0.41 ± 0.01 0.11 ± <0.01 0.18 ± 0.03 1.18 ± 0.01 15.9 11.9 ± 0.7
CNT-MIX-800 80.5 ± 3.6 0.34 ± 0.03 0.00 ± <0.01 0.36 ± 0.09 1.83 ± <0.01 17.0 14.9 ± 0.1

Similarly, CNT-MIX-800 resulted in higher incorporations of O and H compared to the
CNT samples obtained from single polymers. The results agree with TGA observations:
CNT-MIX-800 resulted in a slightly lower oxidation temperature (587 ◦C) compared to
the remaining samples (598–600 ◦C), which could be related to the introduction of those
oxygenated surface groups [51]. It should be noted that the remaining weight displayed
in Table 2 does not match the ashes content calculated via TGA, which can be ascribed
to a total or partial oxidation of the metallic particles during TGA in the air atmosphere.
Previous works have demonstrated that iron oxides reduce to a cementite phase (Fe-C)
during CVD of polymers [12] or even to Fe0 [52]. In fact, the reduction of iron at high
temperatures (>230 ◦C) in the presence of carbon is a well-known process [53], so iron can
be reduced during the process under study in this work. Upon TGA in air, a mass increase
of up to 143% can be expected for the oxidation of Fe0 to Fe2O3 [54] for temperatures
above 600 ◦C or up to 128% for the oxidation of Fe0 to FeO. Previous works have also
reported a mass increase of 132% on average for Fe0 starting at 450 ◦C up to 585 ◦C [55].
The content of Fe is also reported in Table 2. As observed, the remaining content is very
close to the iron content, further reinforcing the possibility of partial oxidation during TGA
analysis. The highest content of iron was found for CNT-MIX-800 (14.9 wt.%), whereas
CNM-LDPE-600 resulted in the lowest (9.7 wt.%), indicating that CNT-MIX-800 resulted in
more encapsulation of metallic particles during CVD, whereas CNM-LDPE-600 did not,
allowing for the metallic content to be more easily removed during acid treatment. The
remaining samples resulted in iron content in the range of 11–14 wt.%.

2.2. Catalytic Wet Peroxide Oxidation of Quinoline

The results for the CWPO of QN are displayed in Figure 5. As seen, the degradation
of QN in the presence of the CNTs synthesized in this work is very fast, resulting in over
90% of QN abatement in 30–60 min of reaction time, depending on the CNTs (Figure 5a). In
comparison, the non-catalytic run (N.C.) required over 240 min for a similar result, and the
commercial CNT sample (CNT-C) required around 120 min. In fact, in less than 30 min of
reaction, most of the CNTs synthesized in this work resulted in over 80% of QN abatement,
except for CNM-LDPE-600, with 50% degradation. In the same timeframe, the N.C. run
resulted in less than 1% removal and the commercial CNT sample (CNT-C) in about 60%
abatement, indicating that the CNTs synthesized in this work are more active than the
commercial sample. The catalyst for CVD (Fe2O3/Al2O3) also resulted in a fast abatement
of QN; however, it could not completely oxidize the pollutant, ending the reaction with
around 5% of the initial concentration of QN still present. There seems to be a synergistic
effect for CNTs bearing metallic phases compared to pure Fe2O3/Al2O3, and this enhanced
effect when carbon layers are present has been previously reported for the CWPO of a range
of pollutants [56–58]. The synergistic effect between metal phases and carbon layers results
from the contribution of both parts to the electron transfer due to their electron-donor
ability [58].
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For the N.C. run, detecting three oxidized compounds in HPLC was also possible
(detected in each oxidation experiment at the retention times of 1.86, 2.15, and 3.89 min,
for compounds #1, #2, and #3, respectively, at the analytical conditions used for QN),
although they were not identified (Figure S5a). All those compounds show a maximum
concentration between 120 and 360 min, meaning that the reaction intermediates are also
oxidized. Two intermediates (#1 and #3) persisted until the end of the experiment, whereas
intermediate #2 was fully degraded in 6 h of reaction. The literature reports that a series
of reaction products can arise from QN oxidation via AOPs. The reaction products seem
to depend on the radical, with sites with a higher electron density being mainly attacked
by the electrophilic HO• [8]; thus, in this system, QN is expected to be initially attacked
in the benzene ring, leading to 8-hydroxyquinoline [5,8] further being oxidized into other
intermediates still containing the aromatic ring [8,59]. By the end of the reaction, low-
molecular-weight carboxylic acids, such as oxalic, acetic, and formic acids [59,60], as well
as propionic and fumaric acids [60], are mostly identified and can be further mineralized.
In catalyzed reactions, no intermediates were detected, probably due to their fast formation
and subsequent degradation, leading to, most likely, low-molecular-weight carboxylic
acids, water, and carbon dioxide.

