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Pyrolysis offers a promising route for valorization of waste tires. However, waste tire pyrolysis oil (WTPO)
contains high concentrations of heteroatoms, limiting its direct use as a fuel. In this study, the transformation of
WTPO fractions and representative compound groups during hydrotreating was investigated under a range of
operating conditions. Temperature was identified as a key factor controlling the balance between hydrogenation
and thermal cracking. At lower temperature hydrogenation was effective, whereas depolymerization and
cracking increased substantially at 380 °C and above. The reactivity of gum-forming olefinic compounds
depended strongly on molecular structure. Terminal and conjugated olefins were readily hydrogenated, while
internal olefins required more hydrogen-rich conditions for effective stabilization. Sulfur speciation analysis
showed that hydrodesulfurization (HDS) activity was governed by aromaticity and steric effects, with thiophenic
compounds exhibiting higher reactivity than bulkier dibenzothiophenes. Effective upgrading was achieved at
360 °C using a catalyst-to-WTPO ratio of 8:75, providing strong hydrogenation activity while minimizing
cracking. Under these conditions, a 96.7 wt% liquid yield, near-complete olefin removal, and 63% HDS were
obtained. The catalyst also exhibited stable performance over multiple cycles, with negligible deactivation
following recalcination. These findings provide mechanistic insights and practical guidance for efficient WTPO
upgrading to high-quality fuel products.

1. Introduction

The global demand for transportation has increased in parallel with
the rapid expansion of global markets. This growth in vehicle
manufacturing has driven a significant rise in tire production and,
consequently, the generation of large volumes of waste tires. According
to the European Tyre & Rubber Manufacturers' Association, approxi-
mately 4.5 million tons of scrap tires were discarded in Europe in 2024

[1]. Of this total, only about 600 thousand tons were properly treated,
meanwhile the remainder ended up in landfills. Tires are primarily
composed of rubber, along with carbon black, additives, and inorganic
fillers [2], and they require more than a century to fully decompose.
Accumulated waste tires occupy substantial landfill space, creating
breeding grounds for disease-carrying insects and rodents, in addition to
increasing the risk of fires [3-5]. Furthermore, discarded tires release
contaminants into the environment, leading to groundwater and soil
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dimensional gas chromatography coupled with Mass Spectrometry and Flame Ionization Detector; GC-SCD, Gas chromatography coupled with Sulfur Chem-
iluminescence Detector; ICP-SFMS, Inductively coupled Plasma-sector field Mass spectroscopy; TGA, Thermogravimetric analysis; NMR, Nuclear magnetic resonance;
TAN, Total acidity number; HHV, Higher heating value; PXRD, Powder X-ray diffraction; SEM/EDX, Scanning electron microscopy/Energy dispersive X-ray spec-
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pollution by heavy metals and toxic chemicals [6]. Given these signifi-
cant environmental impacts, the development of sustainable and cost-
effective recycling strategies for waste tires has become a major
concern worldwide.

Pyrolysis has emerged as a sustainable pathway for waste tire valo-
rization [7]. At a high temperature ranging from 300 to 550 °C, waste
tires can be converted into oils, carbon black, and steel [8]. Waste tire
pyrolysis oil (WTPO) is the primary fraction, which accounts for 40-50
wt% of total products [3]. Compared with similar oils derived from
biomass, WTPO offers the advantage of a superior energy density,
approaching that of diesel fuel [9,10]. However, its high viscosity and
low flash point prevent WTPO from being used directly as a conven-
tional fuel [11,12]. The high olefin content contributes to instability,
causing pipeline clogging or other storage issues [13]. Furthermore, the
presence of heteroelements like sulfur and nitrogen, along with poly-
aromatic compounds, causes air pollution and risks to combustion en-
gine performance [12]. Hence, in recent years, the upgrading of WTPO
has received significant attention from both industry and scientists over
the world.

Hydrotreatment has emerged as an effective technique for the
valorization of WTPO [3]. This process removes undesirable hetero-
atoms through catalytic reactions such as hydrodesulfurization (HDS),
hydrodenitrogenation (HDN), and hydrodeoxygenation (HDO). These
reactions occur via the interaction of heteroatom-containing compounds
with hydrogen under elevated temperatures and pressures. In addition
to heteroatom removal, hydrotreatment promotes the saturation of
olefinic and polyaromatic species, thereby improving the stability and
overall quality of the upgraded oil. Transition metal-based catalysts are
commonly used to enhance the efficiency of WTPO upgrading [14].
Compared with non-catalytic hydrotreatment, the use of a catalyst en-
hances product selectivity and upgrading efficiency under milder
operating conditions, thereby improving the economic viability and
operational performance of the process [15]. Jantaraksa et al. [16] re-
ported an HDS efficiency of 87.8% during batch mode hydrotreatment of
WTPO diluted in decane using a NiMo/Al;O3 catalyst. Catalyst loading,
hydrogen pressure, reaction time, and temperature are important
operating parameters strongly influencing removal effectiveness. King-
puttapong et al. [17] investigated the promotional effects of molybde-
num (Mo), tungsten (W), and platinum (Pt) on the catalytic performance
of Ni/Al,0s3, finding that NiMo/Al,03 provided the highest HDS activity
due to its superior sulfur tolerance and acidity. In parallel, co-processing
WTPO with other feedstocks such as vegetable oil [18], light cycle oil
[19,20], waste engine oil [21], and tetralin [22] has also been found to
benefit hydrotreating performance, resulting in lower coke formation
and more efficient heteroatom removal.

Despite notable progress in WTPO hydrotreatment, previous studies
using conventional sulfided NiMo/Al,03 hydrotreating catalysts have
focused primarily on heteroatom-removal efficiency. The present study
therefore investigates both the chemical transformations occurring
during WTPO hydrotreatment and the sulfur removal using a NiMo/
Al,O3 catalyst. We have for the first time, according to our knowledge,
showed a comparison of the individual boiling-point fractions and
compound groups under different reaction conditions during WTPO
upgrading, which is essential for evaluating the potential production of
fuel-range products. Sulfur speciation in both the feed and upgraded oil
was analyzed by GC-SCD, while hydrogen uptake under different reac-
tion conditions was quantified using material-balance calculations
based on elemental analysis. Furthermore, nuclear magnetic resonance
(NMR) spectroscopy was employed to examine changes in functional
groups, and for the first time, correlate different olefin types with the
fuel instability. Finally, the regeneration behavior of the NiMo/Al,O3
catalyst was assessed, which has not been previously presented for
WTPO upgrading at high hydrogen pressure.
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2. Experimental
2.1. Materials

The crude WTPO was supplied by VAROPreem and originated from a
demonstration-scale  plant.  Nickel(I)nitrate  hexahydrate  (Ni
(NO3)2.6H20, 99.999%) and ammonium tetramolybdate tetrahydrate
((NH4)Mo07024.4H50, 99.98%) were obtained from Sigma-Aldrich and
used as metal precursors for catalyst synthesis. Gamma-alumina
(y-Al,O3, PURALOX) serving as the support material was received
from Sasol Limited (Germany). High-purity hydrogen gas (99.999%)
was utilized as the reducing agent during catalyst activation and per-
formance evaluation. Additionally, a gas mixture containing 2.0 vol%
oxygen in argon was used for catalyst passivation. All gases used in this
study were supplied by Linde (Sweden). Unless otherwise specified, all
chemicals were used as received without any further purification.

