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Liquid/liquid biphasic oxidations are extensively employed in the chemical industry to manufacture a variety of
chemicals and for environmental issues, such as the oxidative denitrogenated (ODN) and desulfurization of fuels.
The ubiquitous presence of nitrogenated and sulfonated compounds in petroleum-derived fuels is associated with
environmental and health issues, driving legislation to become stricter regarding the content or related emissions
of those impurities. However, catalysts with high performance, low cost and high activity towards selective
oxidation of targeted contaminants should be developed. This work deals with the oxidative denitrogenation of
quinoline and pyridine, used as model nitrogenated compounds, using carbon nanotubes as catalysts, which were
derived from polyolefins (low-density polyethylene, high-density polyethylene and propylene) representative of
plastic solid waste (PSWs) mixtures found in municipal solid wastes. The carbon precursor used offers not only a
solution to reduce PSWs accumulation in waste management systems but also a cheap feedstock for preparing
CNTs. All PSWs-derived CNTs allowed to remove quinoline completely, pyridine, and both of them in a mixture
under the same conditions (1 h, 80 °C, ccat =2.58 L’l, [HoO2]l0 =247 g L’l, O/W volume ratio = 80:20, [N]g =
108 mg L™1). These results were maintained for up to 5 additional reuse cycles for the catalyst prepared with
mixed polyolefins.

1. Introduction have been proposed [9-11], and oxidation-based treatments (oxidative
desulfurization (ODS) and denitrogenation (ODN) for targeted S and N
removals, respectively) are seen as promising processes [8], with milder

operating conditions (25-140 °C and 1-2 bar) compared to HDS/HDN.

Fuels are crucial for meeting energy demands, particularly in trans-
portation [1]. Impurities, such as sulfur (<6 wt%), nitrogen (<2 wt%),

oxygen (<1.5 wt%) and heavy metals, are usually present in crude oils,
posing health [2,3] and environmental issues [4,5], and sulfur was even
reported as an impurity for some renewable fuels [6] with a concen-
tration up to 850 ppm [7]; and resulting in stricter legislation [8].
Removal of N and S compounds from liquid fuels is a key step in re-
fineries, usually achieved through hydrotreatment processes conducted
at high temperatures (260 — 425 °C) and Hj partial pressures (5-170 bar)
[8]. However, hydrotreatment may fail to achieve the legally allowed S
or N content. Thus, alternative processes to complement HDS and HDN

The removal of organosulfur compounds by oxidation (ODS) has been
much more studied than ODN in the past 20 years (Figure S1), mainly
because organosulfur compounds are directly regulated and considered
more harmful than N-compounds. Nevertheless, with the expected
decrease of allowed NOy emissions by the implementation of Euro VII
[12], the effect of N-compounds over a series of fuel parameters [13] and
the recalcitrant behavior of those compounds towards HDN, ODN
emerges as an important alternative to target the removal of N-com-
pounds from fuels. Other non-hydrogen processes are also available,
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such as adsorptive and extractive denitrogenation, however, they have
limitations, such as longer hours of operation [14] or high volumes of
solvents [15].

ODN can be classified as a selective oxidation process, as it can be
conducted using a biphasic medium [8]. Hydrogen peroxide aqueous
solutions are interesting oxidant sources, as they can act simultaneously
as both oxidant and extraction phases for oxidized products. Hydrogen
peroxide also offers advantages such as low cost, ease of use, and being
environmentally friendly. The ODN process in biphasic systems also
requires suitable catalysts to increase the oxidation reaction rate and
facilitate mass transfer, acting as phase transfer catalysts [16,17].
Carbon-based materials, especially carbon nanostructured materials
(CNMs) such as carbon nanotubes (CNTs), are interesting options, as
they have been shown to catalyze oxidation reactions either in the liquid
phase [18-21] and in biphasic media [22,23]. Furthermore, their
hydrophilic-hydrophobic characteristics can be easily tuned [24] for
better contact between oily and water phases. Previous studies have
reported the use of carbon nanotubes for the selective removal of
nitrogenated compounds using HoO» as an oxidant source. For instance,
Janus-structured CNTs obtained from CoH4/CH3CN have been reported
for the selective removal of a range of N-containing materials under
oil-water emulsified systems, including QN (30-100 % in 40 min [25]
and 40-85 % in 45 min [26]), 4-nitrophenol (50-100 % in 4 h) [22],
2-nitrophenol (20-80 % in 24 h) [23]. Other CNTs have also been re-
ported for selective oxidation of QN under emulsified oil-water systems,
resulting in 80-100 % in 60 min [27,28] and 100 % in 30 min [29].
However, most of those studies focus on CNTs synthesized from
non-renewable carbon sources typically derived from petroleum, such as
pure ethylene or methane gases; and the use of waste sources for catalyst
synthesis could render the process more sustainable.

Another global concern is the accumulation of mixed and contami-
nated plastic solid waste (PSWs) in waste management systems, posing a
significant challenge for recycling facilities. According to the Eurostat
database, plastic packaging waste reaches 35.92 kg per capita in 2021
(more recent data at the publication of this research paper), whereas
31.53 kg per capita was produced in 2016 [30]. Additionally, the
recycling rate decreases from 42.4 % to 39.7 % in the same period [31].
Therefore, the development of recycling technologies is a priority for
sustainable development. According to projections [32], conventional
and innovative approaches will be required to effectively decrease the
amount of microplastics reaching aquatic and terrestrial environments
[32]. Polyolefins are largely found in the composition of contaminated
PSWs, mainly because they are frequently used for packaging and
thrown out after a single use [33]. Nonetheless, polyolefins are mainly
made of carbon atoms (low-density polyethylene and high-density
polyethylene, LDPE and HDPE, respectively, and polypropylene, PP,
are made up of 85.6 % of carbon [34]), meaning that they can be
transformed into carbon-based materials, including CNTs [18,35-38].
The synthesis of CNTs from plastic waste has been shown to benefit the
environment, considering the negative effects of climate change, fossil
fuel depletion, and toxicity due to the accumulation of this waste type in
diverse ecosystems [39].