The behavior towards H2O2 consumption varied significantly among the CNTs
(Figure 5b). The activity towards H2O2 decomposition follows the order Fe2O3/Al2O3 >
CNT-MIX-800 > CNT-PP-800~CNM-LDPE-600~CNT-LDPE-800 > CNT-HDPE-800 > CNT-
C (data from 1 h of reaction), and complete decomposition of the oxidant was observed in
2–8 h, depending on the catalyst, except for CNT-C and the CVD substrate (Fe2O3/Al2O3).
In the same timeframe, N.C. resulted in less than 10% decomposition of H2O2. The distinct
behavior in the decomposition of H2O2 vs. abatement of QN can be explained by the fact
that the chosen H2O2 concentration surpasses the stoichiometric concentration needed for
QN mineralization; thus, not all oxidant needs to be consumed to ensure QN degradation.
Furthermore, we can observe that the fastest consumption of H2O2 was obtained in the
presence of Fe2O3/Al2O3, indicating that the metallic particles may influence the rate of
H2O2 decomposition. Nevertheless, the rate of decomposition of the oxidant is not the only
factor needed for ensuring pollutant degradation, and often the presence of carbon results
in a synergistic effect [61]: in fact, in this work, most CNT particles allowed complete H2O2
decomposition in 360–480 min of reaction, whereas Fe2O3/Al2O3 required over 8 h of
reaction for 100% decomposition.

The TOC abatement after 24 h of reaction is seen in Figure 6. As observed, the mineral-
ization of QN ranged between 19% for the N.C. and 75% in the presence of CNT-MIX-800,
followed closely by CNT-LDPE-800 (73%). The other catalysts resulted in abatements in
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the range of 33–63%, with CNM-LDPE-600 and CNT-C being highlighted for their low re-
movals. The pH at the end of the reaction (Figure S5b) was below the initial pH for all runs
except for the run conducted in the presence of CNM-LDPE-600 and with Fe2O3/Al2O3.
Compared to the initial value, the pH reduction may be ascribed to the formation of
low-molecular-weight carboxylic acids not detected via HPLC. This conclusion is also
reinforced when analyzing the concentration of other aromatic compounds (ARMs) in the
reaction medium by the end of the reaction: over 70% of the ARMs were removed in the
presence of CNTs (Figure S5c), whereas in the presence of Fe2O3/Al2O3 the removal of the
ARMs was slightly above 50%. The iron leaching was very low (<0.05 wt.%, regardless
of the catalyst). It is worthwhile highlighting that most of the materials synthesized in
this work have displayed suitable activities towards the degradation of QN, indicating the
feasibility of using polymers as feedstock for producing active CNTs. Not one sample can
be immediately emphasized as the best-performing one. Nevertheless, CNT-MIX-800 can
be highlighted as a promising sample due to its precursor (a mixture of polyolefins, more
closely resembling real PSW) and good performance.
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Figure 6. Removal of TOC after 24 h of reaction in the presence of the catalysts. Conditions: pH0 = 3.0,
[QN]0 = 100 mg L−1, ccat = 2.5 g L−1, T = 80 ◦C, and [H2O2]0 = 6.2 g L−1.

The results reported here for QN degradation in an aqueous medium are similar
to those reported in the literature for catalytic ozonation [59,62,63], photolysis [5], and
Fenton-like systems [64].

3. Materials and Methods
3.1. Reagents and Materials

Alumina was obtained from BASF in the form of pellets. Before being used, it was
ground and sieved in the 53–106 µm range. Ethanol absolute (99.8%), ethylene glycol (99%),
acetonitrile (99.9%), and orthophosphoric acid (85%) were provided by Fisher Chemical
(Waltham, MA, USA). Iron(II) chloride tetrahydrate (98%) was provided by Acros Organ-
ics (Geel, Belgium). Iron(III) chloride hexahydrate (98%), hydrogen peroxide (30%), and
sodium hydroxide (99.2%) were obtained from VWR Chemicals (Radnor, PA, USA). High-
density polyethylene (HDPE, melt index 2.2 g/10 min), low-density polyethylene (LDPE,
weight average molecular weight ~35,000 g mol−1, number average molecular weight
~7700), polypropylene (PP, weight average molecular weight ~250,000 g mol−1, number av-
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erage molecular weight ~67,000), titanium(IV) oxysulfate (~15 wt.% in diluted sulfuric acid,
99.99% trace metal basis), and multi-walled carbon nanotubes (O.D. × L 6–9 nm × 5 µm,
>95% carbon) were obtained from Sigma-Aldrich (St. Louis, MI, USA). Quinoline (98%)
and sulfuric acid (98%) were obtained from Alfa Aesar (Haverhill, MA, USA) and Labkem
(Lucknow, India), respectively. All reactants were used without modifications. Ultrapure
water was used throughout the work.