2.2. Catalyst preparation of NiMo/Al;03

The catalyst was prepared using an incipient wetness impregnation
method. Prior to impregnation, y-Al,O3 was first calcined at 450 °C for 6
h. Pre-determined amounts of Ni(NO3)56H50 and (NH4)gMo070544H,0
were dissolved in an appropriate volume of Milli-Q water and then
added dropwise to the support material. The molar ratio of Ni/(Ni + Mo)
was maintained at 0.33, corresponding to 2.3 wt% Ni and 8.0 wt% Mo.
The impregnated material was dried overnight at 80 °C in an open
crucible and subsequently calcined in air, also in an open crucible, at
450 °C for 6 h to yield the NiMo/Al;O3 catalyst. Before the hydrotreating
experiments, the catalyst was activated at 450 °C for 5 h with 20 bar Hy
(room temperature). The activated catalyst was then flushed several
times with inert nitrogen at room temperature to remove residual
hydrogen. To prevent uncontrolled oxidation and enable safe handling,
the reduced catalyst was passivated using 2.0 vol% O in argon before
exposure to air and subsequent use in the reaction.

2.3. WTPO hydrotreating experiments

Catalytic upgrading of WTPO was conducted in a 300 mL Parr high-
pressure autoclave reactor. In a typical experiment, 75 g WTPO and a
specific amount of catalyst were charged into the reactor, which was
then sealed and purged three times with nitrogen, followed by three
purges with hydrogen. After purging, the hydrogen pressure was
adjusted to 40 bar at 25 °C. For all experiments, the liquid phase was
stirred at 900 rpm throughout the entire reaction period. The reactor
was subsequently heated to the target temperature at an average rate of
8 °C.min "}, with the reaction time defined as zero at the point when the
set temperature was reached. Temperature was controlled using a PID-
controlled heating jacket with a precision of +1 °C. At the end of the
reaction, the reactor was cooled to room temperature and depressurized.
This was followed by flushing the reactor three times with nitrogen
before opening the vessel. Mass changes were monitored by weighing
the reactor before and after each run. The liquid product was separated
from the reaction mixture via vacuum filtration through a 4 pm glass
filter (ROBU, Germany). The remaining solid residue, consisting of
catalyst and possible coke, was thoroughly washed with acetone, dried
at 80 °C overnight, and weighed. For experiments involving periodic
hydrogen replenishment, the same procedure was followed, except the
hydrogen pressure was replenished to 70 bar every 15 min.

2.4. Product analysis

The mass distributions of the different product fractions obtained
during upgrading were calculated using Egs. (1-3):



HX. Le et al.

YG (W % ) _ Myeactor (initial) — Mreactor (post—reaction) % 100%
Myrpo
@
YS (Wto % ) _ Misolid residue — mcamlyst % 100% (2)
Mwrpo
Y, (wt%) =100 — Y — Ys 3
Where:

e Y;, Y5, Y, are the yields of gas, solid, and liquid products, respec-
tively, after WTPO upgrading.

® Myeactor (initial) s Mreactor (post—reaction) Ar€ the masses of the autoclave,

including feedstock, liquid products and catalyst, before and after

the reaction, respectively.

Meatalyst; Msolid residue are the masses of the applied catalyst and the solid

recovered after thoroughly washing with acetone, respectively.

mwrpo is the feed mass of WTPO.

The liquid products obtained were analyzed using a two-dimensional
GCxGC-MS-FID (7890B-5977A, Aligent) instrument equipped with a
flow modulator. Detailed information on the instrumental configuration
and analytical procedure can be found in the Supplementary Informa-
tion (SI), Section S1. All the peaks detected using GC Image software
were included in the determination of the GC-detectable liquid yield.
The GC-detectable species were quantified by group-type analysis based
on peak volumes, using internal standard calibration method with
representative response factors for each compound subgroup. The
quantified subgroups were then summed to obtain the total GC-
detectable yield, which was calculated according to Eq. (4):

. __ Total amount of detected components (g)
GC detectable yield (wt%) = Amount of analyzed oil sample (g)

x 100%

4

The concentration of sulfur in oils was determined by Inductively
Coupled Plasma-Sector Field Mass Spectrometry (ICP-SFMS, ALS Scan-
dinavia AB, Luled, Sweden). The hydrodesulfurization efficiency was
calculated from the difference in sulfur content between the feedstock
and the hydrotreated products, according to Eq. (5):

HDS efficiency (%) = % x 100% %)
f

Where C; and C, are the sulfur contents in feedstock and product,
respectively. The sulfur components in the original WTPO and one
hydrotreated sample with the best upgrading performance were exam-
ined by GC-SCD (SGS United Kingdom Limited, Middlesbrough, UK), see
Section S1 in Supplementary Information (SI) for further information.
Other impurity conversions, including hydrodenitrogenation (HDN) and
hydrodeoxygenation (HDO), were calculated analogously to the HDS
efficiency, using Eq. (5), where C; and C, denote the contents of
respective impurities in the feedstock and product. These impurity
contents were directly determined by elemental analysis.

Hydrogen consumption was calculated using the elemental compo-
sition and ICP-SFMS data for both the feedstock and product oils. This
method is adapted from Zhang et al. [23], with the modification that
changes in oxygen content are also included. As detailed in the Sup-
plementary Information (SI), the calculation is based on elemental ma-
terial balances, assuming that sulfur (S), nitrogen (N), and oxygen (O)
are removed as HyS, NH3, and Hy0, respectively. The final equation for
hydrogen consumption (g Hy per kg WTPO) is:
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C, 1
H, consumption (gH2 kg WTPO’l) =10x {C—f xHy—Hp+-—
»

16
Cy 4 3
Sp——xS§, 10 —
X < ) Cp>< P) X +14
C 1 C
X (Nf—épr) +§>< (Of—c—ixOp)}

(6)

Where C; and H; represent the carbon (C) and hydrogen (H) contents
(wt%) of the feedstock, while C, and H, denote the corresponding
contents in the product oil. The N and O contents (wt%) in the crude
WTPO are given as Ny and Oy, and contents in the hydrotreated oil are
denoted by N, and O,. Sulfur contents (mg/kg) in WTPO and upgraded
products, obtained from ICP-SFMS analysis, are represented as Sy and S,,,
respectively. The derivation of Eq. (6) can be found in the Supplemen-
tary Information (SI), Section S2. Additional analytical methods were
used to characterize the oil products, including elemental analysis,
thermogravimetric analysis (TGA), proton and phosphorus-31 nuclear
magnetic resonance spectroscopy (*H and 3!'P NMR), volumetric Karl-
Fisher titration, and carbonyl content determination. Details of these
product analyses are provided in Section S1 of the Supplementary
Information.