In this context, this work aims at improving the sustainability of the
removal of N-compounds from fossil fuels, by studying effective cata-
lysts derived from simulated waste sources for the selective oxidation of
N-compounds, thus also proposing a solution to address the accumula-
tion of PSW in waste management systems. With this focus, CNTs were
prepared using a single-stage reactor, considering polyolefins (LDPE,
HDPE and PP) as representative polymers of PSWs over iron nano-
particles. The obtained CNTs were then applied as catalysts in the
abatement of quinoline (QN) under a biphasic system consisting of an
oily phase (2,2,4-trimethylpentane) containing QN and an HyO
aqueous phase (acting simultaneously as extractant and oxidant source).
CNTs prepared with a mixture of polyolefins were further used to
remove pyridine (PYR) and a multi-component system containing QN
and PYR. Few papers in the literature deal with the ODN of QN under a
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green system combined with materials obtained from sustainable
sources.

2. Materials and methods
2.1. Reagents and materials

Alumina (D10-10) was obtained from BASF as 4 mm pellets. It was
initially ground and sieved to obtain particle sizes in the 53-106 pm
range. High-density polyethylene (HDPE, melt index 2.2 g/10 min), low-
density polyethylene (LDPE, weight average molecular weight
~35,000 g/mol, number average molecular weight ~7700), poly-
propylene (PP, weight average molecular weight ~250,000 g/mol,
number average molecular weight ~67,000 g/mol), carbon nanotubes
(HWCNT, multi-walled), and titanium(IV) oxysulfate (~15 wt% in
diluted sulfuric acid, 99.99 % trace metal basis) were supplied by Sigma-
Aldrich. Ethanol absolute (99.8 %), ethylene glycol (99 %), acetonitrile
(99.9 %), and orthophosphoric acid (85 %) were obtained from Fisher
Chemical. Quinoline (98 %) and sulfuric acid (98 %) were supplied by
Alfa Aesar and Labkem, respectively. Iron(II) chloride tetrahydrate
(98 %) was provided by Acros Organics. Iron(II) chloride hexahydrate
(98 %), 2,2,4-trimethylpentane (99.9 %), hydrogen peroxide (30 %),
sodium hydroxide (99.2 %), and pyridine (99.9 %) were provided by
VWR Chemicals. Spray mount was obtained from 3 M. All reactants were
used without modifications. Ultrapure water was used throughout the
work.

2.2. Synthesis of carbon nanotubes

The CNTs were synthesized via chemical vapor deposition (CVD)
over iron nanoparticles supported on alumina (Fe-NP/Al;O3) following
a sol-gel methodology, as previously described [21,40]. The CVD pro-
cess occurred in a single-stage vertical oven (TH/TV, Termolab),
considering LDPE, HDPE and PP, either individually or in a mixture of
the three polymers (MIX), as carbon sources. The mixture of three
polymers considered a ratio of 35:25:40 of LDPE:HDPE:PP (in mass
basis), these proportions between the distinct polyolefins being chosen
according to real reports of PSW composition in municipal streams [33].
The configuration of the oven is shown elsewhere [20]. The CNTs were
labeled according to the polymeric feedstock and temperature used in
the CVD process: LDPE-600@Fe, LDPE-800@Fe, HDPE-800@Fe,
PP-800@Fe and MIX-800@Fe. Only LDPE was tested at 600 °C as it
has been reported that LDPE results in a higher amount of gaseous
fractions (especially C1-C2 fraction) compared to HDPE and PP [41] in
the thermal pyrolysis process, which should favor the formation of
CNMs.

2.3. Materials characterization

X-ray diffraction (XRD) was acquired in a PANalyticalX'Pert PRO X-
ray diffractometer equipped with a X'Celerator detector and secondary
monochromator (Cu Ka A = 0.154 nm). Data analysis and treatment
were performed using X'Pert HighScore Plus software and the Crystal-
lography Open Database (COD) for phase identification and semi-
quantitative estimation of the components. TEM images were acquired
in a JEOL 1011 transmission electron microscope operating at 200 kV.
The hydrophobicity/hydrophilicity of the samples was estimated by
static water contact angle measurements using the sessile-drop method.
The measurements were performed in a glass slide covered by the ma-
terials with a spray adhesive from 3 M, prepared according to a pro-
cedure described elsewhere [42,43]. Image acquisition was carried out
using a Attention optical tensiometer (model Theta), and data analysis
was carried out in ImageJ. The contact angles reported are an average of
at least 3 measurements in different locations of the slides. Basicity/a-
cidity characterization was performed by adapting a procedure reported
in another work [44]. Briefly, 50 mg of each CNT was added into either a
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0.02 M HCl or 0.02 M NaOH solution for 24 h under stirring (400 rpm) at
room temperature. After 24 h, the solids were separated from the liquid
and titrated against the opposing solution. Thermogravimetric analysis
(TGA) was conducted in a NETZSCH TG 209F3 equipment under a ni-
trogen atmosphere (40-890 °C, 10 °C min1). The remaining weights at
the end of the TGA analysis were used to estimate the volatile content of
the samples, and the remaining weights at T = 100 °C were used to
estimate the moisture content of the samples. The ashes contents were
determined using a muffle at 800 °C. The ashes recovered were then
digested using aqua regia (HNO3:HCl molar ratio of 1:3) at 105 °C for
12 h; the resulting liquid was analyzed via atomic absorption spectros-
copy (PinAacle 900 T, Perkin Elmer, Hongkong, China) to determine the
iron content in the ashes (Feashes). The C, H and O content were obtained
by elemental organic analysis using a Flash 2000 analyzer (Thermo
Fisher Scientific,Waltham, MA, USA) provided with a thermal conduc-
tivity detector. Raman spectra were acquired in an Alpha 300 (WiTec,
Germany) at a monochromatic wavelength of 532 nm. The magnetic
response of the samples was qualitatively assessed with a neodymium
magnet.