3.2. Synthesis of Carbon Nanotubes

The CNTs were synthesized via chemical vapor deposition (CVD) over an iron-based
catalyst supported in alumina (Fe2O3/Al2O3) following a sol–gel methodology, as previ-
ously described [65]. The sol–gel procedure was conducted as follows: 10 mmol of FeCl2
was dissolved in 20 mL of ethanol and heated until reaching its boiling point, and 20 mmol
of FeCl3 was dissolved in 80 mL of ethylene glycol and heated to 60 ◦C for 5 min. Both
solutions were then inserted into an ice bath until reaching temperature equilibrium. The
choice of a M+2/M+3 molar ratio of 2 was based on previous works related to the sol–gel
synthesis of other ferrites [66,67]. The solutions were mixed in one beaker with Al2O3
(6.6 g), and the mixture was heated to 60 ◦C for 2 h in a heating plate with stirring. Then,
the temperature was increased to 120 ◦C, and the mixture was left at this temperature until
reaching a gel-like texture (ca. 3 h). Once the gel-like texture was achieved, the temperature
was increased to 200 ◦C until a powder texture was reached. The obtained powder was
subjected to thermal treatment under nitrogen flow (100 mNL min−1) at 300 ◦C for 12 h
and 600 ◦C for 24 h, leading to Fe2O3/Al2O3.

The CVD process occurred in a vertical oven (TH/TV, Termolab), considering LDPE,
HDPE, PP, and a mixture of the three polymers (MIX) as carbon sources. The mixture of three
polymers consisted of 35:25:40 of LDPE: HDPE: PP (in mass basis). The proportion was chosen
based on a commonly found composition for waste municipal streams [18]. The oven has
an upper and a lower crucible and three regions of temperature control (T1, T2, and T3), as
shown elsewhere [12]. For the growth of CNMs, 1 g of the catalyst Fe2O3/Al2O3 was loaded
in the lower crucible and 5 g of the desired polymer (or a mixture of polymers) on the upper
crucible, as previously described [19]. The synthesis was conducted at T3 = 800 ◦C with a 1 h
hold time upon reaching the desired temperature under the nitrogen flow (40 mNL min−1).
One sample derived from LDPE was also synthesized at T3 = 600 ◦C and 40 mNL min−1 of
nitrogen flow. The yield of CNMs was calculated according to Equation (1):

Yield(%) =
mrecovered ∗ %Cmaterial
mpolyolefin ∗ %Cpolymer

(1)

where mrecovered is the mass of the sample recovered by the end of the CVD process
(in g), %Cmaterial is the percentual of elemental carbon in the material obtained after CVD as
determined by elemental analysis (in wt.%), mpolyolefin is the mass of the polymer used for
the CVD process (in g), and %Cpolymer is the content of carbon in the polymeric materials
(85.6 wt.%). A blank experiment was performed consisting of an equal thermal treatment
of the catalyst (without further feedstock) in order to know whether the catalyst showed
significant mass changes, i.e., affected the yield calculation.

After synthesis, the CNTs were subjected to acid washing (purification) to reduce the
quantity of Fe2O3/Al2O3 attached to the structure (50% v/v H2SO4, 140 ◦C, 3 h, under
reflux), as described elsewhere [13]. After it were cooled down, the material was abundantly
washed with distilled water to remove excess acid and dried at 60 ◦C for over 12 h. The
samples were labeled according to the polymeric feedstock and temperature as follows:
CNM-LDPE-600 (as it did not result in a CNT), CNT-LDPE-800, CNT-HDPE-800, CNT-
PP-800, and CNT-MIX-800. The mass loss of purified CNTs was calculated according to
Equation (2):

Mass loss(%) =

(
1− mCNT,P

mCNT,O

)
× 100 (2)
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where mCNT,P is the mass of CNT recovered after washing (in g) and mCNT,O is the mass of
CNT used for the washing process (in g).

