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ARTICLE INFO ABSTRACT

Nitrogenated compounds in fuels contribute significantly to NOx emissions, prompting the need for efficient and
sustainable removal technologies. Oxidative denitrogenation (ODN) has emerged as an alternative or comple-
ment to hydrodenitrogenation (HDN) to remove undesired nitrogenated compounds. While ODN requires
significantly milder conditions compared to HDN, it relies on the use of hydrogen peroxide as oxidant source.
Most works report the removal of nitrogenated compounds but neglect the rate of consumption and efficiency of
use of hydrogen peroxide. In this work, the operational conditions during ODN (hydrogen peroxide concentra-
tion, catalyst concentration, temperature, and pH) were optimized to maximize the removal of nitrogenated
compound, using quinoline as model compound, from a simulated fuel. Two sustainability-oriented parameters
were introduced: (i) the abatement of total organic carbon and (ii) the efficiency of hydrogen peroxide con-
sumption. Under optimum conditions ([H202]p = 12 g L1, 70 °C, [cat] = 2.5 g L, pHp = 3.0), the process
achieved 89 % quinoline removal, 35 % TOC abatement, and more than 77 % H205 consumption efficiency.
These results demonstrate the potential of ODN to operate under mild conditions while maintaining high oxidant
efficiency for model nitrogen-containing fuel compound, contributing to cleaner and more sustainable fuel pu-
rification strategies.

Dataset link: Dataset for paper "Oxidative
denitrogenation using sustainable carbon
nanotubes: Effect of reaction conditions on
hydrogen peroxide efficiency"
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1. Introduction more polar compounds that can be easily removed by liquid extraction

[1]. The milder operating conditions and reduced energy demands make

Nitrogen-containing compounds in fuel oils are a major environ-
mental concern due to their contribution to NOy emissions during engine
combustion [1], which are linked to air pollution and acid rain [2].
Conventional hydrodenitrogenation (HDN) processes, although effec-
tive, are energy-intensive and costly (T > 300 °C, Py, = 6-14 MPa) [3],
prompting the need for alternative, more sustainable methods. Among
them, oxidative denitrogenation (ODN) has emerged as a promising
approach [1,4]. ODN reactions are typically carried out under atmo-
spheric pressure and moderate temperatures (<150 °C) [1], using oxi-
dants (most commonly hydrogen peroxide, and less commonly organic
peroxides or ozone) in biphasic systems involving an extractant solvent
[5]. During ODN, the nitrogen-containing molecules are oxidized into

ODN attractive for cleaner fuel purification strategies.

A major challenge in the development of viable ODN processes is the
selection of efficient and environmentally responsible catalysts. Previ-
ous work has shown that reaction rate is highly influenced by the mass
transfer of nitrogenated compounds from the fuel to the extractant
phase, requiring catalysts that also act as phase-transfer promoters [5].
Carbon nanotubes (CNTs) are particularly suitable in this regard: they
can catalyze the decomposition of hydrogen peroxide into hydroxyl
radicals [6], drive the oxidation and mineralization of various organic
molecules [7-9], and enhance phase transfer in biphasic oxidations [5,
10,11]. Their performance is further improved by the ease with which
their surface chemistry can be tuned [12,13]. Importantly, CNTs can be
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produced from plastic solid waste (PSW) [7,14,15], providing high
surface area and favourable electronic properties while also enabling
PSW valorization, addressing waste accumulation concerns [16] and
supporting resource recovery [17].

Despite growing interest in ODN, most studies focus primarily on the
removal of nitrogenated compounds and often employ large excesses of
oxidant [18-26], without systematically evaluating oxidant efficiency or
utilization. As a result, a critical knowledge gap remains regarding how
reaction conditions, such as hydrogen peroxide concentration, temper-
ature, catalyst loading, and pH, govern both denitrogenation perfor-
mance and oxidant efficiency in biphasic ODN systems. Excessive use of
hydrogen peroxide raises economic and environmental concerns [27],
making its efficient consumption a critical parameter for sustainable
operation. Likewise, total organic carbon (TOC) measurements in the
aqueous phase offer important insights into the fate of both nitrogenous
and non-nitrogenous species, yet TOC analysis is rarely reported in ODN
studies. Addressing these gaps requires approaches that combine process
optimization with sustainability-oriented performance indicators.

In this study, we provide a comprehensive evaluation of the oxida-
tive denitrogenation process in a model biphasic fuel system using PSW-
derived carbon nanotubes, systematically examining key operational
parameters and introducing two complementary sustainability metrics:
TOC abatement and hydrogen peroxide consumption efficiency.
Hydrogen peroxide was selected as the oxidant due to its widespread use
in ODN and its environmentally benign decomposition into water and
oxygen [1]. Quinoline (QN) was selected as representative
nitrogen-containing model compound due to its frequent use in ODN
studies, enabling direct comparison with previously reported systems.
Pyridine (PYR) was additionally evaluated due to its higher resistance to
oxidation [28], to assess the robustness of the optimized ODN conditions
toward more recalcitrant nitrogen-containing species. While the study is
conducted using model compounds and simulated fuel, the results pro-
vide operational insights relevant to the rational design of more sus-
tainable ODN processes.

2. Materials and methods
2.1. Reactants and materials

The materials and reactants used are described in Text S1.
2.2. Synthesis and characterization of materials

Carbon nanotubes were synthesized by chemical vapour deposition
(CVD) of pyrolysis gases from polymer, which requires a metal catalyst
for the CVD section. Both methodologies to synthesize CVD catalyst and
CNTs are reported below.

2.2.1. Synthesis of CVD catalyst

The chemical vapor deposition (CVD) catalyst was obtained by sol-
gel [29]. An ethanolic solution containing 0.5 M of Ni2" was heated
until reaching its boiling point, and a 0.25 M solution of Fe>" in etha-
nediol was heated to 60 °C (5 min). Then, both solutions were sub-
merged in ice until reaching temperature equilibrium, following
procedures previously reported [30]. When the desired temperature was
reached, the two solutions were mixed in one beaker containing AloO3
(6.6 g). The mass of alumina was calculated to allow a deposition of
20 % of the active phase into the AlyO3 surface. The mixture was heated
to 60 °C for 2 h, followed by increase of the temperature to 120 °C, until
reaching a gel-like texture (ca. 3 h), which was followed by a temper-
ature increase to 200 °C, until a powder was obtained (ca. 3 h). The
powder recovered in the end was thermally treated under air atmo-
sphere at 850 °C for 3 h, leading to NiFe.

2.2.2. Synthesis of carbon nanotubes
The CVD growth of the carbon nanostructures was carried out in a
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vertical oven (TH/TV, Termolab) and follows a similar procedure as
previously reported [5,7]. Briefly, 1 g of the catalyst (NiFe) was loaded
in the lower region and 5 g of the carbon source was loaded in the upper
region. The carbon source chosen for this work was a mixture of poly-
olefins (POL) simulating a composition of plastics typically found in
PSW (35 % of low-density polyethylene (LDPE), 25 % of high-density
polyethylene (HDPE) and 40 % of polypropylene (PP)), as reported
elsewhere [31]. The reaction was carried out at T = 800 °Cwitha 0.5 h
hold time under nitrogen flow (50 cm?® min’l), leading to POL@NiFe.
The mass yield was calculated according to Eq. (1).