2.4. Reaction runs

2.4.1. Extraction and adsorption of QN

The pure extraction effect was estimated considering different initial
concentrations of QN in 2,2,4-trimethylpentane ([QN]?)il = 250 -
1000 mg L’l, equivalent to [N] 8“ =27 -108 mg L™1). The QN solution
was placed in a reaction vessel and heated to 80 °C. Upon reaching the
desired temperature, a volume of ultrapure water at pH 3.0 (adjusted
using HoSO4 0.5 M, not buffered) already at 80 °C was added, consid-
ering this tp = 0 min. The ratio between 2,2,4-trimethylpentane and
water was kept at O/W = 80:20 v/v, and the medium was well stirred
(600 rpm). The concentration of QN in both oil and water phases
([QN1°! and [QN]"¥" respectively) was followed by UV-Vis. The
samples were withdrawn in such a way as to ensure that the O/W ratio
was not changed.

The adsorption effect in the oil phase was also evaluated by placing a
ON solution ([QN18= 1000 mg L7}, IN18! = 108 mg L 1) in a reaction
vessel and heating it to 80 °C. The adsorbent (Cqdsorbent = 2.5 & L™Y) was
added, considering this ty) = 0 min, and the concentration of QN in 2,2,4-
trimethylpentane was estimated by UV-Vis after 8 h of contact time.

Experiments combining simultaneous adsorption and extraction
were also evaluated, following a similar procedure described above. The
QN solution ([QN]SH: 1000 mg L. [N]8il =108 mg LY was placed in
a reaction vessel and heated to 80 °C. The desired volume of ultrapure
water at pH 3.0, not buffered, at 80 °C and considering an O/W ratio
= 80:20, was added immediately, followed by the adsorbent (cqdsorbent =
2.5 g L™}, considering the total volume of the system), this being to
= 0 min. QN concentration, both in oil and water phases, was measured
by UV-Vis after 8 h of contact time.

2.4.2. Selective biphasic oxidation: an oxidative denitrogenation (ODN)
case study

A QN solution ([QN]8! = 1000 mg L™, [N]§! = 108 mg L™ 1) in 2,2,4-
trimethylpentane was placed in a reaction vessel and heated to 80 °C.
Upon reaching the desired temperature, a volume of a HyO, solution
([H202]p =247 g L Dat pH 3.0 (not buffered) and 80 °C was added to
achieve an oil-to-water (O/W) volume ratio of 80:20. Around 2-3 min
were waited before adding the catalyst (ccqe = 2.5 g L™, considering the
whole volume of the system), representing the beginning of the reaction
(to = 0 min). Samples were periodically withdrawn to monitor the
concentration of QN in oil ([QN]1°Y) and water ([QN]"2t€") phases (GC-
FID and HPLC, respectively) and HzO5 in the water phase (UV-Vis).
Samples were collected by respecting the O/W ratio to avoid altering the
phase equilibria, and the total amount removed from the reaction during
sampling was maintained below 10 % in volume. By the end of the re-
action, the catalyst was separated from the liquid medium, and the oily
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and water phases were stored separately. The water phase was further
analyzed in terms of total organic carbon (TOC) content. The catalyst
was dried at 60 °C overnight and reused. A non-catalytic run was also
conducted without a catalyst, and oxidation reactions in the absence of
the pollutant were also carried out to evaluate the possible oxidation of
2,2,4-trimethylpentene; negligible oxidation was observed. Possible
carbon leaching from the CNTs was estimated by measuring the TOC
content of pure hydrogen peroxide decomposition under aqueous phase
only and similar ODN conditions (80 °C, [HyO2] = 247 g L’l, [cat] =
25¢g L™1). The reactions were followed for 24 h in total.

ODN was also carried out for a simulated fuel containing (i) pyridine
(PYR) with a concentration of [PYR]8il = 610 mg L! (equivalent to
[N] 811 =108 mg L™ Din 2,2,4-trimethylpentane, and (ii) a mixture of QN
and PYR with a concentration of [QN]Sil = 500 mg Lt ([N]Sil =
54 mg L™ and [PYR]8il =305 mg L1 (IN] 8“ =54 mg L™, amounting
to a total of [N]8il =108 mg L~L. Reutilization runs were also conducted
for MIX-800@Fe for up to 5 cycles. The same procedure described above
was followed for each one of the cases, and the reaction was allowed to
continue for 1 h when the phases were separated and stored. The catalyst
was recovered with a membrane filter (pore: 0.45 pm), washed with
distilled water and ethanol, and dried overnight at 105 °C.

2.4.3. Analytical techniques

H,0, concentration was determined by TiOSO4 methodology and
measured using UV-Vis (UV-VIS Spectrometer, T70, PG Instrument Ltd)
at 405 nm, as described in previous works [44,45]. During extraction
and adsorption runs, QN concentration was estimated using UV-Vis at
313 nm for oily ([ON1°1 and aqueous ([QN]"?*") phases. For ODN re-
actions, the concentration of QN was followed by HPLC for the water
phase and GC-FID for the oily phase. The separation of QN and reaction
products in the water phase was achieved by a JASCO HPLC system
coupled to a Nucleosil 100-5C18 (150x2.1 mm) column. An isocratic
mobile phase (20 % acetonitrile and 80 % phosphate buffer solution
(17 mmol) at pH 6.5) was delivered by a quaternary gradient pump
(PU-2089) with a flow rate of 0.5 mL min . Detection was achieved in a
UV-Vis detector (UV-2075) at 313 nm. The detection of QN in the oily
phase was performed in a GC-FID coupled with a SupelcoWax10 col-
umn. The oven temperature was set to 40 °C for 10 min, followed by a 10
°Cmin ! ramp up to 210 °C (hold for 2 min). Detection was set to 200 °C
and injection to 250 °C. TOC was measured in a TOC-L (Shimadzu)
equipment.