2.5. Catalyst characterization

Powder X-ray diffraction (PXRD) patterns were collected using a
Bruker D8 diffractometer equipped with a Cu Ka monochromatic radi-
ation source (A = 1.542 108). Data were recorded over a scanning angle
(26) range of 10 to 80°, with a step size of 0.03° and a dwell time of 1 s.
Catalyst morphology and metal distribution were examined by scanning
electron microscopy coupled with energy dispersive X-ray spectroscopy
(SEM/EDX) using a JEOL JSM-7800F Prime operated with an acceler-
ating voltage of 15 kV. Textual properties of the support and as-
synthesized catalyst were determined by Ny physisorption at —196 °C
employing a Micrometrics TriStar 3000 instrument. The specific surface
area and average pore size were calculated by the Brunauer-Emmett-
Teller (BET) and Barrett-Joyner-Halenda (BJH) methods, respectively,
and the micropore volume was determined based on the t-plot method.
Metal loading in the catalyst was measured by ICP-SFMS (ALS Scandi-
navia AB, Luled, Sweden).

3. Results and discussion
3.1. Material characterizations

3.1.1. Catalyst characterization

The XRD patterns of the NiMo/Al,O3 catalyst and y-Al,O3 support
are displayed in Fig. la. Both materials exhibit the characteristic 20
reflections of y-AlyO3, identical to the reference pattern
(PDF#29-0063). Despite the relatively high total metal loading (10 wt
%), the diffraction pattern of NiMo/Al,O3 closely resembles that of the
support. No other peaks corresponding to crystalline NiO
(PDF#44-1159) or MoO3 (PDF#05-0508) were detected. This indicates
that Ni and Mo species are either well-dispersed on the alumina support,
present as oxide crystallites with sizes below the XRD detection limit, or
present at concentrations insufficient for detection by XRD [24].

Fig. 1b presents the Ny physisorption isotherms, and the corre-
sponding textural properties derived from the isotherms are summarized
in Table 1. Both the y-alumina support and NiMo/Al;O3 catalyst exhibit
type-IV adsorption isotherms, characteristic of mesoporous structures
according to the IUPAC classification [25]. The type-H2 hysteresis loop
indicates a complex neck-like pore system with a broad neck size dis-
tribution. Compared with the bare support, the as-synthesized catalyst
shows a pronounced decrease in both specific surface area and pore
volume. This reduction is likely due to the penetration of the metal
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Fig. 1. XRD patterns (a) and nitrogen adsorption-desorption isotherms with pore diameter distribution (b) of alumina support and NiMo/Al,O3 catalyst.

Table 1
Textural properties of y-Al,O3 and NiMo catalyst derived from ICP and N,
physisorption measurements.

Metal Specific surface area (A, Total pore volume (Vp,
loadingby ~ m?/g) em®/g)
ICP (wt%)
Ni Mo
v-Alx03 - - 192.6 0.48
NiMo/ 2.5 7.3 165.4 0.39
ALO;

species into the pore network of y-Al,03, implying successful impreg-
nation of the metals. Despite this decrease, the calcined NiMo/Al,O3
catalyst retains a relatively high specific surface area and pore volume,
which should allow effective diffusion and be beneficial for WTPO
upgrading reactions.

The morphology and metal distribution of the synthesized NiMo/
Al,O3 catalyst were examined by SEM-EDX, and the results are shown in
Fig. 2. The catalyst exhibited an inhomogeneous surface structure with
regions of aggregated crystals, which may have formed due to the
growth of active metal species during the impregnation process. EDX
elemental mapping further confirmed that the metal dopants were
uniformly dispersed throughout the alumina support.

3.1.2. Physicochemical properties of waste tire pyrolysis oil

The physicochemical properties of the WTPO employed in this study
are provided in Table 2. WTPO is a complex mixture of hydrocarbons,
with a low ash content. The water content was only 0.32 wt%, which is
considerably lower than that typically found in bio-oils derived from
lignocellulosic biomass, where water is often a significant problem [26].
WTPO showed a TAN of 3.33 mg KOH/g, implying the presence of
oxygenated polar compounds [27]. This observation is consistent with
the hydroxyl number determined by 3'P NMR, which showed only low
concentrations of OH-containing functional groups. The carbonyl con-
tent of WTPO was 2.67 mg CO/g, comparable to that of conventional
transportation fuels [18]. Its H/C molar ratio of 1.53, suggests a mixture
enriched in paraffinic and aromatic compounds [28]. WTPO also
exhibited a relatively high higher heating value (HHV) of 42.9 MJ/kg,
underscoring its potential for energy applications; this value is close to
that of commercial gasoline (47 MJ/kg) and diesel (45 MJ/kg) [29].
GCxGC-MS analysis revealed that WTPO is predominantly composed of

aliphatic hydrocarbons and olefins, with limonene identified as the most
abundant compound, consistent with previous studies [14,27]. Addi-
tionally, single-ring aromatics (e.g., BTEX, cymene), polycyclic aro-
matics (such as indene and naphthalene derivatives), cyclic compounds,
and various aliphatic derivatives are also found in the WTPO mixture
(Table S6).

According to the TGA SimDist analysis, the feedstock can be divided
into three fractions based on their boiling ranges: naphtha (NP, IBP-
177 °C), middle distillate (MD, 177-343 °C), and vacuum gas oil (VGO,
343-524 °C). No residue (> 524 °C) was detected in the WTPO. Among
these fractions, MD was the most abundant, accounting for 57.5 wt%.
Elemental analysis revealed relatively high concentrations of hetero-
atoms — nitrogen (0.59 wt%), oxygen (0.76 wt%), and particularly sulfur
(0.82 wt%) - likely originating from the thermal degradation of vulca-
nization agents and accelerators used in tire manufacturing [30]. Ac-
cording to literature, nitrogen-containing species in WTPO primarily
include aniline, benzothiazole, long-chain nitriles, and quinoline de-
rivatives [31], while organosulfur compounds are commonly found as
thiophene, benzothiazole, and benzothiophene derivatives [29].
Oxygenated compounds are less abundant than other heteroatom-
containing species and mainly occur as organic acids, phenols, ke-
tones, and alcohols [27].

3.2. Effects of operating parameters on WTPO upgrading

3.2.1. Effect of reaction temperature

The effect of reaction temperature in the range of 340-400 °C on
WTPO hydrotreating was investigated. As the temperature increased,
the liquid yield gradually decreased, while the gas yield increased
correspondingly. As shown in Fig. 3a, the distribution of product frac-
tions based on TGA measurements remained largely unchanged for the
feedstock and experiments performed at 340 and 360 °C. However, at
higher temperatures, a clear conversion of the heavy fraction was
observed: the VGO content decreased significantly from 20.3 wt% to
15.5 wt% and 13.7 wt% at 380 °C and 400 °C, respectively. Simulta-
neously, the naphtha fraction increased from 22.2 wt% to 29.7 wt%. In
contrast, the most valuable middle-distillate fraction declined slightly,
from 57.5 wt% to 53.8 wt% at 400 °C. These results indicate that high
temperature promote cracking reactions, which can negatively impact
the quality and distribution of the upgraded products. Notably, no coke
formation was detected under any of the investigated conditions, high-
lighting the favorable potential for large-scale operation with WTPO.
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Fig. 2. SEM images of (a) NiMo/Al,O3 and (b-e) its EDX dot-mapping.