Myecovered — Meatalyst

Yield (%) = 1

mpolyoleﬁn X %Cpolymer

in which Myecoyereq is the mass of the sample recovered after the CVD
process accounting for both organic and inorganic phases (in g), Mcqtatyst
is the mass of catalyst loaded in the reactor (in g), Mpopyoefin is the mass of
the polymer (in g), and %Cpoiymer is the carbon content in the starting
material (85.6 wt.% for LDPE, HDPE and PP [32]). After synthesis,
POL@NiFe was subject to two distinct treatments: (i) HoSO4 washing
and (ii) a HNO3 oxidation, which generated 2 different materials. The
washing with HySO4 aimed at reducing the quantity of metallic particles
attached to the CNT structure, and it was carried out at 140 °C for 3 h
under reflux, with a 50 % v/v HySO4 solution and a POL@NiFe nano-
particle concentration of 20 g L™}, After cooling the solution to room
temperature, the material was thoroughly washed until the rising waters
reached neutrality, leading to POL-P@NiFe. The nitric acid oxidation
aimed at introducing oxygenated groups on POL@NiFe surface. The
reaction was carried out at 130 °C for 24 h under reflux, with a 15 M
HNOj solution, and a POL@NiFe particle concentration of 50 g LY as
reported elsewhere [33]. After the reaction, the materials were abun-
dantly washed with distilled water until reaching a neutral pH, leading
to POL-OX@NiFe. Mass loss was calculated according to Eq. 2.

1— M 100 )

Mass loss (%) = -
CNT

in which mcnr,w is the mass of CNT after washing (in g) and mcyr is the
mass of CNT initially used (in g). POL-OX@NiFe was further thermally
treated under inert atmosphere (N3, 100 cm® min™!) to remove the
oxygenated moieties from its surface at 400 °C for 6 h (120 °C min’l),
leading to POL-400@NiFe.

2.2.3. Characterization

Part of the materials used in this work were thoroughly characterized
in previous work [34]. The methodology used for characterization is
described in supplementary information (Text S2).

2.3. Oxidative denitrogenation reactions

A quinoline (QN) solution ([QN]8il = 500 mg L corresponding to
[NI§! = 54 mg L™Y) in 2,2,4-trimethylpentane was placed in a reaction
vessel and heated to the desired temperature (50-80 °C). Then, a volume
of H,04 solution was added to reach the desired concentration ([H205]¢
=1.23-123 g Lfl, oxidant-to-nitrogen molar ratio (O/N) of 2.3-230) at
pH 1.0-11.0 (not buffered, adjusted with 0.5 M HoSO4 or 0.5 M NaOH),
followed by the catalyst ([cat] = 0.25-5 g L’l). The addition of the
catalyst marked the beginning of the reaction (tp = 0 min). An oil-to-
water (O/W) volume ratio of 80:20 was used in all experiments. Sam-
ples were periodically collected to monitor the concentration of QN in
oil ([QN]I°"Y) and water ([QN]"2") phases using gas chromatography
with flame ionization detection (GC-FID) and high-performance liquid
chromatography (HPLC), respectively, as well as the concentration of
H50, in the water phase using UV-Vis spectroscopy. Sampling of the
reaction medium was carried out to maintain the original O/W ratio to
preserve phase equilibria, ensuring that the total volume recovered
during sampling did not exceed 10-15 vol% of the reaction medium. At
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the end of the reaction, the catalyst was recovered from the reaction and
dried overnight at 60 °C. Oil and water phases were stored separately.
The total organic carbon (TOC) content of the water phase was also
estimated. Non-catalytic (N.C.) experiment was conducted in the
absence of catalyst. Previous works have shown that 2,24-trimethylpen-
tane oxidation under similar conditions is negligible (<0.15 %) [5].
Adsorption runs were also considered in the oily phase only, following
similar conditions as for the ODN reactions (80 °C, [adsorbent] =
25¢g L’l, [QN]8il = 500 mg L’l). Tert-butanol (50 mM) and p-benzo-
quinone (10 mM) were used as scavengers for hydroxyl and superoxide
radicals, respectively. Selected experiments were conducted in dupli-
cate, and deviations were within +5 %. Pyridine (PYR) was also
considered as a model compound due to its higher barrier for oxidation
[28]. The same procedure described above for QN was followed, with an
initial PYR concentration of 305 mg L' (to achieve the same [N]8il of
54mgL~! used before) and hydrogen peroxide concentration of
[Hy02]g =123 g L! (equivalent to an O/N ratio of 23), 70 °C, pHyp
=3.0and [cat] =2.5¢g L'LA multi-component model fuel (containing
QN and PYR) was also considered under the same conditions, with initial
concentration of QN and PYR being adjusted to maintain the INIg! equal
to 54 mg L~ ([QNI§! = 250 mg L ! and [PYRI§! = 152.5mg LY.
Reusability tests were conducted with the multicomponent model fuel
under the same operating conditions. After each reaction cycle, the
catalyst was recovered and reused as obtained, without washing or
regeneration, and no fresh catalyst was introduced.

2.3.1. Analytical methods

H30, concentration was determined using a colorimetric method-
ology based on the interaction between HyO4 and TiOSO4 and measured
using UV-Vis (UV-VIS Spectrometer, T70, PG Instrument Ltd., Lutter-
worth, UK) at 405 nm [35]. TOC was measured in a TOC-L (Shimadzu,
Kyoto, Japan) equipment. QN and PYR concentration in the water phase
([QN]™@" and [PYR]"?'*") was followed by using a JASCO HPLC system
(Hachioji, Japan). The separation of QN, PYR and reaction products was
achieved with a mobile phase composed of acetonitrile (A) and
ammonium acetate buffer solution (10 mmol) at pH 5.75 (B) and an
Interchim Uptisphere Strategy Biphenyl (150 x 2.1 mm; 5 pm) column
(Montlucon, France). The mobile phase was delivered at a 0.4 mL min~!
flow rate by a quaternary gradient pump (PU-2089). The mobile phase
was initially fed at a proportion of 10 %:90 % (A:B) (from O to 7 min),
then increased to 20 %:80 % (A:B) (maintained at this condition from 10
to 25 min), which was then returned to the initial condition (total
running time of 32 min). Detection was achieved in a UV-Vis detector
(UV-2075) at 313 nm for QN and 254 nm for PYR. QN concentration in
the oily phase ([QN] °ﬂ) during ODN reactions was followed in a GC-FID
(Varian, model 3800, Palo Alto, California, USA) coupled with a
SupelcoWax10 column (Bellefonte, Pennsylvania, USA). The oven tem-
perature was set to 60 °C for 2 min, followed by a 10 °C min~! ramp up
to 210 °C (hold for 2 min), with helium as carrier gas under a 1 cm®
min~! flow. Detection was set to 200 °C and injection to 250 °C with a
split ratio of 20. N-hexadecane was used as internal standard
(1 mg mLfl). During adsorption runs, QN concentration was estimated
using UV-Vis at 313 nm. PYR concentration in the oil phase ([PYR] Oil)
was estimated with an UV-VIS at 254 nm. QN and PYR data were
plotted using normalized number of mols, and the calculations carried
out for that are reproduced in Text S3. The kinetic model has been
thoroughly described in a previous work of the group [5], and the in-
formation is reproduced in Text S4. Iron leaching was quantified in the
aqueous phase using a colorimetric method reported elsewhere [36].
Carbon leaching from the CNT catalyst was estimated from TOC mea-
surements after contact with HyO» under acidic condition (pHy = 3,
T =80 °C, [Hy02]¢ = 123 g L71).
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3. Results and discussion
3.1. Synthesis of materials and characterization