2.4.4. Calculations

QN concentration was monitored throughout the ODN runs by HPLC
and GC-FID for water and oily phases, respectively, and the concentra-
tions obtained were transformed into the number of mols, according to
Eq. (1).

i [ON], V'

Non, = ‘MMoy (@)

where i can be either the oil (i = 0il) or aqueous (i = water) phase, nQNi is
the number of mols of QN at the time t and the phase i (in pmol), [QN]it is
the concentration of QN at time tin phasei (in g L’l), V!is the volume of
phase i (in L), and MMy is the molar mass of QN (in g mol™1). The total
number of mols of QN for each reaction time (nQNEOtal) was calculated
according to Eq. (2) and the total conversion of QN according to Eq. (3):

1 il
nQNtota _ nQNlt/vater + nQNfl )
nQNtoml
t
XQN.total = < 1 e ) x 100 3)
Nang

in which Xon, a1 is the global conversion of QN, accounting for both QN
in oily and aqueous phase (in %) and nQNg’ml is the number of mols of QN

at the beginning of the reaction (t = 0 min) in both phases (in mol). The
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conversion of TOC was calculated according to Eq. (4):

(TOChigird +TOC0) \ 100
TOCqno x

TOCconversion(%) = (1 - (4)

in which TOCy%" . is the TOC measured in the water phase by the end

measi
of the reaction (in mg L’l), TOC"QiIl\, is the TOC contribution arising from
ON still in the oil phase (obtained based on the concentration of QN
calculated by GC-FID) (in mg L_l), and TOCqp; is the TOC contribution
from the QN in the beginning of the process (obtained based on the
concentration of QN as determined by GC-FID and HPLC for oil and
water phases, respectively) (in mg L.

A kinetic modeling of the biphasic oxidation reactions was carried
out. The methodology considered is based on previous reports on the
catalytic wet peroxide oxidation (in the aqueous phase) of phenol [46]
and the biphasic oxidation of 2-nitrophenol [23]. The disappearance
rate of each species j (-r) in mol h~! is given by Eq. (5):

1 dny

W © dt )

—r=

in which n; is the mols of compound j (calculated according to Eq. (1))
and Wy is the mass of the catalyst (in g). The solution of the rate
equations and estimation of kinetic parameters was achieved by mini-
mizing the sum of squared errors (SSEmode1), which was calculated based
on the relative number of mols of each species (1;/ nj,o) for experimental
(exp) and predicted (model) values, according to Eq. (6):

Moo n; ’
Emo el — = — (=
SS del ; |:(nj.0)exp (nj.0>model:| (6)
Kinetic models were evaluated by the coefficient of determination
(R?) and parity plots.

3. Results and discussion
3.1. Materials characterization

The XRD diffractogram of the CVD catalyst (Fe-NPs/Al;03) is shown
in Fig. 1. Two iron phases and two alumina phases were identified in the
sample: hematite (FepO3, COD reference card 96-900-9783) and
magnetite (Fe3O4, COD reference card 96-900-2318) corresponding to
19 % and 3 % of the sample (semi-quantitative analysis), and o- and y-
alumina (COD reference cards 96-201-5531 and 96-152-8248,
respectively), corresponding to 26 % and 52 % of the sample, respec-
tively. Crystallite sizes were estimated using Halder-Wagner and size

& a—Al,O4
v * y—AlLO,
M v Fe, 04
*e A Fe,0,
~ /
=
S va
z
z »e
]
=
= £} sy v
v EX1
\ v?\ v
v
v
T T T T T
20 30 40 50 60 70 80

20 (%)

Fig. 1. XRD of Fe-NPs/Al;03.
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strain plot, calculated as reported elsewhere [40,47], with hematite
estimated to be 9.17 and 9.83 nm, respectively. The content of Fe
determined by atomic absorption of the digested sample resulted in iron
content of 15 wt% (which corresponds to approximately 21 wt% of
hematite).

The morphology of the CNMs obtained in this work is reported in
Fig. 2. As observed, LDPE-600@Fe did not result in the growth of a CNT
structure, whereas all materials synthesized at 800 °C did result in
filamentous structures. All the CNT samples have straight walls in the
range of 25-27 walls, which resulted in outer diameters in the same
range (26 — 33 nm).

The Raman spectra of the samples are shown in Fig. 3. All spectra
have two evident peaks: one centered at 1342 cm ™! (D band) and the
other at 1600 cm ™! (G band). The first peak is ascribed to defects in the
carbon structure [48], and the second one is caused by the in-plane
stretching of sp? carbon atoms, indicating a graphitic nature [49]. A
third peak centered at 2700 cm ™! was also found for the samples ob-
tained at higher temperatures. This peak is characteristic of CNTs and is
associated with the x band in the electronic structure [48].
LDPE-600@Fe did not display this peak as it did not allow the formation
of CNTs, as seen in TEM images (Fig. 2). The D/G ratio estimated from
the normalized Raman spectra is displayed in Table 1. LDPE-600@Fe
has a very high D/G ratio, indicating it to be a highly disordered ma-
terial. MIX-800@Fe results in slightly disordered materials (D/G ratio of
0.86), whereas the samples synthesized using single polymers all result
in more ordered materials (D/G = 0.49-0.67). Similar results have been
reported for as-synthesized CNTs derived from plastic solid waste [49,
50] and for acid-treated CNTs [51,52].

The contact angles of water with the carbonaceous samples and
catalysts used for their preparation are reported in Table 1. Most of the
carbon samples synthesized in this work displayed similar values for the
water contact angle (123-139°). LDPE-600@Fe and MIX-800@Fe
resulted in slightly lower contact angles (123-124°), likely due to
higher incorporation of oxygenated compounds. Similar results have
been reported for acid-treated CNTs [24,53]. The metal substrate
(Fe-NPs/Aly03) used as a CVD catalyst displayed a contact angle of 96°.
Higher contents of hematite, as opposed to other iron oxide phases, have
been correlated to higher contact angles [54,55].