Fig. 3b illustrates the distribution product compound types as a
function of reaction temperature based on GCxGC-MS analysis. Six
major compound classes were identified: monocycloalkanes, mono-
aromatics, olefins, aliphatics, polycycloalkanes, and polyaromatics,
which is consistent with the findings of Straka et al. [33]. It is worth
noting that compounds not detected by GC are assumed to be heavier
species that cannot be volatilized in the GC inlet. The proportion of GC-
detectable products increased markedly from 58.2 wt% in the feed to
99.8 wt% in the liquid product obtained at 400 °C, indicating a signif-
icant shift toward lower-boiling compounds as a result of hydrocracking.
The increase in GC-detectable yield indicates that a larger fraction of the
WTPO was converted into compounds sufficiently volatile and detect-
able by GCxGC-MS, consistent with the transformation of larger mac-
romolecules into smaller compounds through cracking reactions [34]. In
parallel, the overall increase in polycycloalkanes and monocycloalkanes
indicates that hydrogenation occurred simultaneously with cracking
under these conditions. GCxGC-MS analysis of the CjoH;¢ hydrogena-
tion products (Fig. S1a) shows their stepwise transformation to C;oHjg
and CjoHyg at lower temperatures, showing hydrogenation occurs dur-
ing WTPO hydrotreatment in this temperature range. However, at

400 °C, the total abundance of these Cjq species increased markedly,
suggesting that cracking of larger molecules contributes to additional
Cjo-range products at this temperature. This interpretation is consistent
with previous studies, showing a transition temperature region between
hydrogenation and cracking regimes with similar feedstocks [35,36].
This interpretation is further supported by the increased proportion of
aliphatics as the reaction temperature rose. Within the 340-380 °C
range, only a modest increase in the GC-detectable yield was observed,
whereas a pronounced enhancement was seen at 400 °C. These findings
demonstrate that WTPO conversion is highly sensitive to temperature:
hydrogenation is effective at lower temperature (340 and 360 °C),
consistent with the nearly unchanged TGA-based boiling-point distri-
bution, whereas above 400 °C, catalytic thermal depolymerization be-
comes much more significant, yielding 99.8% GC-detectable
compounds. The temperature dependence of WTPO upgrading is further
supported by the evolution of the BTEX (benzene-toluene-ethylbenzene-
xylene) content (Fig. S1b), which shows a remarkable increase in the
yields of benzene, toluene, ethylbenzene, and xylenes in the hydro-
treated product at 400 °C. This increase indicates the enhanced con-
version of large molecules into smaller aromatic compounds at higher
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Table 2

Physico-chemical properties of WTPO.

Properties Value Used method
Appearance Dark brown, viscous
liquid
Ash content (wt.%) < 0.02 ASTM D482-19
Water content (wt.%) 0.32 + 0.01 ASTM D6304-20
TAN (mg KOH/g) 3.33£0.13 Modified ASTM D664-
18
Carbonyl content (mg CO/g) 2.67 + 0.41 Modified Faix method
Hydroxyl functional groups 31p NMR
Carboxylic acid OH (mmol/g 0.097
WTPO)
Phenolic OH (mmol/g WTPO) 0.127
Aliphatic OH (mmol/g 0.166
WTPO)
Elemental analysis
Carbon (wt.%) 85.93 + 0.42
Hydrogen(wt.%) 10.94 + 0.20
Nitrogen (wt.%) 0.59 + 0.01
Oxygen (wt.%) 0.76 + 0.01
H/C molar ratio 1.53
Sulfur (wt.%) 0.82 ICP-SFMS
HHV (MJ/kg) 42.9 Channiwala and Parikh
[32]
Boiling point distribution TGA SimDist
Naphtha (wt.%, IBP-177 °C) 22.2
Middle distillate (wt.%, 57.5
177-343 °C)
Vacuum gas oil (wt.%, 343- 20.3
524 °C)
Residue (wt.%, > 524 °C) 0

temperatures. To further investigate the transformation pathways of
WTPO during hydrotreating, additional analysis was conducted at an
intermediate temperature of 360 °C, which provided the highest middle-
distillate yield (Fig. 3a), while limiting cracking to only 2.1 wt% gas
formation.

'H NMR analysis was used to monitor changes in the chemical
composition of the feedstock during hydrotreating. The full spectra are
provided in Fig. $2-S4. Protons corresponding to aromatic, olefinic,
a-side-chain, naphthenic, and paraffinic regions were identified within
the chemical shift ranges 9.00-6.43, 6.20-4.50, 4.00-2.00, 2.00-1.57,
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and 1.57-0.25 ppm, respectively [37]. The relative abundance of each
hydrocarbon type was calculated from the integrated areas of these re-
gions, normalized to the total integrated area of the spectrum; the results
are summarized in Table 3. In the WTPO feedstock, paraffinic and
naphthenic hydrogens constituted the dominant proton types, consistent
with the considerable contribution of limonene. Limonene contains
paraffinic side-chains attached to a naphthenic ring structure [6,14],
and its presence in WTPO was confirmed by GCxGC-MS at 6.5 wt%.

An increase in operating temperature resulted in higher proportions
of Haromatic and Hparaffinic, indicating enhanced removal of side chains or
alkyl bridges from aromatic compounds followed by hydrogen termi-
nation of the resulting radicals. Zhen et al. [38] observed a similar trend,
with progressive C—C bond cleavage in the side chains of aromatic
species within the 300-400 °C range. This behavior aligns with the re-
sults in Fig. 3b, where an increase in monoaromatic species was
observed. In contrast, Hojefinic Showed a distinct pattern, it decreased
steadily up to 380 °C but showed a slight increase at 400 °C. These re-
sults suggest that hydrogenation becomes more dominant as the tem-
perature increases to 380 °C, while at 400 °C cracking and
depolymerization reactions intensify substantially, consistent with the
GCxGC-MS results (Fig. 3b).

3.2.2. Effect of reaction time

The transformation of different fractions and compound classes in
the feedstock during hydrotreating was evaluated by analyzing oil
products obtained at various residence times at 360 °C. The results are
presented in Fig. 4. Across all residence times, the total liquid yield
remained high — around 98 wt% - with a corresponding gas yield of
approximately 2.3 wt% (Fig. 4a). However, the overall boiling point
distribution changed only slightly, a gradual increase in lighter fractions
was observed over time, consistent with the findings reported by Badoga
et al. [39]. After 4 h, a modest reduction in the heavier fractions was
observed, in which the VGO fraction decreased from 20.3 wt% to 17.5
wt%, and the MD fraction declined from 57.5 wt% to 53.9 wt%. This
behavior aligns with literature reports highlighting the reactivity of
heavy components during hydrotreating of both fossil and bio-oils
[40-42]. Notably, the amount of MD - considered the most valuable fuel
fraction — obtained after 4 h at 360 °C was comparable to that produced
after 1 h at 400 °C. However, VGO conversion after 4 h at 400 °C reached
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Fig. 3. Product distribution from TGA analysis (a) and chemical composition of GC-detectable fraction (b) for WTPO and hydrotreated products over NiMo/Al,03 at
different reaction temperatures. Reaction condition: initial H, pressure 40 bar, 75 g WTPO, catalyst-to-WTPO ratio 1:75, 1 h.