TEM images of POL-P@NiFe and POL-OX@NiFe can be seen in Fig. 1.
Both materials display hollow tubular structures with multiple walls,
including sections with straight walls (Fig. 1c) and sections with cup-
stacked structures (Fig. 1b and f), indicating multiple growth events.
This is typical from plastic-waste derived CNTs [7], as the cracking of
the polymer fraction can yield distinct gases [37], which can influence
the morphology of the obtained samples. Furthermore, since the CVD
catalyst (NiFe) is composed by a mixture of distinct metallic particles,
such as hematite, nickel ferrite and nickel oxide (Figure S1), it is also
expected to influence the morphology of the CNTs obtained [7]. The
outer diameter (Fig. 1d,h) obtained were 22.8 + 0.6 and 28.2 + 0.6 nm
for POL-OX@NiFe and POL-P@NiFe, respectively, indicating that the
harsh oxidation using HNOg resulted in the removal of outer layers from
the CNT [38,39]. TEM analysis of the HNOs-treated sample
(POL-OX@NiFe) reveals occasional open or partially open CNT ends;
however, as both closed and open ends coexist and TEM provides limited
statistical representativeness, the acid treatment is primarily associated
with outer-wall etching and surface functionalization rather than sys-
tematic tube-end opening.

The elemental composition of the CNTs is reported in Table 1. The
content of oxygen is significantly higher for POL-OX@NiFe compared to
POL-P@NiFe and POL-400@NiFe, which was expected given the HNO3
oxidation treatment performed in sample POL-OX@NiFe. POL@NiFe
also displays a high content of oxygenated moieties, which has been
ascribed to oxygen transfer from the CVD catalyst during CNT growth, as
reported elsewhere [40]. The content of iron and nickel significantly
decrease upon acid washing.

The XRD patterns of the synthesized and post-treated materials are
presented in Fig. 2. All samples exhibit a dominant reflection at around
26°, which is assigned to the (002) plane of graphitic carbon [41]. This
reflection is characteristic of CNT-based materials and is consistent with
previous reports on CNTs grown by CVD from polymeric carbon sources
[42]. The diffractogram of the as-synthesized material, POL@NiFe
(Fig. 2a), shows, in addition to the graphitic contribution, reflections
assigned to alumina, cementite (Fe3C), and nickel (NiO). The presence of
Ni® confirms the reduction of the Ni-based catalyst under CVD condi-
tions and is consistent with its role as the active phase for CNT growth
[43]. The detection of cementite indicates partial carburization of iron
during the high-temperature interaction with the carbon source, a
phenomenon commonly observed in Fe-containing CNT catalysts [42].

Alumina reflections originate from the residual catalyst support. The
purified sample POL-P@NiFe (Fig. 2b) still exhibits reflections associ-
ated with Ni° and FesC, suggesting that acid treatment does not
completely remove and carbide phases, likely due to partial encapsu-
lation of these nanoparticles within the graphitic carbon structure, as
confirmed by TEM. In contrast, the XRD pattern of POL-OX@NiFe
(Fig. 2c) shows the absence of alumina reflections, which can be
attributed to the aggressive nitric acid oxidation conditions employed.
Despite this treatment, the graphitic (002) reflection remains clearly
visible, indicating that the CNT structure is preserved. Metallic Ni® and
cementite phases are still detected due to being embedded within the
CNT framework or sufficiently protected from complete removal during
oxidation. The interlayer spacing calculated from the (002) reflection
using Bragg’s law [44] falls in the range 0.336-0.340 nm for all samples,
consistent with graphitic carbon typical of CNTs. Minor variations in
dooz after purification and oxidation indicate limited changes in
graphitic stacking without disruption of the CNT structure.

The surface functionalization induced by acid washing was assessed
by FTIR spectroscopy (Figure S2). The spectrum of POL-OX@NiFe ex-
hibits a pronounced band at around 1716 cm™, attributed to C=0
stretching vibrations of carboxylic and carbonyl groups [45], confirming
the introduction of oxygen-containing functionalities upon HNOj
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Fig. 1. TEM images of (a-c) POL-OX@NiFe and (e-g) POL-P@NiFe, and particle size distribution for (d) POL-OX@NiFe and (h) POL-P@NiFe.

Table 1
Elemental analysis of the CNTs.
Material H/C 0/C N/C S/C Fe (mg Ni (mg
g g
NiFe - - - - 88 49
POL@NiFe 0.0030  0.044 - - 43 26
POL-P@NiFe 0.0004  0.010 - 0.0011 11 5
POL- 0.0016  0.048 0.0012 - 7 3
OX@NiFe
POL- 0.0017  0.002 - - 8 3
400@NiFe

treatment. Additional bands observed in the 1170-1067 cm™ region are
assigned to C-O stretching modes of alcohol, ether, or ester groups [45].
In contrast, these features are significantly less intense or absent in the
spectra of the less aggressively treated samples, indicating a lower de-
gree of surface oxidation. The band at 1546 cm ™! was attributed to the
stretching vibration of C=C from the backbone of the CNT [45]. These
results are consistent with the elemental analysis and Raman spectros-
copy data, confirming that nitric acid treatment primarily modifies the
CNT surface chemistry without disrupting the graphitic structure.

A more extensive physicochemical characterization of the same CNT
materials was reported in our previous work [34], in the present study,
only a summary of the material’s properties is reported and it can be
found in the supplementary information (Table S1, Figure S3-S5).
Briefly, the surface area of the samples (Sggr, Table S1 and Figure S3)
increased upon acid washing, with harsher conditions (acid washing
with HNO3) resulting in higher surface areas (214 m? g~1) compared to
milder washing conditions (148 m? g_1 from acid washing with HySO4).
The acid washing also affected the graphitization of the samples in a
similar fashion (Figure S4): POL-OX@NiFe resulted in a D/G ratio of
0.99, whereas POL-P@NiFe and POL@NiFe resulted, respectively, in
D/G ratios of 0.91 and 0.64, according to the results obtained in Raman
spectroscopy. The results are consistent with previous reports [7,46].
Furthermore, in the HNOs-treated material (POL-OX@NiFe), a peak
centered at around 1620 cm ™! was observed (indicated with an arrow in
Figure S4), which is ascribed to a more defective structure [47]. The
materials demonstrated high oxidation resistance under air atmosphere
(Figure S5), with the main event of mass loss happening at 640-650 °C

for most materials. In Ny atmosphere (Figure S5e), POL-OX@NiFe
resulted in the highest mass loss, likely due to the removal of oxygen-
ated moieties, consistent with elemental analysis results. The surface
chemistry (Table S1) was also influenced by the acid washing, especially
related to the introduction of basic moieties (25 versus 368 umol g~! of
basic groups for POL-P@NiFe and POL-OX@NiFe, respectively), with
further reduction upon heat treatment (63 pmol g~ ' for
POL-400@NiFe). A similar effect on the water contact angle (Table S1)
was also observed: POL-OX@NiFe resulted in a lower value (117 + 3°)
compared to POL-P@NiFe (126 + 2°) and all the remaining CNTs
(>134°).