Table 1 also reports the values obtained for acidic and basic groups in
the different samples. LDPE-600@Fe resulted in the highest incorpora-
tion of acidic groups (1277 pmol g’l), followed by MIX-800@Fe (632
umol g~ 1), which corroborates previously observed characteristics of the
materials, such as the presence of amorphous and defective phases in
LDPE-600@Fe as seen in TEM images and Raman spectra. Basic groups
are within the same range (194-319 pmol g~ 1) regardless of the sample.
All the synthesized materials display magnetic response in the presence
of a strong neodymium magnet (Figure S2), whereas Fe-NPs/Al,03 does
not.

The TGA data obtained under N, atmosphere are displayed in
Figure S3. As expected, the materials synthesized at 800 °C are far more
stable than the sample obtained at 600 °C. The proximate analysis of the
samples is displayed in Table 2. The materials synthesized at 800 °C
resulted in a higher content of fixed carbon and lower ashes compared to
the sample prepared at 600 °C, especially for HDPE, PP and MIX pre-
cursors. HDPE and PP precursors also resulted in a lower content of
volatiles. Moisture content was similar for all samples, with a slightly
higher value for LDPE-600@Fe (probably associated with the incorpo-
ration of surface groups). The ultimate analysis revealed an increased
concentration of H and O in LDPE-600@Fe compared to the remaining
samples (Table 2), corroborating previous characterizations. Samples
synthesized at 800 °C resulted in a similar incorporation of H (H/C ratio
in the range 0.003-0.005) and O (O/C ratio in the range 0.010-0.023).

The iron content in the ashes of the CNT samples (Fegspes) Was also
calculated (Table 2). As can be seen, materials synthesized at 800 °C
resulted in a similar value (59.8-68.3 %), indicating that alumina is
removed at a higher rate from the samples during acid washing, as iron
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~ PP-800@Fe

Fig. 2. TEM-photographs of (a-c) LDPE-600@Fe, (d-f) LDPE-800@Fe, (g-i) HDPE-800@Fe, (j-1) PP-800@Fe, and (m-0) MIX-800@Fe nanomaterials.
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Fig. 3. Raman spectra of the nanomaterials synthesized in this work.

nanoparticles are mainly encapsulated within the walls of the CNTs. The
sample LDPE-600@Fe resulted in a lower iron content, likely due to
poorer encapsulation of the Fe-NPs during CVD synthesis, and thus,
resulting in higher removal of particles located in the outer surface
during the acid washing process.

3.2. Denitrogenation process

3.2.1. Extraction and adsorption as blank runs

The extraction of QN from 2,2,4-trimethylpentane, considering ul-
trapure water at a pH of 3.0 as the extractant phase and different initial
QN concentrations, is depicted in Fig. 4(a). As observed, the extraction
effect is more relevant for lower initial concentrations regardless of the
contact time. For an initial concentration of 250 mg L%, up to 25 % of
QN is removed purely by extraction in 8 h. In contrast, when increasing
the concentration to 500 mg L7, the effect reduces to 16 %. For con-
centrations over 750 mg L™}, only 7 % of QN is removed by pure
extraction in 8 h under the studied conditions. It is also possible to
observe that the removal of QN reaches a maximum at around 30 min of
contact time, slightly decreasing after up to 8 h, as it reaches an

Table 1
Water contact angles, acidic/basic groups and D/G ratio for the materials used in
this work.

Material Water Representative Acidic Basic D/G
contact image groups groups ratio
angle (pmol (pmol

gh g

LDPE—-600@Fe 124 l 1277 194 3.46
+ 2°

LDPE—-800@Fe 136 ' 197 301 0.67
+2°

HDPE-800@Fe 137 ' 137 262 0.49
+1°

PP—-800@Fe 139 I 276 271 0.59
+3°

MIX—-800@Fe 123 l 632 184 0.86
+7°

Commercial 139 l 291 319 -

CNT
=+ 4°

Fe-NPs/Al,03 96 + 4° l 742 498 -

4—-—
Al,O3 15+ 4° ' 1836 1270 -
————
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Table 2
Proximate analysis of the carbon nanomaterials produced in this work.
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Material Moisture (%) Volatile content (%)" Ashes (%)" Fixed H/C ratio 0/C ratio Feashes (%)
carbon (%)°
LDPE—-600@Fe 0.5 24.5 28.0 46.9 0.025 0.064 34.6
LDPE—-800@Fe 0.2 19.8 18.0 59.0 0.004 0.010 62.8
HDPE—-800@Fe 0.2 15.1 20.5 64.2 0.003 0.010 68.3
PP—800@Fe 0.2 13.2 18.0 65.6 0.005 0.014 66.1
MIX—-800@Fe 0.3 10.7 24.9 64.1 0.004 0.023 59.8
# determined from TGA in N, atmosphere;
b determined from TGA in air atmosphere, reported in [21];
¢ calculated as 100-ashes-moisture-volatiles.
50 1 T T T T T

3 Extraction (1000 mg L") Tosssssa b

S —&—Cy=250mg L" ( L) (b)

% 40 (a) C, =500 mg L! FC'NPS/A1203 _@I T

=
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Removal of QN from oil phase (%)

Fig. 4. QN removed from oil phase (a) by pure extraction effect (without catalysts), considering varying initial concentrations of QN; and (b) by pure adsorption
(solid filling) and combined adsorption-extraction (patterned filling) in the presence of CNTs and CVD substrate after 8 h of contact time (Conditions: O/W volume
ratio = 80:20 (where applicable), pHy = 3.0, T = 80 °C; and for adsorption runs: [QN]o, = 1000 mg LY, Cadsorbent = 2.5 g L.

equilibrium. The extractions were not carried out for longer than 8 h, as
we did not aim to establish the equilibrium between the phases. Rather,
we wanted data to compare with the results obtained on oxidation
reactions.