HX. Le et al.

Table 3

Relative abundance of hydrocarbon groups (%) from integrating 'H NMR
chemical shift regions for WTPO and upgraded products at varying reaction
conditions.

Aromatic Olefinic a-side chain Naphthenic Paraffinic
WTPO 8.9 4.4 16.0 16.8 54.1
Temperature (°C) (*)
340 °C 9.0 3.1 15.3 14.4 58.2
360 °C 9.2 21 16.5 13.6 58.6
380 °C 9.3 1.7 16.2 12.7 60.1
400 °C 9.8 1.9 16.1 11.9 60.3
Reaction time (h) (**)
0.5h 8.8 2.6 16.0 14.2 58.4
1h 9.2 2.1 16.5 13.6 58.6
2h 9.0 1.9 16.0 12.8 60.3
4h 8.7 1.6 14.3 12.2 63.3
Catalyst/WTPO ratio (wt./wt.) (***)
1:75 8.7 1.3 13.8 10.7 65.5
2:75 8.6 1.1 13.4 10.3 66.6
4:75 8.5 0.7 13.0 9.6 68.1
8:75 8.4 0.4 12.7 9.4 69.1

(*): initial Hy pressure 40 bar, without H; replenishment, catalyst-to-WTPO ratio
1:75,1 h.

(**): 360 °C, initial H, pressure 40 bar, without H, replenishment, catalyst-to-
WTPO ratio 1:75.

(***): 360 °C, with Hj replenishment at 70 bar, 4 h.

32.5% (from 20.3 wt% VGO in feedstock to 13.7 wt% in product after 1
h; Fig. 3a), substantially higher than the 13.8% VGO conversion ach-
ieved after 4 h at 360 °C (from 20.3 wt% VGO in feedstock to 17.5 wt%
after 4 h at 360 °C; Fig. 4a). These results indicate that operating at
lower temperatures favors a higher yield of valuable product fractions
while minimizing excessive cracking, in agreement with the conclusions
of Kohansal et al. [43].

To gain deeper insight into the transformation of WTPO compounds,
GCxGC-MS analysis was performed on upgraded oils collected at
different reaction times. The evolution of six compound-groups,
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monoaromatics, and monocycloalkanes are displayed on Fig. 4b. As the
reactions progressed, the overall GC-detectable yield increased from
58.2 wt% to 76.3 wt%, indicating that heavier compounds were depo-
lymerized into smaller species capable of volatilizing in the GC inlet.
However, compared with the strong temperature effect observed be-
tween 360 °C to 400 °C, varying the reaction time had a much weaker
influence on WTPO conversion. This observation aligns with the find-
ings of Feng et al. [44], who also reported a minimal impact of residence
time on oil composition. Among the compound groups, olefins —
particularly those containing side-chain carbon-carbon double bonds —
exhibited the most pronounced change, dropping from 21.0 wt% to 15.4
wt% after 4 h. In contrast, the proportions of mono- and poly-
cycloalkanes, as well as aliphatics increased over the same period,
confirming that olefins were rapidly hydrogenated and converted into
their corresponding saturated cyclic and aliphatic compounds. Similar
olefin transformations into n-alkanes, isoalkanes, and cycloalkanes
during WTPO hydrotreatment were also reported by Straka et al. [33].
On the other hand, only minor changes were observed in the aromatic
fractions, suggesting that these compounds require higher activation
energies for conversion. This is supported by the findings of Canete et al.
[13], who reported that hydrogenation of aromatic rings requires
harsher conditions than the saturation of other unsaturated species.

The effect of reaction time was also examined using 'H NMR (Table 3
and Figs. $2-S4). At the moderate reaction temperature of 360 °C, olefin
saturation was already evident in the early stages of hydrotreating. In
contrast, the aromatic-bound hydrogen remained largely unchanged,
indicating that under these conditions the hydrogenation of aromatic
compounds was relatively ineffective. Consequently, only negligible
changes were observed in the polyaromatic and monoaromatic frac-
tions, as shown in Fig. 4b. With prolonged reaction time, slow cracking
became apparent, leading to a gradual decrease in a-side chain and
naphthenic hydrogen.

In summary, reaction time has a much smaller effect on WTPO
upgrading than temperature, which is expected given the strong tem-
perature dependence described by the Arrhenius equation [45]. At the
relatively low temperature of 360 °C, the conversion of heavy fractions
progressed slowly with time. Consistent with the boiling point frac-
tionation results, GCxGC-MS data indicated that easily hydrogenated
compounds, such as olefins, were preferentially upgraded, while heavier
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Fig. 4. Effect of reaction time on the product distribution based on TGA (a) and chemical composition of GC-detectable fraction (b) of WTPO and its hydrotreated
products over NiMo/Al,O3 catalyst. Reaction condition: 360 °C, initial H, pressure 40 bar, 75 g WTPO, catalyst-to-WTPO ratio 1:75.



HX. Le et al.

aromatic compounds remained largely unchanged and would likely
require more severe conditions to undergo hydrotreating reactions. In
further work, subsequent investigations focused on another key oper-
ating parameter, namely hydrogen pressure.

3.2.3. Effect of hydrogen pressure

In the hydrotreating process, hydrogen plays a vital role in upgrading
the feedstock. As the reaction proceeds, the partial pressure of hydrogen
(Pn,) gradually decreases, which can lead to hydrogen depletion and
ultimately limit HYD activity. In addition, the reaction rate may increase
with increasing hydrogen pressure, depending on the reaction kinetics.
To investigate the effect of hydrogen availability, two experimental
designs were used. The first run was carried out in batch mode under
standard conditions at 360 °C for 4 h and an initial Py, of 70 bar. A
second run was conducted under identical conditions, except that
hydrogen was replenished to 70 bar every 15 min. A reference experi-
ment under argon pressure (40 bar) without catalyst was also per-
formed. The results are presented in Fig. 5.

As illustrated in Fig. 5a, the reaction carried out in an inert atmo-
sphere produced a substantial gas yield, indicating more extensive
cracking when hydrogen was absent. Interestingly, when comparing the
feedstock with the Ar experiment (i), the olefin content still decreased
from 21 to 16 wt% (Fig. 5b), despite the lack of external hydrogen. This
suggests that some HYD activity occurred. Such hydrogenation was
likely driven by natural hydrogen donors generated during WTPO
thermolysis, such as substituted naphthenes in the heavy resid oil, which
can act as internal hydrogen sources [46,47]. However, the overall
upgrading efficiency under these conditions remained low, as the GC-
detectable yield was nearly unchanged compared with the feedstock
(Fig. 5b).