3.2. Screening of materials

The results regarding the screening of materials are displayed in
Fig. 3. As it can be seen, the removal of QN (>50 % in 2 h of reaction)
was more pronounced for the CNTs if compared to the non-catalytic run
(N.C.) and with NiFe (ca. 10 % in 2 h of reaction for both) (Fig. 3a).
Similarly, all CNTs resulted in a higher decomposition of hydrogen
peroxide (>20 % in 2 h of reaction) compared to the N.C. run (ca. 5 % in
2 h of reaction) (Fig. 3b).

Among the catalysts tested, POL-OX@NiFe resulted in the fastest
removal of QN from the oil phase (ca. 95 %), followed by POL-
400@NiFe (54 %), POL@NiFe (24 %), POL-P@NiFe (13 %) and NiFe
(10 %) in 1 h of reaction (Fig. 3a). The removal of QN from the oil phase
seems to be positively influenced by the surface area (RZ = 0.91,
Figure S7a), with higher surface areas (POL-400@NiFe and POL-
OX@NiFe) resulting in faster and higher removal rates. A different
order of reactivity for the HoO, decomposition was observed, in the
order NiFe (87 %) > POL@NiFe (35%) > POL-OX@NiFe (25 %)
> POL-400@NiFe (14 %) > POL-P@NiFe (9 %) in 1 h of reaction-Hy04
decomposition seems to be associated with the O/C ratio of the CNT
samples (R? = 0.88, Figure S7b). The apparent mismatch between
hydrogen peroxide decomposition and QN removal arises because the
initial HyO2 concentration largely exceeds the stoichiometric require-
ment for QN mineralization, and because oxidant decomposition alone
does not determine effective oxidation. Adsorptive interaction between
the catalyst surface and QN are crucial for effective utilization of the
generated hydroxyl radicals [48]. As it can be seen in Figure S8,
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Fig. 2. XRD of (a) POL@NiFe, (b) POL-P@NiFe, (c) POL-OX@NiFe, and (d) POL-OX@NiFe recovered after a ODN reaction.
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Fig. 3. Screening of materials. (a) Removal of QN from the model fuel phase, (b) decomposition of hydrogen peroxide in the aqueous phase, (c) QN in the water
phase, and (d) overall QN abatement. (Conditions: [QN]8il =500 mg Llin 2,2,4-trimethylpentane, [H,O2]o =123 g L~ (O/N molar ratio = 230), O/W volume ratio
=80:20, T = 80 °C, [cat] = 2.5 g L™}, pH of aqueous phase = 3.0). Dashed lines represent the kinetic model described in Text S4; parity plot shown on Fig. S6.
Selected experiments were conducted in duplicate, with deviations within +5 %.

POL-OX@NiFe displays a much higher adsorption capacity (ca. 28 %) H30, decomposition (Fig. 3b) is likely the reason behind its much higher
for QN (in 2,2,4-trimethylpentane) compared to all remaining materials activity towards the process. Unlike conventional supported catalysts,
(5-9 %). The higher adsorption capacity allied to a more controlled the CNTs evaluated in this work act as active catalytic materials,
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contributing to both oxidant activation and pollutant adsorption, rather
than serving as inert dispersing supports, as evidenced by their superior
quinoline removal and hydrogen peroxide utilization -efficiency
compared to NiFe.

The concentration of QN in the water phase was also followed, and
the results are depicted in Fig. 3c. In the presence of POL-OX@NiFe, QN
is initially extracted from the oil phase and degraded in the water phase,
not leading to any accumulation. The two materials with lower HyO»
decomposition ability (POL-P@NiFe and POL-400@NiFe) both result in
an accumulation of QN in the water phase in the first hour of reaction,
followed by its oxidation in the next 3 h of reaction. Nevertheless,
neither of them allows complete QN conversion by the end of the 4 h of
reaction. The decomposition of QN in the water phase seems to be
associated with the O/C ratio of the CNT samples (R2 = 0.98,
Figure S7b). The non catalytic (N.C.) run results in a slight decomposi-
tion of QN in the first 1 h of reaction, followed by an increased con-
centration of QN in the water phase up to the end of reaction, due purely
to extraction effect. The total abatement of QN, accounting for QN from
both the oil and water phases, is shown in Fig. 3d. The profile is similar
to the one observed for the removal of QN from the oil phase.

TOC conversion is displayed on Fig. 4, and it remains in the range of
16-31 %, with POL-OX@NiFe also resulting in a higher TOC removal
compared to the remaining materials. The efficiency of hydrogen
peroxide consumption was calculated. Higher rate of hydrogen peroxide
decomposition (as seen for NiFe and POL@NiFe) resulted in lower ef-
ficiencies (2.0 and 2.7 %, respectively), whereas the materials with a
more controlled decomposition resulted in higher efficiencies (8.1, 7.1,
and 8.6 % for POL-P@NiFe, POL-OX@NiFe, and POL-400@NiFe,
respectively). The N.C. resulted in a ca. 1.9 % efficiency. Nevertheless,
the efficiencies are very low, and this makes sense because the con-
centration of hydrogen peroxide chosen for screening of catalysts was
very high (ten times the needed concentration for QN mineralization,
leading to a O/N molar ratio of 230). Leaching of iron and carbon were
evaluated at the end of the reactions (Table S2). The CNT samples did
not display any leaching (<LOD), whereas the metallic particles (NiFe)
resulted in significant leaching (8.3 mg L™1). Carbon leaching was not
observed for any of the samples (Table S2). POL-OX@NiFe was chosen
for optimization of the reaction conditions due to a higher activity to-
wards the removal of QN via ODN in most parameters considered
(removal and abatement of QN, TOC removal, and efficiency of
hydrogen peroxide consumption).

50
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TOC removal (%)

wk@‘“'&c
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Fig. 4. TOC removal (left black Y-axis) and efficiency of hydrogen peroxide
consumption (1y202) (right yellow Y-axis) for the different CNT-based catalysts.
(Conditions: [QN]Sil = 500 mg L' in 2,2,4-trimethylpentane, [H203]p =
123 gL’1 (O/N molar ratio = 230), O/W volume ratio = 80:20, T = 80 °C,
[cat] = 2.5 g L1, pH of aqueous phase = 3.0).
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3.3. Optimization of reaction conditions

3.3.1. Effect of hydrogen peroxide concentration

Hydrogen peroxide concentration is a key parameter in ODN per-
formance and one of the major contributors to the operational cost of
peroxide-based processes [27]. Thus, the concentration of hydrogen
peroxide was studied ranging from [HyOslo =123-1.2gL™! (O/N
molar ratio 230-2.3), and the results are shown in Fig. 5. QN removal
increased consistently with oxidant concentration: for ([H2O2]lg >
12 ¢ L™, more than 90 % of QN was removed within 4 h, whereas the
lowest concentration tested ([H202]1p = 1.2 g L’l) achieved only 60 %
removal. Higher oxidant loadings also accelerated the initial reaction
rate; at 30 min, QN removal exceeded 90 % and 80 % for [H,05]g = 123
and 62 ¢g L~! (O/N = 230 and 115, respectively), while the stoichio-
metric amount required for mineralization ([H202]9 = 12 g L’l,
O/N =23) yielded 75% removal in the same period. For
sub-stoichiometric concentrations (<12 g-L!), most of the peroxide was
consumed (>75 % in 4 h), whereas excess peroxide resulted in incom-
plete utilization, with only 40-50 % conversion for the highest con-
centrations (Fig. 5b). These results indicate that although higher oxidant
concentrations enhance QN removal rates, they do so at the expense of
lower oxidant utilization efficiency.