Similarly, the removal of QN by pure adsorption after 8 h of contact
time, given in Fig. 4(b) (solid filling), ranges between 1 % and 11 %,
with the highest removal obtained in the presence of HDPE-800@Fe and
Fe-NPs/Aly03 (11 % for both). No other reports were found regarding
the adsorption of QN by CNTs. Typical values for the adsorption of other
N-compounds by CNTs under similar conditions have been reported,
such as 14-25 % [22] and 7-13 % [23] for 4-nitrophenol and 2-nitro-
phenol, respectively, and 11-30 % [20] for paracetamol.

The combined effects of both techniques, i.e., simultaneous extrac-
tion and adsorption, were also evaluated, and the obtained results are
shown in Fig. 4(b) (patterned filling). It is possible to observe a slight
increment in the removal of QN: in all cases, the removal exceeds 10 %;
however, neither approach is suitable to remove QN from a simulated
fuel, especially for higher concentrations (>750 mg L™1). For compari-
son purposes, the pure extraction effect after 8 h of contact time for an
initial concentration of QN of 1000 mg L™ is also given in Fig. 4(b).

3.2.2. Oxidative denitrogenation (ODN) of QN

The results related to the removal of QN under a biphasic system are
reported in Fig. 5. The non-catalytic (N.C.) run did not result in signif-
icant removal of QN from the fuel, with around 11 % removal in 24 h,
similar to the values observed in pure extraction experiments. On the
other hand, all CNTs displayed high catalytic activity towards the
removal of QN by ODN; complete removals from the fuel are obtained in
60-240 min of reaction, depending on the catalyst, at the selected
operating conditions. In the presence of MIX-800@Fe and LDPE-
600@Fe, complete removal of QN was observed in only 60 min of re-
action, followed closely by HDPE-800@Fe and PP-800@Fe (ca. 90 % in
60 min, and complete removal in less than 4 h), and by Fe-NPs/Al,03,
CNT-C and LDPE-800@Fe. Interestingly, it is possible to observe that for

all reactions, the reported values start at around 7 % of removal (at time
t = 0 min). The addition of the extractant phase took place before the
addition of the CNTs; thus, this initial removal is solely due to the
extraction effect, and the values agree with those reported earlier for the
pure extraction effect for an initial concentration of 1 g L1 (Fig. 4(a)).
The results reported here (37-100 % of QN removal in 60 min of reac-
tion) for the removal of QN from a simulated fuel fall within the same
range as reported in the literature (Table S1) [22,23,26-29,56], with QN
removals being reported in the range between 30 % and 100 %, ob-
tained in 30-60 min of reaction. Nevertheless, it should be emphasized
that the present work has reported a lower catalyst and hydrogen
peroxide concentration than the remaining works dealing with QN.
Furthermore, the use of polyolefin-derived CNTs is advantageous from
an environmental point of view.

The decomposition of the oxidant during ODN is shown in Fig. 5(b).
As can be observed, Fe-NPs/Al;03 and CNT-C resulted in very fast
decomposition of the oxidant, especially in the first 1 h of reaction,
achieving over 80 % of oxidant consumption. The fast decomposition of
hydrogen peroxide allied to the poor ability to adsorb QN in the presence
of these materials indicates that there is likely recombination of hy-
droxyl radicals into non-active species [57], hindering the abatement of
QN. On the other hand, the materials LDPE-600@Fe, MIX-800@Fe,
PP-800@Fe and HDPE-800@Fe all resulted in around 10 % consump-
tion of the oxidant in 1 h of reaction, which is a sufficient amount of
oxidant for QN degradation. The controlled decomposition of HyO; al-
lows for more efficient oxidant usage, translating into a higher QN
removal. Notably, an active catalyst, which is also capable of consuming
only the required Hy0», is crucial for peroxide oxidation systems since
H05 can be the highest operational cost of the process [58]. As far as we
are aware, no other works report the consumption of oxidant sources;
however, we believe it is crucial to understand better and design the
ODN reaction.

ON in the water phase was followed by HPLC, and the results are
given in Fig. 5(c). In the presence of HDPE-800@Fe, PP-800@Fe, LDPE-
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Fig. 5. (a) Normalized number of mols of QN in the oily phase, (b) normalized concentration of H,O, during ODN, (c) normalized number of mols of QN in the water
phase, and (d) normalized conversion of total amount of QN during ODN in the presence of the catalysts tested in this work. Conditions: Vi, = 100 mL, O/W volume
ratio = 80:20, pHy = 3.0, [QN]811 = 1000 mg L7} Cear =25 g LY, T =280 °C, [Hy0,]g = 247 g L. Dashed lines are from the kinetic model described in Sec-

tion 3.2.3.

800@Fe and Fe-NPs/Al;03, QN accumulates in the water phase,
reaching a maximum at 1 h of reaction, followed by a fast decrease in the
next 2 h. In the presence of MIX-800@Fe, QN reaches its maximum in
the water phase at a shorter reaction time (15 min). For the remaining
materials (LDPE-600@Fe and commercial CNT), not much accumula-
tion of QN is observed. By the end of the reaction, QN is still present in
the water phase in most cases, accounting for 1-12 % of QN initially
loaded in the system.

The normalized concentration of QN, accounting for QN present both
in oil and water phases, is displayed in Fig. 5(d) and follows a similar
pattern to that observed for the removal of QN from the oil phase. LDPE-
600@Fe and MIX-800@Fe both resulted in the fastest total conversion of
QN, reaching more than 80 % of conversion in just 1 h of reaction. In the
sequence, PP-800@Fe and HDPE-800@Fe both resulted in over 50 % of
QN degradation in 1 h of reaction, followed by CNT-C (35 % in 1 h), Fe-
NPs/Al;,03 and LDPE-800@Fe (15 % in 1 h). The N.C. run resulted in
less than 1 % of QN degradation. In general, for catalyzed reactions,
more than 90 % of QN initially loaded was completely degraded in just
2 h of reaction.