In contrast, the replenishment of hydrogen suppressed the genera-
tion of both gas and NP. When comparing the two hydrotreating ex-
periments, heavier VGO and MD fractions were higher in Ha-
replenishment experiment (iii) than in the run without recharged Hj (ii).
In hydrotreating, both HYD and depolymerization/cracking are crucial
processes. Cracking converts low-grade oil into lighter compounds and
promotes heteroatom removal, improving fuel quality, while HYD sat-
urates C—=C bonds and other unsaturated functional groups containing
heteroatoms such as nitrogen, sulfur, or oxygen, as well as trace metals
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[48-50]. However, these reactions are known to compete [51]. In this
study, the hydrogen top-up approach slowed the cracking/depolymer-
ization of WTPO, as evidenced by the reduced formation of light prod-
ucts and correspondingly higher portions of heavy fractions. This
observation is consistent with the decrease in GC-detectable yield to
70.1 wt% shown in Fig. 5b, indicating a lower conversion of macro-
molecules into smaller molecules. Further support for the suppression of
cracking is provided by the observed decreases in aliphatics and mon-
ocycloalkanes in the hydrogen replenishment experiment.

3.2.4. Effects of catalyst loading

Besides the hydrogen pressure, the catalyst loading is another vital
factor in the hydrotreating process. To evaluate its effect on WTPO
upgrading, a series of experiments was conducted at 360 °C using
catalyst-to-oil ratios ranging from 1:75 to 8:75 (wt./wt.). These ratios
were adjusted by adding different amounts of catalyst to the reactor
while keeping the WTPO mass constant. A reference experiment without
catalyst was also conducted and is denoted as a catalyst-to-oil ratio of
0:75. In all experiments, hydrogen was periodically replenished to 70
bar at 15 min intervals to ensure sufficient hydrogen availability
throughout the upgrading process.

As depicted in Fig. 6a, in the absence of a catalyst, the yields of light
fractions such as gas and naphtha (NP) increased relative to the feed-
stock, indicating that thermal depolymerization and cracking occur
under these conditions. The introduction of catalyst suppressed the gas
formation and increased the liquid yield with a higher content of middle
distillates. At a low catalyst-to-oil ratio of 1:75, the mass fraction of VGO
decreased only slightly, from 20.3 wt% to 19.5 wt% (a 3.9% reduction)
compared to the feedstock, demonstrating that this heavy fraction re-
mains largely unreactive at such low catalyst loadings. This limited
decrease reflects the overall low reactivity of WTPO under these con-
ditions. Increasing the catalyst-to-oil ratio to 2:75 led to a substantial
improvement, with the VGO fraction decreasing by 20.2% (from 20.3 wt
% to 16.2 wt%), indicating markedly enhanced catalytic activity.
Further increases in catalyst loading to 4:75 and 8:75 produced smaller
additional gains in VGO conversion — 22.2% and 29.6% relative to the
feedstock, respectively — indicating diminishing returns beyond a certain
catalyst threshold. Similar suppression of thermal cracking/depoly-
merization of heavy fractions with increased catalyst loading has also
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been reported by Nguyen et al. [52].

The changes in chemical composition are summarized in Fig. 6b.
Without catalyst, only a small portion of heavy fractions cracked into
lighter products, as indicated by a modest increase in the GC-detectable
yield from 58.2 to 61.1 wt%. Non-catalytic hydrotreatment produced a
product with high abundance of aromatics and olefins, indicating
limited hydrogenation in the absence of a catalyst. This observation is
consistent with the findings of Summer et al. [53]. The addition of
catalyst triggered hydrogenation and cracking reactions, leading to
olefin saturation and an increase in the GC-detectable yield. These
findings are consistent with the results of Yoon et al. [54] who reported
improved cracking and hydrogenation activity with higher catalyst
loading during the upgrading of waste-plastic pyrolysis oils. When the
catalyst-to-oil ratio exceeded 4:75, the GC-detectable yield no longer
improved. This observation suggests that at higher catalyst loadings,
upgrading efficiency becomes limited by reaction kinetic rather than
catalyst availability, consistent with the product distribution trends
shown in Fig. 6a. The GC-detectable polyaromatic content changed only
slightly with higher catalyst loading (Fig. 6b), reaching 4.8 wt% at the
catalyst-to-oil ratio of 8:75 from 5.0 wt% for the catalyst-to-oil ratio of
1:75. On the other hand, the monocycloalkane content rose signifi-
cantly, from 5.7 wt% to 15.9 wt% over the same catalyst-to-oil ratio
range. This is expected, as the number of active sites increases with
catalyst dosage, thereby facilitating more extensive saturation reactions
[19,55]. Polyaromatics likely undergo partial hydrogenation, followed
by bond cleavage, resulting in a reduced overall polyaromatic content
and a corresponding increase in monocycloalkanes, which are most
likely originating from hydrogenated monoaromatics. It should also be
noted that a portion of the heavier polyaromatics is not detected by GC;
as a result, the GC-detectable fraction remains nearly constant across
different catalyst loadings. The experiment with top-up hydrogen was
repeated three times and the results for TGA and GCxGC-MS are shown
in Table S4. The results clearly show a high reproducibility.

The 'H NMR data (Table 3 and Fig. $2-S4) showed a strong impact
on the HYD reactions. The olefin content decreased substantially, along
with a pronounced increase in paraffinic hydrogen. Moreover, the more
refractory aromatics were gradually hydrogenated, leading to a clear
decline in Haromatic, Which reached 8.4% at the catalyst-to-oil ratio of
8:75 (wt./wt.).

3.3. Sedimentation and gum formation

In the petroleum-derived products, excessive concentrations of ole-
fins lead to polymerization, oxidation, and sediment formation during
fuel transportation and storage [56]. During hydrotreating, terminal and
unsubstituted branched olefins are preferentially hydrogenated, leaving
substituted internal alkenes as the dominant olefin species in the
upgraded products. Olefins are highly susceptible to atmospheric oxy-
gen and can slowly oxidize to form stable radicals. These radicals initiate
free-radical chain reactions, ultimately causing gum and sediment for-
mation as well as changes in the physicochemical properties of a fuel
[57]. Previous studies have shown that cyclic and conjugated olefins are
the primary contributors to gum formation, whereas terminal and non-
conjugated olefins play little to no role [58,59]. Branched olefins also
contribute to gum deposits, although their reactivity depends on the
position of branching. Consequently, by reducing the olefin content in
WTPO, the hydrotreating process improves fuel quality and significantly
enhances oxidation stability during storage.