Fig. 5c shows the evolution of QN concentration in the aqueous
phase. QN initially partitions into water, where it is rapidly degraded
within the first 30 min for all conditions. At oxidant concentrations
above [HpO02]p =6 ¢ LY no significant accumulation of QN is detected
in the water phase. In contrast, at the lowest oxidant loading ([H202]o =
1.2 gL™Y), QN persists and accumulates, leaving 0.13 umol in the
aqueous phase at the end of the reaction (16 % of the initial amount).
Overall QN abatement (Fig. 5d) also depends strongly on the oxidant
concentration: sub-stoichiometric conditions ([H202]p = 1.2 and
6 g L™1) lead to incomplete conversion, achieving only 50 % and 95 %
removal, respectively.

TOC removal was also strongly influenced by the initial hydrogen
peroxide concentration (Figure S10a). Very high oxidant loadings
([H202]p = 123 and 62 g L™Y) result in poor efficiency of hydrogen
peroxide consumption (ca. 7 % and 11 %, respectively). Similarly, the
lowest concentration tested ([HoO2]p=1.23 g L’l) yielded an efficiency
of only ~20 %. Intermediate concentrations ([HyO2]o =6 and 12 g LH
performed better, with efficiencies of 30-40 %. Between [H2O2lp
=1.2-12 gL}, TOC removal increased proportionally with oxidant
concentration (R? = 0.99, Figure S10b). However, further increasing the
hydrogen peroxide concentration beyond 12 gL no significant
improvement in TOC abatement was produced.

Based on the results obtained, an initial hydrogen peroxide concen-
tration of 12 g L was selected as the best condition. At this loading, QN
removal and abatement are both high after just 1 h of reaction (=90 %
and 85 %, respectively), while HyO, degradation, utilization efficiency
(nH202) and TOC removal remain satisfactory (=75 %, 40 %, and 29 %,
respectively) compared with the other conditions evaluated.

3.3.2. Effect of catalyst concentration

Catalyst concentration was varied between 5 and 0.25 g L' , and the
corresponding results are presented in Fig. 6. As expected, higher cata-
lyst loadings accelerated both QN removal (Fig. 6a) and QN abatement
(Fig. 6d). Catalyst concentration also had a strong influence on hydrogen
peroxide consumption (Fig. 6b): only the highest dosage (5gL™)
enabled >90% H.0: conversion. Catalyst loadings above
2.5 g L achieved > 90 % QN removal within 1 h, whereas reducing the
concentration to 1 g L™ required an additional hour to reach equivalent
removal. TOC removal (Figure S11) was similarly sensitive to catalyst
concentration, increasing with loading and reaching a maximum of
37 % at 5 gL' . However, this highest dosage slightly decreased the
hydrogen peroxide utilization efficiency compared with 2.5gL™.
Overall, while higher catalyst concentrations clearly enhance reaction
performance, 2.5 g L' was selected as the best compromise between
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activity and oxidant utilization.
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3.3.3. Effect of the temperature

The results are presented in Fig. 7. At 50 °C, neither complete QN
removal (Fig. 7a) nor full abatement (Fig. 7d) was achieved within 4 h,
leaving ~200 mg L™ of QN in the fuel and ~60 mg L™ in the aqueous
phase (33 % and 4 % of the initial amount, respectively). Increasing the
temperature to 60 °C improved the process substantially, enabling
~90 % removal from the fuel phase within 4 h and preventing signifi-
cant accumulation in water. At 70 °C and higher, > 90 % QN removal
was reached within 2 h, with faster kinetics at increasing temperatures.
These trends are consistent with previous findings for oxidation-based
treatments in both aqueous [49] and biphasic systems [50]. Increasing
the reaction temperature also enhanced TOC removal (Figure S13),
reaching a maximum at 70 °C. At 80 °C, TOC abatement and hydrogen
peroxide utilization efficiency both decreased, consistent with enhanced
radical recombination and self-scavenging reactions at elevated tem-
peratures [51-53]. Therefore, 70 °C was selected as the best reaction
temperature.

3.3.4. Effect of the pH of aqueous phase

The effect of pH was evaluated in the range 1-11 using the previously
optimized conditions for hydrogen peroxide ([H202lo 12¢g L’l),
catalyst concentration ([cat] =2.5g L Y and temperature (70 °C), and
the results are reported in Fig. 8. QN removal from the oil phase was
markedly faster under acidic conditions. At pHp = 1, more than 90 % of
QN was removed within 30 min, whereas pHy = 3 required 120 min to
achieve comparable removal, and pH values above 5 required at least
240 min. This enhanced performance at lower pH is directly linked to
changes in QN solubility [54] and partition behavior [55] in response to
aqueous-phase acidification. Previous studies report that QN solubility
in water increases from 6.46 to 61.3 mg mL™' as pH decreases from 3.07
to 0.55 [54]. Similarly, its partition coefficient shifts dramatically:
above its pKa (4.9), QN remains largely in its neutral, lipophilic form,
whereas at lower pH it becomes increasingly protonated and hydro-
philic, with the partition coefficient approaching zero as pH approaches

Journal of Environmental Chemical Engineering 14 (2026) 121864

0 [55]. Consequently, lower pH enhances mass transfer from the oil to
the water phase, thereby promoting biphasic oxidation.

Despite its faster removal from the fuel phase, pHy = 1 led to sig-
nificant accumulation of QN in the aqueous phase, peaking at 30 min
(Fig. 8c). This behavior can be attributed to reduced HyO, decomposi-
tion at pH 1 during the first 60 min (Fig. 8b). Because hydroxyl radical
generation governs QN oxidation, limited hydrogen peroxide decom-
position results in slower overall QN conversion (Fig. 8d). At higher pH
values, particularly under basic conditions, QN removal decreased
significantly (Fig. 8a). In these cases, 10-20 % of the initial QN mass
(30-100 mg L) remained in the oil phase by the end of the reaction.
Hydrogen peroxide decomposition is less efficient at high pH [56], likely
favoring pathways that lead to non-reactive species such as oxygen and
water [49]. Consequently, QN also accumulated in the aqueous phase
(Fig. 8c), reaching 180-340 mg L' (12-28 % of the initial amount),
which resulted in lower overall abatement (Fig. 8d). TOC removal fol-
lowed the same trend (Figure S16), with the highest efficiencies for
hydrogen peroxide utilization observed at pH 3-5. In contrast, both TOC
removal and hydrogen peroxide utilization efficiency dropped markedly
at pH 1 and at pH values above 7.

The results reported here highlight the active role of the aqueous
phase in governing ODN efficiency. Although water primarily acts as the
extractant phase and carrier for HyO5 in the present biphasic ODN sys-
tem, it also plays a critical role in governing reaction pathways and ef-
ficiency. The aqueous phase controls QN protonation and partitioning
[55], thereby directly influencing mass transfer from the oil phase,
particularly under acidic conditions. In addition, the pH of the water is
highly correlated to hydroxyl radicals generation and recombination,
thus affecting radical stability [57]. The observed dependence of deni-
trogenation performance on pH, temperature, and oxidant utilization
efficiency therefore reflects not only intrinsic catalytic activity, but also
the active role of the aqueous phase in regulating interfacial transport
and oxidative pathways.
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ducted in duplicate, with deviations within +5 %.
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3.3.5. Effect of initial concentration of QN

The effect of the initial QN concentration was examined in the range
100-5000 mg L using an O/N ratio of 23 (corresponding to [H2O2]lg
values between 2.4 and 120 g L™), a catalyst concentration of 2.5 g L™,
a temperature of 70 °C, and an initial pH of 3.0. The results are shown in
Fig. 9. For initial QN concentrations between 100 and 1000 mg L™,
more than 90 % of QN was removed from the fuel phase within 60 min.