The TOC conversion is shown in Fig. 6. As can be observed, most of
the materials synthesized in this work display a similar TOC conversion
(24-26 %). The CVD-catalyst performs slightly worse (16 %), followed
by the commercial CNT sample (11 %). The N.C. run did not allow any
significant removal (<1 %), similar to the removals observed for QN
itself. The results reported here for TOC conversion are lower than the
removals reported for aqueous-phase QN oxidation [21,59,60]. No other
works report the TOC conversion for ODN reactions. The results are
within the range observed for the removal of other nitrogenated

T T
N.C. 7] 0.9% 8
Fe-NPS/ALO; - 16.0% .

CNT

MIX-800@Fe + |24.9%
PP-800@Fe |23.9% 4
HDPE-800@Fe | 243% A
LDPE-800@Fe | 23.7% .
LDPE-600@Fe | 25.7% -

T T

0 10 20 30
TOC conversion (%)

Fig. 6. TOC conversion in the presence of the materials tested in this work.
(Viotat = 100 mL, O/W volume ratio = 80:20, pHy = 3.0, [QN]°p, =
1000 mg L7}, cee = 25gL7Y, T=80 °C, [HyO5]p = 247gL7}, 24h
of reaction).

compounds under biphasic systems [22].

Considering the interesting results reported with sample MIX-
800@Fe and the fact that it is a sample obtained from a polymer
mixture representative of real mixed PSW, MIX-800@Fe was chosen for
further testing.
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3.2.3. Kinetic modelling and mechanism

The kinetic model described in Text S1 was adjusted to the experi-
mental data, resulting in the kinetics and statistical parameters shown in
Table 3. All models adjusted well to the data, as shown by the high
coefficient of correlation (R% > 0.94) and parity plot (Figure S4). The
model can also accurately reproduce the experimental data, as shown in
Fig. 4(a-d).

The highest kinetic coefficient for the decomposition of hydrogen
peroxide was found for Fe-NPs/Al;0s3, followed by the commercial CNT,
LDPE-600@Fe, MIX-800@Fe, PP-800@Fe, HDPE-800@Fe and LDPE-
800@Fe. The coefficient for the decomposition of hydrogen peroxide
(kp202) was found to positively correlate with the O/C ratio for
polyolefin-derived CNTs (Figure S5), indicating that the presence of
oxygenated groups accelerates the decomposition of HoO,. The kinetic
constant for QN oxidation follows a different order, with LDPE-600@Fe
(66.54 mol ! h™1), MIX-800@Fe (47.46 mol ! h™!) and commercial
CNT (45.39 mol™' h™!) displaying significantly higher coefficients
compared to the remaining CNTs (<14 mol ' h™!). Inall cases, k’on,ox
was higher than k’on,ms, indicating that the mass transfer of QN from the
oil phase to the aqueous phase is the limiting step. It should be noted
that the materials allowed an increase in k’ gy, (> 0.55 h™!) compared
to the non-catalytic run (k’qnme = 0.01 h’l), indicating that their
presence facilitates the mass transfer of QN and they indeed act as phase
transfer catalysts and are crucial for ODN purposes. The highest k’qn,m:
was found for MIX-800@Fe, explaining its more suitable behavior for
the process compared to the other samples synthesized at 800 °C. No
clear correlation between the materials’ characteristics and their ability
to act as phase transfer catalysts was found, so this behavior can be
attributed to a combination of different characteristics (such as contact
angle, oxygenated groups, etc.).

Given the results obtained and the adjusted kinetic model, we pro-
pose an expected reaction mechanism, shown in Figure S6. QN is a
molecule with a partition coefficient (logP) that is highly affected by the
PH of the aqueous phase [61], as pH affects the dissociation of QN. At
pHs lower than its pKa (approximately 4.9), more QN is expected to
migrate to the water phase [61], and its solubility in water increases
[62]. Under the conditions studied in this work, we expect that QN
initially migrates to the water phase (as observed in extraction experi-
ments and represented in Figure S6, I), especially since the reactions
were carried out under an acidic pH. The addition of the CNTs
(Figure S6, II) can further enhance the mass transfer of QN to the water
phase (Figure S6, IIa) given that the CNTs can act as phase transfer
catalysts, as shown by the increased k’qn,m: (> 0.55 h™Yin comparison
to the non-catalytic run (k’qnme = 0.01 h™1. The CNTs also are
responsible for yielding hydroxyl radicals (Figure S6, Illa), leading to the
oxidation of QN (Figure S6, III and Illa); we expect that QN both in
water, oil and interface between phases to be oxidized, although the QN
present in the aqueous phase is the most likely to be oxidized. Given that
the mass transfer of QN was found to be the limiting step, more effective
materials, such as MIX-800@Fe, should address this issue. The degra-
dation of QN in the water phase disrupts the equilibrium of QN between
the oil and aqueous phase, resulting in more QN migrating towards the
water phase (Figure S6, IV). This extraction-oxidation-extraction cycle
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(Figure S6, IIl « IV) will continue until all QN is removed from the oil
phase (Figure S6, V). Since the products formed are more hydrophilic,
they are expected to remain in the water phase (Figure S6, V). It is also
important to note that oxidized intermediates can be further degraded
into other oxidized compounds until reaching refractory compounds
(such as low-molecular-weight carboxylic acids [63]) and ultimately full
mineralization products (CO; and H30). It should be noted that the
selectivity towards degradation of QN or intermediates depends on
several factors, especially the materials’ adsorptive interactions with
each intermediate.