Based on these observations, the olefinic region in the 'H NMR
spectra is divided into six zones (Table S1). These zones correspond to
the following proton environments: olefinic CH; = protons of
substituted a-olefins (01, 4.50-4.80 ppm), CH; = protons of linear
a-olefins (02, 4.80-5.05 ppm), CH = protons of internal substituted
olefins (03, 5.05-5.34 ppm), CH = protons of internal linear and cyclic
unsaturated species (04, 5.34-5.73 ppm), CH = protons of linear
a-olefins (05, 5.73-5.90 ppm), and conjugated olefinic protons (06,
5.90-6.20 ppm) [60]. The relative abundance of each olefinic type was
estimated from the integrated 'H NMR peak areas and is summarized in
Table 4.

Crude WTPO contains a high proportion of substituted a-olefinic
protons (01), internal substituted olefinic protons (03), and cyclic
unsubstituted protons (04) (Table 4), confirming the predominant
presence of limonene as indicated by the GC/MS results. In general,
regardless of olefin type, HYD reactivity increases with higher temper-
ature, longer reaction time, and a greater catalyst-to-oil ratio (Table 3).
Temperature has a particularly strong influence on the hydrogenation of
terminal and conjugated alkenes, as reflected by the pronounced
decrease in signal intensities in the O1, 02, O5, and 06 regions. This
trend is consistent with the findings of Xin et al. [61], who reported that
terminal alkenes are more reactive than internal alkenes under compa-
rable conditions. A similar pattern was observed for reaction time:
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Table 4
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Relative abundance of olefinic types (%) from integrating "H NMR olefinic chemical shift regions for WTPO and upgraded products at varying reaction conditions.

Terminal substituted (01) Terminal linear (02)

Internal substituted (03)

Internal/cyclic unsubstituted (04) Internal linear (O5) Conjugated (06)

WTPO 0.89 0.65 1.44
Temperature (°C) (*)

340 °C 0.47 0.46 1.27
360 °C 0.24 0.24 1.05
380 °C 0.18 0.17 0.92
400 °C 0.20 0.21 1.04
Reaction time (h) (**)

0.5h 0.27 0.33 1.23
1h 0.24 0.24 1.05
2h 0.22 0.21 0.98
4h 0.14 0.20 1.00
Catalyst/WTPO ratio (wt./wt.) (***)

1:75 0.11 0.19 0.70
2:75 0.06 0.16 0.57
4:75 0.05 0.10 0.28
8:75 0.04 0.06 0.17

0.93 0.21 0.28
0.61 0.14 0.16
0.47 0.05 0.05
0.38 0.02 0.03
0.41 0.01 0.03
0.48 0.09 0.21
0.47 0.05 0.05
0.40 0.04 0.05
0.19 0.01 0.06
0.22 0.03 0.07
0.19 0.04 0.08
0.14 0.05 0.08
0.08 0.02 0.03

(*): initial Hy pressure 40 bar, without Hy replenishment, catalyst-to-WTPO ratio 1:75, 1 h.
(**): 360 °C, initial Hy pressure 40 bar, without H; replenishment, catalyst-to-WTPO ratio 1:75.

(***): 360 °C, with H, replenishment at 70 bar, 4 h.

conjugated olefins (06) were the most HYD reactive, followed by ter-
minal alkenes (01 and 02), internal unsubstituted alkenes (04), and
finally internal substituted alkenes (03). These variations in HYD ac-
tivity are attributed to steric effects; increased substitution around the
C=C bond reduces accessibility to the catalyst surface and thereby
lowers hydrogenation reactivity [62].

In the final series examining catalyst loading, the periodic replen-
ishment of hydrogen further enhanced HYD activity. At high catalyst
loadings, olefin saturation became effective even for internal alkenes
(03 and 04). This outcome is consistent with previous studies [54,63],
which reported that a greater number of Ni—Mo active sites alleviates a
steric constraints associated with branching in internal and terminal
substituted alkenes, thereby enhancing their saturation degree. Overall,
operating conditions directly govern HYD performance; under condi-
tions that favor efficient hydrogenation and olefin saturation, the
resulting improvement in olefin stability can significantly influence the
overall stability of the oils.

The liquid products were stored in sealed bottles for 60 days, and
photographs of three representative samples are shown in Fig. 7. Fig. 7a

a) b)

—

displays the oil obtained from the thermal cracking experiment con-
ducted without catalyst, at an initial pressure of 40 bar Ar and 360 °C for
4 h, Fig. 7b shows the product from hydrocracking performed at an
initial pressure of 40 bar Hy (at room temperature), with a catalyst-to-oil
of 1:75 at 360 °C for 4 h. Finally Fig. 7c presents the upgraded oil pro-
duced under conditions with periodic Hy replenishment to 70 bar, using
a catalyst-to-oil ratio of 8:75 at 360 °C for 4 h. Clear sediments (gum)
deposits are visible along the walls of the bottle containing the thermally
cracked oil (Fig. 7a), while substantially fewer deposits were observed in
the hydrocracked sample (Fig. 7b). Notably, the liquid product from the
experiment with Hj replenishment showed excellent stability, with no
visible gum deposits on the container walls after 60 days (Fig. 7c). These
observations highlight the critical role of hydrogen availability and
hydrogenation reactions in WTPO upgrading, resulting in significant
improvements in product stability and overall fuel quality. Rahimi et al.
[64] confirmed the beneficial impact of hydrotreatment on the storage
stability of naphtha, jet and gas oil fractions from residue hydrocracking.
Olefinic species, key precursors to gum formation and major contributor
to fuel instability, are effectively stabilized during hydrotreatment.

S—

Fig. 7. Gums and sediments observed after 60 days of storage at room temperature: (a) Thermal cracking (360 °C, 75 g of WTPO, 4 h, no catalyst, initial 40 bar Ar);
(b) Hydrotreating without hydrogen replenishment (360 °C, 75 g WTPO, 4 h, catalyst-to-oil ratio 1:75, initial 40 bar H,, no H, replenishment); (c) Hydrotreating with
hydrogen replenishment (360 °C, 75 g WTPO, 4 h, catalyst-to-oil ratio 8:75, initial 40 bar H,, with H, replenishment).
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Processing at 360 °C for 4 h, and an elevated catalyst-to-oil ratio of 8:75,
led to a progressive reduction in olefin content, particularly conjugated
and internal cyclic olefins (Table 4). This reduction also clearly pre-
vented gum and sediment formation in the corresponding hydrotreated
oils during storage (Fig. 7b and c). These findings indicate that achieving
high fuel stability requires minimizing the concentration of gum-
forming olefins, which is in line with the observations reported by
Pereira et al. [58].