[ 60 min [ 120 min

100

80

60

QN removal (%)

40 4

20

100 mg L™!

250mg L'  500mgL”' 1000mgL' 5000 mgL-!

Fig. 9. ODN of QN with varying initial QN concentration. (a) Removal of QN
from the model fuel phase, (b) decomposition of H,O5, (c¢) QN in the aqueous
phase and (d) overall abatement of QN. Conditions: [QN]Bil
=100-5000 mg L ! in 2,2,4-trimethylpentane, [Hy05]o = 12 g L%, O/W vol-
ume ratio = 80:20, T =70 °C, [POL-OX@NiFe] =25¢g L_l, pH of aqueous
phase = 3.0, 60-120 min of reaction. Selected experiments were conducted in
duplicate, with deviations within £5 %.

At the highest concentration tested (5000 mg L), longer reaction times
were required, with ~120 min needed to achieve > 90 % removal.
Overall, effective QN removal was maintained across a wide range of
initial concentrations, although higher loadings required longer reaction
times.

3.4. Kinetic modelling and insights

Equations (S11), (S14) and (S15), described in Text S4, were fitted to
the experimental data, resulting in the kinetic parameters displayed in
Tables 2, 3, S2-S4, and S6. The model exhibited an excellent fit, as
indicated by the high determination coefficients (R2 > 0.955), low re-
sidual errors (SSEpodel < 0.097), and good agreement between predicted
and experimental values, as demonstrated by parity plots (Figures S7,
S10, S13-14, S16, S19) and the model curves (dashed lines) shown in
Figures 3-8 and S18.

For screening experiments, the apparent rate constants for HoOy
decomposition followed the order NiFe > POL@NiFe > POL-OX@NiFe
> POL-400@NiFe ~ POL-P@NiFe > N.C. All CNT-containing catalysts
significantly enhanced the mass transfer of quinoline (QN) from the oil
to the aqueous phase, as reflected in much higher k'onm: values
(0.34-5.32 h™!) compared to the non-catalytic run (0.01 h™1). The CVD
catalyst (NiFe) showed only a minor effect (0.07 h™1). This enhance-
ment suggests that CNTs act as phase-transfer catalysts, promoting
interfacial diffusion between the immiscible phases. Among them, POL-
OX@NiFe exhibited the highest k'onme and the greatest apparent
oxidation coefficient k'qn;ox, Which correlated strongly with the surface
basic group density of the CNTs (R? = 0.96, Figure S17). The large
difference in magnitude k’qn,ox > > k’qn,m: indicates that the process is
mass-transfer-limited, emphasizing the critical role of CNTs in facili-
tating phase transfer and efficient oxidant utilization.

Results from kinetic modeling studies in the literature are summa-
rized in Table S6. Only one previous work has developed a biphasic
kinetic model that simultaneously accounts for hydrogen peroxide
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Table 2
Kinetic and statistical coefficients obtained for each material during ODN.
Coefficient POL@NiFe POL-P@NiFe POL-OX@NiFe POL-400@NiFe NiFe N.C.
K't202 (mol ' h™h) 5.29 0.90 2.86 0.98 12.30 0.58
Konm (W™ 0.34 0.47 5.32 0.84 0.07 0.01
K'on,ox (kmol ™ h™h) 0.233 0.031 1.778 0.028 0.167 0.002
POW
0.18
SSEpmodel 0.018 0.011 0.004 0.013 0.013 0.002
R? 0.989 0.994 0.999 0.992 0.993 0.999
bl nitrogen-containing compounds, such as indole (26.6 [59] and
1?neteic3and statistical coefficients obtained for each temperature during ODN. 31.1 kJ mol [611), pyridine (27.5kJ mol™" [60] ), and carbazole
’ (69.3 kI mol~! [62]) are also significantly lower. It should be noted,
Coefficient 50 °C 60 °C 70°C 80°C however, that these works employed simplified pseudo-first-order
k'tz202 (mol  h™1) 12.31 25.83 52.00 70.29 models that neglect mass transfer limitations inherent to biphasic sys-
Konme (071 L 0.40 0.80 1.36 2.47 tems. Therefore, direct comparison with the present results is not
,ligi’&”‘ (kmol™" h™5 059 12.54 61.41 14.58 straightforward, as the higher apparent Ea observed here reflects both
0.18 chemical and interfacial transport contributions explicitly considered in
SSEmodel 0.011 0.008 0.001 0.008 the current kinetic formulation.
R? 0.995 0.996 0.999 0.996 Figure S19 further supports the interpretation through radical-

consumption, mass transfer, and pollutant oxidation [11], although the
operating conditions and pollutants were quite different. In our earlier
study on the ODN of quinoline using Fe-derived CNTs [5], the apparent
rate constants for HoO5 decomposition (k'g202 = 1.3-10.2 mol™* h!) and
mass transfer (k'qn,m: = 0.5-2.1 h™") were comparable to those obtained
here, while the oxidation coefficients (k'qn,ox = 0.0127-0.0665 kmol™
h™) fell within the lower end of the range determined in the present
work (0.028-1.778 kmol~! h™!). Most other kinetic studies on ODN and
related oxidation reactions employ simplified pseudo—first-order models
[18,58-62] or adsorption-desorption approaches [63], which do not
account for biphasic mass-transfer effects. As a result, direct comparison
with the kinetic model used in this work is limited.

The kinetic parameters obtained at 50-80 °C (Table 3) confirmed a
strong temperature dependence for all steps, particularly for HyOq
decomposition. QN oxidation increased steadily up to 70 °C but
decreased at 80 °C, consistent with excessive radical formation leading
to recombination or self-scavenging [51-53]. This behavior mirrors the
trends observed for TOC removal and oxidant utilization, indicating that
70 °C provides the optimal balance between radical generation and
stability.