3.2.4. ODN of PYR and mixtures of PYR and QN

MIX-800@Fe was tested as a catalyst in the ODN of PYR or QN (as
individual compounds) and benchmarked against the commercial CNT.
The results are reported in Fig. 7. The removal of PYR was superior in the
presence of the sample prepared from a mix of polyolefins (MIX-
800@Fe) compared to commercial CNT. In 1 h of reaction, nearly 87 %
of PYR was removed from the fuel phase in the presence of MIX-800@Fe
compared to 69 % for commercial CNT. Relating to the quinoline
abatement, QN removal achieved 98 and 47 % with MIX-800@Fe and
commercial CNT under the same timeframe, respectively. The higher
activity of MIX-800@Fe compared to the commercial CNT sample for
the selective oxidation of PYR may be ascribed to its ability to act as a
phase transfer catalyst (as seen in Table 3). As previously performed for
QN removal, pure extraction by water and adsorption of PYR on the
catalyst were studied under the same operating conditions. In the case of
PYR, pure extraction accounts for a high proportion of PYR (nearly
50 %, Fig. 7). The higher extraction effect for PYR is related to its lower
logP compared to QN (0.65 for PYR [64] and 2.03 for QN [65] at neutral
pH). Pure adsorption accounts for 3.2 and 2.8 % with MIX-800@Fe and
commercial CNT, respectively. Combined adsorption and extraction

MIX-800@Fe (ODNoeed _

Commercial CNT (ODN,,,...)

MIX-800@Fe (ADS+Ext.,,

EoN
Bl YR

Commercial CNT (ADS+EXt. 1 1,140)
MIX-800@Fe (ADS,,yiaua)
Commercial CNT (4DS,,.j;iaua)

Extraction

MIX-800@Fe (ODN;yiiguat)

Commercial CNT (ODN,, i)

40 60 100

Removal of pollutant (%)

Fig. 7. Removal of QN or PYR from the oily phase during ODN in the presence
of commercial CNT and MIX-800@Fe after 60 min of reaction considering the
components individually (ODNijpdividua) @nd in a mixture (ODNpixed). (Viotal =
100 mL, O/W volume ratio = 80:20, pHy = 3.0, [QN]Sil = 1000 mg LY or
[PYRI$! = 610 mg L™} (in runs with mixed fuel: [QN]$! = 500 mg L~} and
[PYRIS! = 305 mg L™Y), ccar = 2.5 g L™, T = 80 °C, [Hy04]o = 247 g L%, 1 h).

Table 3

Kinetic and statistical coefficients obtained from the fit of the kinetic model (Text S1) during ODN.
Coefficient LDPE-600@Fe LDPE-800@Fe HDPE-800@Fe PP-800@Fe MIX-800@Fe Commercial CNT Fe-NPs/Al,03 N.C.
kuzo2 7.23 1.33 1.57 3.04 3.97 10.18 18.58 0.05
(mol ' h™h)
k' onme 1.21 0.55 1.44 1.39 2.08 0.63 1.03 0.01
k™
kaon,ox 66.54 14.22 12.71 14.43 47.46 45.39 33.08 1.40
(mol 'h™1)
POW 0.18
SSEmodel 0.103 0.057 0.055 0.067 0.050 0.138 0.066 0.007
R? 0.958 0.980 0.977 0.974 0.977 0.942 0.967 0.999
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represent 30 and 45 % of removal in 1 h with commercial CNT and
MIX-800@Fe, respectively, which may indicate some resistance to mass
transfer, mainly in the presence of the commercial CNT.

In the case of ODN of a mixed fuel (ODN ixeq in Fig. 7) containing
simultaneously QN and PYR, 87 % and 86 %, respectively, are removed
from the fuel phase with MIX-800@Fe. The catalytic activity for the
ODN of QN seems to decrease slightly in the presence of PYR. In
contrast, PYR removal is unaffected, possibly due to the higher contri-
bution of extraction for PYR. Nevertheless, the overall removal of N from
the fuel remains high (87 %), indicating that the material is versatile for
removing N-compounds.

3.2.5. Catalyst reuse

The results obtained for the reutilization runs of MIX-800@Fe are
reported in Fig. 8. As can be observed, no obvious loss of catalytic ac-
tivity was observed for the 6 cycles reported here, maintaining an
average removal of QN from the fuel of 98 % in just 1 h of reaction. This
indicates that the catalyst is highly stable for the proposed system. Metal
leaching was assessed during experiments through atomic absorption
and negligible metal leaching from catalyst into aqueous media was
observed (<0.05wt% of MIX-800@Fe). Similarly, carbon loss was
assessed by measuring TOC of the aqueous phase for pure hydrogen
decomposition reactions under similar ODN conditions, and no carbon
was measured in the aqueous phase (<0.5 mgc L™1).

4. Conclusions

The feasibility to prepare CNTs by CVD over iron particles supported
on alumina was demonstrated at 800 °C using different individual
polymers as carbon precursor, and a mixture representative of the
typical composition of plastic solid wastes found in municipal residual
streams. The CNTs were applied for the oxidation of QN considering a
2,2,4-trimethylpentane-water to simulate the selective ODN of liquid
fuels. The complete removal of QN after 60-240 min was achieved,
depending on the CNT catalyst, at the operating conditions of 80 °C, pH
of the aqueous phase of 3.0, ccot = 2.5 g L’l, O/W volume ratio of 80:20
and [Hy02]g =247 g L~!. The catalytic activity shown by the materials
synthesized in the ODN of QN far surpassed that of the commercial CNT
sample. Additionally, the removal of QN by ODN was compared to the
removal obtained by water extraction and adsorption with the materials
at the same operating conditions, evidencing that QN removals obtained
are mainly due to oxidation. In fact, kinetic modelling indicated that the
mass transference from oil to aqueous phase is the limiting step in the
reaction, and higher removals in the catalyzed runs were ascribed to the
ability of the CNTs to act as phase transfers catalysts. For the ODN of QN,
over 98 % of the initial content was completely removed for a simulated
fuel in 1 h of reaction, and this activity was maintained for up to 5
additional cycles in the presence of the catalyst prepared from a mixture
of 35:25:40 of LDPE:HDPE:PP (MIX-800@Fe). MIX-800@Fe could also
remove significant amounts of PYR from 2,2,4-trimethylpentane in just
1 h of reaction and PYR and QN when they were simultaneously present.
The results reported here suggest that polyolefins are suitable precursors
for the synthesis of highly active CNTs for oxidation purposes, and it
should prompt further studies into the application of real PSW. The
solution proposed here could help increase the sustainability of the
removal of N compounds, specifically related to the reintroduction of
plastic solid waste into the economy.
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