3.3. Materials Characterization

X-ray diffraction (XRD) analyses were made, at room temperature, with a PANalytical
X′ Pert Pro diffractometer equipped with an X′ Celerator detector and secondary monochro-
mator in θ/2θ Bragg-Brentano geometry. The measurements were carried out using 40 kV
and 30 mA, a CuKa radiation (λα1 = 1.54060 Å and λα2 = 1.54443 Å), 0.017◦/step, and
100 s/step, in a 10–80◦ 2θ angular range. The FT-IR spectrum was acquired using a Perkin
Elmer FTIR-UATR with a resolution of 4 cm−1 from 400 to 4000 cm−1, using the KBr pellet
method. TEM images were obtained using a JEOL 1011 transmission electron microscope
operating at 200 kV. Thermogravimetric analysis (TGA) was conducted using a NETZSCH
TG 209F3 in an air atmosphere from 30 to 930 ◦C at a rate of 10 ◦C min−1. The remaining
weight of the samples after TG analysis was used to determine the ash content. Textural
properties of the materials were determined from N2 adsorption/desorption isotherms
at −196 ◦C obtained in a Quantachrome instrument NOVA TOUCH LX4 (Quantachrome
Instruments, Florida, USA) as described elsewhere [13]. The Fe content of the CNTs was
determined by digesting the ashes of the CNTs with aqua regia (HNO3: HCl = 1:3, molar
ratio) at 105 ◦C for 12 h. The resulting liquid was filtered with a 0.45 µm syringe filter and
analyzed via atomic absorption spectroscopy (PinAacle 900 T, Perkin Elmer, Hongkong,
China). The elemental analysis (CHNS-O) was carried out in a Flash 2000 analyzer (Thermo
Fisher Scientific, Waltham, MA, USA) provided with a thermal conductivity detector (TCD).

3.4. Reaction Runs
3.4.1. Catalytic Wet Peroxide Oxidation (CWPO) of QN

A QN solution ([QN]0= 100 mg L−1) in ultrapure water set at pH 3.0 (not buffered) was
placed in a reaction vessel and heated to the desired temperature (80 ◦C). Upon reaching
the temperature, hydrogen peroxide was added ([H2O2]0 = 6.2 g L−1). Then, the catalyst
(ccatalyst = 2.5 g L−1) was added, considering this as t0 = 0 min. QN and H2O2 concentrations
along the reaction were monitored via HPLC and UV-Vis, respectively. Upon withdrawing
the reaction samples, they were immediately submerged in an ice bath and kept at 4 ◦C for
subsequent analysis. By the end of the reaction, the catalyst was separated from the reaction,
and the resulting liquid was analyzed by TOC, pH, and other aromatic compounds (ARMs).
A non-catalytic (N.C.) run was carried out under the same conditions without the catalyst.

3.4.2. Analytical Techniques

The H2O2 concentration was determined using a TiOSO4 methodology and measured
using UV-Vis (UV-VIS Spectrometer, T70, PG Instrument Ltd., Lutterworth, UK) at 405 nm, as
described elsewhere [14]. The QN concentration in the water phase was followed via high-
performance liquid chromatography (HPLC). The separation of QN and reaction products
was achieved using a JASCO HPLC system coupled to a Nucleosil 100-5C18 (150 × 2.1 mm)
column. A mobile phase consisting of 20% of acetonitrile and 80% of a phosphate buffer
solution (17 mmol) at pH 6.5 (isocratic) was delivered at a 0.5 mL min−1 flow rate by a
quaternary gradient pump (PU-2089). Detection was achieved in a UV-Vis detector (UV-2075)
at 313 nm. The TOC was measured in TOC-L (Shimadzu, Kyoto, Japan) equipment. Aromatic
compounds (ARMs) were estimated by diluting the samples with a phosphate buffer solution
at a pH of 7.0 and analyzed via UV-Vis at 254 nm [12].

4. Conclusions

Graphitic carbon samples were successfully synthesized from representative fractions
of PSW at 600 and 800 ◦C. All samples synthesized at 800 ◦C have resulted in the desired
carbon nanotube structure. In all cases, higher amounts of ashes were observed compared to a
commercial sample. However, the synthesis conducted at 600 ◦C resulted in a graphitic shell
around the catalyst particles rather than carbon nanotubes. Nonetheless, the present study
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demonstrates that CNTs can be synthesized in a one-stage reactor from simulated PSW with
interesting yields when the temperature is correctly selected. Further investigations into using
real plastic waste are still needed to fully evaluate the proposed solution.

All samples were active in the abatement of QN via CWPO, resulting in complete
QN degradation in 30 min under the best scenario and 120 min under the worst scenario.
Up to 75% of mineralization was observed, with the remaining TOC content being likely
ascribed to the formation of low-molecular-weight carboxylic acids, corroborated by the
reduction in the pH of the effluent and the high removals of other aromatic compounds.
Thus, CNTs derived from plastic waste could be useful catalysts for wastewater treatment.
As far as we are aware, no other works report the use of waste-derived CNT samples for
QN degradation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal13091259/s1. It includes the COD reference cards for XRD
analysis (Figure S1), TEM images of CNM-LDPE-600 (Figure S2), the yield of the carbon samples after
CVD (Figure S3), the N2 adsorption-desorption isotherms (Figure S4), Intermediates compounds in
N.C. run, final pH of the reactions and ARM abatement (Figure S5).
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