Activation energies were estimated from Arrhenius plots
(Figure S18) and are listed in Table 4. The apparent activation energy for
H305 decomposition (56 kJ mol_l) agrees well with reported values for
aqueous Fenton and CWPO systems (45-89 kJ mol ! [64,65]). In
contrast, the activation energy for QN oxidation (214.6 kJ mol™1) is
substantially higher, which can be attributed to the additional energy
barrier imposed by interfacial mass transfer in the biphasic system.
Reported activation energies for homogeneous quinoline oxidation
using HyO5 are much lower (22-23 kJ mol ! [66,67]), while other QN
degradation systems were reported in the range 29-93 kJ mol?
[68-71]. Values reported for the oxidative denitrogenation of related

Table 4
Activation energy and pre-exponential factor.
Coefficient Pre-exponential Ea (kJ R2 SSEmodel  Range
factor (mol 1) mol™ 1)
k'yz02 (mol™!  5.73E71! 56.4 0.978  0.003 50-80
h™) °C
Konme (W™ 1.58E7%° 56.8 0.998  0.041 50-80
°C
Konox 2.75E738 214.6 0.974  0.294 50-70
(kmol ! °GC
h ™

scavenger experiments. In the absence of scavengers, QN removal sur-
passed 90 % in 2 h of reaction. The addition of tert-butanol (50 mM)
caused a pronounced decrease in QN oxidation rate in both phases,
reducing global removal after 2 h from ca. 90 % to ~40 % strongly
suggesting that hydroxyl radicals (HO®) are the dominant oxidizing
species under the studied conditions. The addition of p-benzoquinone
(10 mM) caused a milder inhibition (QN removal at 2 h of ~66 %),
indicating that superoxide radicals (0%) participate as secondary oxi-
dants. The transient accumulation of quinoline in the aqueous phase
(Figure S19c¢) reflects its extraction from the organic phase followed by
subsequent oxidation, consistent with the biphasic kinetic model that
accounts for interfacial mass transfer. The model curves (dashed lines)
reproduce well the observed scavenging trends (supported by parity
plots in Figure S20), and the oxidation rate constant (shown on Table S7)
decreases markedly when HO® or O3 are quenched.

In addition to kinetic modeling and radical scavenger experiments,
the formation of transient oxidation intermediates was qualitatively
observed during the reaction. Time-resolved chromatographic moni-
toring of the aqueous phase revealed the appearance of two signals (RT
= 2.1 and 8.3 min) that were absent at the beginning of the reaction,
increased in intensity at intermediate reaction times, and subsequently
decreased as the reaction progressed (Figure S21). The transient evo-
lution of these signals is consistent with the formation and consumption
of intermediate species during ODN. However, due to the lack of com-
plementary mass spectrometric or NMR data, these intermediates could
not be structurally identified, and their discussion is therefore limited to
a qualitative level.

Collectively, the kinetic and scavenging analyses support the inter-
pretation that (i) QN oxidation is primarily driven by HO® radicals
generated via catalytic HyO» decomposition, (ii) O3 species play a sec-
ondary but synergistic role, and (iii) the process efficiency is strongly
influenced by mass transfer between the oil and aqueous phases, where
CNTs act as interfacial promoters enhancing oxidant utilization. The
proposed pathway is intended as a qualitative representation of QN
oxidation under ODN conditions, based on previously reported reaction
routes [21-23], rather than a comprehensive identification of reaction
intermediates.

3.5. Other nitrogenated compounds and reutilization of POL-OX@NiFe

The ODN of PYR was evaluated under the optimized conditions
identified for QN, both as a single-component fuel and in a mixed system
with QN (Fig. 10). When PYR was treated as the sole nitrogen-containing
compound, its removal was significantly slower than that observed for
QN, consistent with its higher resistance to oxidation [28]. PYR removal
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Fig. 10. ODN of PYR, QN and a mixed fuel containing both N-compounds. (a) Removal of PYR or QN from the model fuel phase, (b) decomposition of H,O, (c) PYR
or QN in the aqueous phase and (d) overall abatement of PYR or QN. Conditions: [N]811 =54 mg L 'in 2,2,4-trimethylpentane, [HyO2]o =12 g L~!, O/W volume
ratio = 80:20, T = 70 °C, [POL-OX@NiFe] = 2.5 g L', pH of aqueous phase = 3.0. Selected experiments were conducted in duplicate, with deviations within +5 %.

Lines are only intended to guide the eyes.

from the model fuel achieved around 75 % in 4 h of reaction, and total
abatement of 60 %. In the mixed QN-PYR system, QN was preferentially
removed. PYR oxidation was not significantly affected compared to
single-PYR case, with a slight increase in the removal of PYR from the
model fuel (ca. 85 %) compared to the single-component case. This
behavior suggests competitive effects, likely arising from preferential
adsorption and oxidation of the more reactive QN, which consumes
reactive oxygen species and limits their availability for PYR oxidation.
Partial PYR conversion was still achieved (60 %, Fig. 10d), indicating
that the optimized ODN conditions retain activity toward more recal-
citrant nitrogen-containing compounds, albeit with reduced efficiency.
TOC removal and efficiency of HyO- utilization (Figure S22) were lower
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for PYR and for the multi-component system compared to pure QN ex-
periments. Overall, these results highlight that while the proposed sys-
tem is highly effective for QN removal, the oxidation of simpler, more
oxidation-resistant nitrogen heterocycles such as PYR remains more
challenging.

The reusability of the POL-OX@NiFe catalyst was evaluated using
the multicomponent model fuel under identical operating conditions
(Fig. 11). Clear changes in reaction profiles were observed upon catalyst
reutilization. In particular, the removal profiles from the model oil phase
and the overall abatement curves show a noticeable deviation from the
first run, with the effect being more pronounced for PYR than for QN. A
significant alteration in hydrogen peroxide decomposition was observed
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Fig. 11. Reutilization runs of multicomponent model fuel containing both QN and PYR. (a) Removal of PYR or QN from the model fuel phase, (b) decomposition of
H,0,, (¢) PYR or QN in the aqueous phase and (d) overall abatement of PYR or QN. Conditions: [N]1§! = 54 mg L' in 2,2,4-trimethylpentane, [H,0,]o = 12 g L™, 0/
W volume ratio = 80:20, T = 70 °C, [POL-OX@NiFe] = 2.5 g L™}, pH of aqueous phase = 3.0. Lines are only intended to guide the eyes.
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between the first and second runs, with a markedly slower consumption
of HyO4 after reuse. This change suggests a modification of the catalyst
surface during the initial reaction cycle, likely due to partial coverage by
adsorbed reaction intermediates or by-products, which reduces the
availability of active sites for oxidant activation. As a consequence, the
generation of reactive oxygen species is diminished, directly impacting
the oxidation kinetics, particularly for the more oxidation-resistant PYR.
The stronger loss of activity toward PYR compared to QN highlights the
greater sensitivity of recalcitrant nitrogen-containing compounds to
changes in catalyst surface chemistry and oxidant availability. These
results indicate that although the catalyst remains active after reuse,
surface regeneration strategies may be required to maintain optimal
oxidant activation and performance toward more resistant nitrogen
species.

The sample recovered after catalytic experiments was analysed by
XRD (Fig. 2d) and shows no significant modification in its overall
diffraction pattern when compared to POL-OX@NiFe (Fig. 2c). The
persistence of the graphitic (002) reflection and the same set of re-
flections associated with Ni® and FesC indicate that no major phase
transformation occurs during the catalytic run, supporting the structural
stability of the material under the reaction conditions. The absence of
detectable changes in the XRD patterns indicates that the observed loss
of catalytic activity upon reuse is not associated with bulk structural
degradation or phase transformation of the CNT structure or the
embedded metallic species. Complementary FTIR analysis of the
recovered material (Figure S2) reveals subtle changes in surface chem-
istry, notably a shift of a band from ~1170 to ~1067 cm™! after reaction,
which indicates a modification of the chemical environment of oxygen-
containing functional groups during ODN; or may indicate the adsorp-
tion of N-containing molecules [45]. These surface changes arise from
interaction of oxygenated groups with reactive oxygen species or
oxidation intermediates, leading to partial transformation or deactiva-
tion of surface functionalities involved in oxidant activation. These
surface-level modifications, while not detectable by bulk-sensitive
techniques such as XRD, highlight the need for strategies aimed at
preserving or regenerating surface-active sites, such as mild
post-reaction treatments, controlled surface re-oxidation to maintain
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catalytic activity over extended reuse cycles, particularly for more
oxidation-resistant nitrogen-containing compounds.

3.6. Comparison with literature

Table 5 summarizes oxidative denitrogenation systems employing
carbon-based catalysts. Reported denitrogenation efficiencies range
from 0 % to 100 %, with reaction temperatures between 25 and 100 °C,
catalyst concentrations of 0.5-3.33 g L', O/N molar ratios from 0 to
820, acidic pH values (3-6), and fuel-to-extractant volume ratios be-
tween 99:1 and 50:50. Only one study [4] employed carbon materials
purely as catalysts for ODN, rather than as supports or in hybrid systems,
and only two works reported waste-derived materials to produce the
catalysts [23,24]. In the present work, we synthesized oxygen-doped
CNTs from simulated plastic waste, achieving >89 % QN removal
within 1 h using a relatively low O/N ratio of 23, which is lower than
most previous reports (only two studies used O/N < 23 [18,58]). The
main limitation of this approach is the slightly higher reaction temper-
ature required (70 °C) compared with most studies using hydrogen
peroxide (25-60 °C).

4. Conclusions

This study investigated the oxidative denitrogenation (ODN) of a
model fuel, composed of quinoline (QN) and 2,2,4-trimethylpentane, in
biphasic systems using carbon nanotubes (CNTs) derived from poly-
olefin mixtures over a NiFe/Al;0O3 catalyst. The POL-OX@NiFe catalyst
exhibited superior performance, achieving > 89 % QN removal in just
1 h, while ensuring controlled hydrogen peroxide decomposition,
enhanced adsorption capacity, and improved phase-transfer. Best-per-
forming conditions were identified as [Hy02]g = 12 g ! (O/N = 23)
for [QN]°"% = 500 mg L, catalyst loading of 2.5 g L' , temperature of
70 °C, and initial pH of 3.0. Under these conditions, TOC reduction
reached 35 % and hydrogen peroxide utilization efficiency (y7p202) was
77 %.

Kinetic analysis revealed mass transfer as the rate-limiting step, with
POL-OX@NiFe significantly enhancing QN mass transfer (k'qnm: =

Table 5
Reports in the literature for ODN using carbon-containing materials as catalysts.

Fuel Catalyst Extractant Operational Conditions QN removal Ref.

ON in Toluene Fe,03/C Aqueous Hy0, Viuel/ Vextractan: = 99:1, [catl =1 g L, 0/N=112,T=25 60 % removal [21]
(Co = 50 ppm) phase °C, pH = 4.0,

t=3h.

QN in Cyclohexane ([N]o = Fe/C and FeMo/C Aqueous Hy0, Viuel/ Vextractan: = 5:1, [cat] =2.5 g L1, 0/N=495T=25 100 % removal [22]

50 ppm) phase °C, pH = 4.0,
t=2h.

QN in Cyclohexane ([N]o = N-Doped CNT/red  Aqueous H,0, Viuel/ Vextractan: = 5:1, [cat] = 3.33 g L%, O/N = 820, 80 % removal [23]
30 ppm) mud phase t = 45 min.

QN in Cyclohexane (Cop = WEEE-clay hybrid ACN Visel/ Vextractan: = 10:2, O/N = 72, Removal rate of 73.5 mgon g{all [24]
500 ppm) material T=60°C, t=3h.

QN in n-Octane TiO,@C Acetic Acid Viuel/ Vextractan: = 20:2 [cat] = 0-0.5 g L7, O/N = 0-15, 0 % removal [58]
(Cop = 5000 ppm) T = 30-50 °C, 100-1000 rpm, 5-10 wt% water, t = 2 h.

QN in Cyclohexane (Cop = C/red mud Aqueous H;0, Vfuel/ Vextractant = 5:1, [cat] = 3.33 g L7, O/N = 450, 100 % removal [25]
500 ppm) Phase t=1h.

QN in Toluene Fe/Onion-like Aqueous H,0, Vil = 10 mL, [cat] =1 g L 93 % removal [72]
(Co = 25 ppm) Carbon Phase Chz202 = 0.05 mol L™}, T = 25 °C, pH 6.

QN in Cyclohexane ([N]o = FeMo/CNT Aqueous Hy0, Vuel/ Vextractan: = 5:1, [cat] = 3.33 g L%, O/N =50, 100 % removal [26]
500 ppm) Phase t = 50 min.

QN in n-octane* WyN@C Acetic acid Vextractant = 2 ML, Mg = 5 mg, 90 % removal [18]
(Cp = 1000 ppm) O/N=10,T=37°C,US. =40 %, t=2h.

QN in n-dodecane 0, P-co-doped Acetic acid Vyuet/ Vextractane = 10:10, [cat] =3 gL ™!, 50 mLmin ' of O, 86 % removal [59]
(Co = 500 ppm) carbon T=100°C,t=4h

QN in 2,2,4- CNT@Fe Aqueous Hy0, Viuel/ Vextractant = 80:20, [cat] =2.5¢g L’l, O/N = 230, 98 % removal [5]
trimethylpentane Phase T=280°C, pH = 3.0,
(Co = 1000 ppm) t=1h.

QN in 2,2,4- CNT@NiFe Aqueous H;0, Viuel/ Vextractant = 80:20, [cat] = 2.5 g L L,0/N=23,T=70 89-97 % removal of QN This
trimethylpentane Phase °C, pH = 3.0, depending on the concentration work
(Co = 100-5000 ppm) t=1h.
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3.09 h™') compared with other CNTs (0.34-0.83 h™*) and the non-
catalytic system (0.01 h™'). Activation energies for QN oxidation and
hydrogen peroxide decomposition were estimated at 214 and
59 kJ mol™, respectively. Scavenging tests strongly suggest that hy-
droxyl radicals are the primary reactive species involved in QN oxida-
tion under the studied conditions.

Beyond denitrogenation performance, the sustainability of the pro-
posed ODN system is supported by quantitative indicators, including
high hydrogen peroxide utilization efficiency, measurable TOC abate-
ment, operation under mild conditions (70 °C, atmospheric pressure),
and the use of polymer-derived CNTs representative of waste-derived
carbon catalysts. These metrics provide a quantitative basis for sus-
tainability assessment aligned with green chemistry principles, partic-
ularly waste valorization, energy efficiency, and controlled oxidant
utilization.

It should be noted that the interpretation proposed herein is based on
kinetic analysis and radical scavenging experiments and therefore pro-
vides a qualitative description of the dominant oxidation pathways;
direct identification of reactive oxygen species, oxidation intermediates,
and a complete nitrogen mass balance were beyond the scope of the
present work. While nitrogen removal was assessed through QN disap-
pearance, aqueous-phase conversion, and TOC abatement, the detailed
distribution of nitrogen among oxidized organic intermediates, inor-
ganic nitrogen species, or surface-associated forms was not resolved.
Additionally, although the catalyst retained its bulk structural integrity
upon reuse, partial loss of activity was observed and is attributed to
surface-level modifications during reaction, highlighting the need for
further strategies to preserve or regenerate active surface functionalities
over extended operation. Although QN and PYR are widely used model
compounds, the behavior of real fuels may differ due to their complex
composition. Future work will address product and nitrogen speciation
and validate catalyst performance in real fuel matrices.
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