3.4. Heteroatom removal efficiency and hydrogen consumption of WTPO
hydrotreating

3.4.1. Sulfur removal efficiency and hydrogen uptake during WTPO
hydrotreating

Among the heteroatoms present in WTPO, sulfur is the most abun-
dant impurity, posing significant environmental concerns and directly
affecting product quality. It is therefore critical to remove sulfur effi-
ciently. The influence of operating parameters on sulfur removal was
investigated, and the results are summarized in Fig. 8. Temperature had
a pronounced effect on heteroatom removal (Fig. 8a). At lower tem-
peratures (340-380 °C), HDS performance gradually improved,
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reaching 14.7% at 380 °C. Increasing the temperature to 400 °C led to a
dramatic rise in sulfur removal, achieving 28.1%. Since the sulfur
compounds present in WTPO span various structural classes, they
require different temperatures for effective removal. According to Zhang
etal. [29], these compounds can be broadly categorized into five groups:
thiophenes, benzothiophenes, dibenzothiophenes, substituted dibenzo-
thiophenes, and non-aromatic sulfides. The reactivity of these species in
HDS depends not only on operating temperature but also on their mo-
lecular structure [65]. Aliphatic sulfur species — such as sulfides, disul-
fides, mercaptans, and thiols — are highly reactive and can be readily
desulfurized under mild conditions, typically below 180 °C [49]. In
contrast, sulfur compounds with fused aromatic rings and alkyl sub-
stituents exhibit much lower reactivity [65]. This reduced reactivity
arises from the participation of the sulfur atom's lone pair electrons in
the conjugated C—=C system of the aromatic rings, creating resonance
stabilization and forming highly stable structures [49]. Under identical
upgrading conditions, the relative HDS reactivity follows the order:
thiophenes > benzothiophenes > > dibenzothiophenes > > alkyl-
substituted dibenzothiophenes [29]. Robinson et al. [66] further re-
ported that substituted dibenzothiophenes can be 100-150 times less
reactive than other sulfur species and require significantly more severe
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Fig. 8. HDS efficiency and hydrogen consumption of WTPO upgrading at (a) different reaction temperatures (initial H, pressure 40 bar, 75 g WTPO, catalyst-to-
WTPO ratio 1:75, 1 h), (b) reaction times (360 °C, initial H, pressure 40 bar, 75 g WTPO, catalyst-to-WTPO ratio 1:75), (c) hydrogen pressure (360 °C, initial Hy
pressure 40 bar, 75 g WTPO, catalyst-to-WTPO ratio 1:75, 4 h), and (d) catalyst-to-WTPO ratio (360 °C, initial H, pressure 40 bar with H, replenishment every 15

min, 75 g WTPO, 4 h).
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desulfurization conditions, typically above 380 °C.

Besides, hydrogen consumption increased with rising temperature,
and the hydrogen content of the upgraded oil reached 11.3 wt% at
360 °C, compared to 10.9 wt% in the WTPO feedstock (Table S2).
However, hydrogen consumption did not increase significantly at tem-
peratures above 360 °C (Fig. 8a). This behavior may be attributed to a
progressive shift in the dominant reaction pathway — from hydroge-
nation to thermal cracking — which competes with HYD. Consequently,
only a modest increase in hydrogen consumption was observed when the
temperature was raised to 400 °C. This trend aligns with the findings of
Dimitrisdis et al. [67], who reported that elevated reaction temperatures
strongly promote cracking reactions.

Fig. 8b illustrates the effect of reaction time on Hy consumption and
HDS efficiency during WTPO upgrading at 360 °C. Consistent with the
fraction-distribution and compositional trends shown in Fig. 4, HDS
efficiency increased slightly during the first hour, driven by active hy-
drogenation. This strong hydrogenation activity is reflected in the rise in
hydrogen consumption from 1.9 g Hy/ kg WTPO to 3.7 g Hy/ kg WTPO.
At longer reaction times, HDS efficiency improved further, reaching
23.3% and eventually 30% after 4 h. These results indicate that HYD
plays a critical role in sulfur removal, typically preceding and facili-
tating the HDS process. The time-dependent improvement in sulfur
removal may be attributed, at least in part, to the transformation of
catalyst active phases during upgrading. At the early stage of the reac-
tion, the catalyst likely consisted of reduced metal sites derived from the
initial metal oxides or intermediate reduced states (Ni, MoO). These
metal sites were progressively sulfided by HyS generated from sulfur-
bearing species in WTPO, forming sulfided phases such as NizSz and
MoS,, which are known to exhibit favorable HYD and HDS activity [4].
The gradual formation of these sulfided phases promotes hydrogenation
of sulfur-containing species and increases hydrogen uptake, thereby
enhancing HDS activity with increasing reaction time. In addition,
extended reaction time increases the contact between sulfur species and
catalytic sites, further promoting hydrotreating reactions. However,
hydrogen consumption increased only slightly after 2 h, accompanied by
a slower rise in HDS efficiency. This behavior can possibly be attributed
to the significant decline in hydrogen pressure over time, which limits
both HYD and HDS activities. These results align with the findings of
Bello et al. [68], who reported hydrogen insufficiency can hinder HDS
performance.

On the other hand, Fig. 8c compares hydrogen consumption and HDS
performance for experiments conducted with and without Hy replen-
ishment. Hydrogen consumption increased markedly when hydrogen

Fuel Processing Technology 292 (2026) 108607

was periodically replenished, whereas HDS efficiency —largely driven by
cracking — showed only a modest improvement, highlighting the
competitive relationship between hydrogenation and cracking discussed
earlier. This further confirms the competition between HYD and
cracking pathways. Fig. 8d shows the influence of the catalyst-to-oil
ratio. Hydrogen consumption increased proportionally with the cata-
lyst/WTPO ratio, rising from 7.7 to 12.1 g Hy/kg WTPO. Higher catalyst
loadings provide more active sites, thereby enhancing HYD activity. This
trend is consistent with the chemical composition changes shown in
Fig. 6b, where increased olefin saturation corresponds to higher levels of
aliphatics and monocycloalkanes. The higher hydrogen uptake at
elevated catalyst loadings likely facilitates hydrogenation of more re-
fractory sulfur species, contributing to the improved heteroatom
removal observed in these experiments.

Analyzing individual sulfur-containing compounds in WTPO by GC-
MS is challenging due to their low concentrations and overlap with
hydrocarbon peaks. To gain deeper insight into the transformation of
different sulfur species and to minimize interference from hydrocarbons,
GC-SCD was employed to monitor sulfur compounds during hydro-
treating. Both the fresh WTPO and the hydrotreated product obtained at
360 °C and 70 bar, using a catalyst-to-oil ratio of 8:75 (g/g) for 4 h, were
analyzed using GC-SCD. The resulting chromatograms for both samples,
along with standards of representative sulfur compounds, are presented
in Fig. 9.

Three major peaks appear in the standard sample at retention times
of 6.9, 18.0, and 26.4 min, corresponding to thiophene, benzothiophene,
and dibenzothiophene, respectively. Because of the highly complex
composition of WTPO, assigning specific chemical structures to each
individual chromatographic peak was not feasible. Instead, the peaks
were grouped into four categories based on retention times and the
reference compounds: an aliphatic group (< 6.9 min), a thiophene group
(one ring, 6.9-18.0 min), a benzothiophene group (two rings, 18-26.4
min), and a bulky group (three or more rings, > 26.4 min). Benzothia-
zole and its derivatives were identified as the most abundant sulfur
species in fresh WTPO, originating from the thermal cracking of vulca-
nization accelerators [31]. Additional peaks corresponding to mercap-
tans, methylthiophenes, benzothiophenes and their methyl-substituted
derivatives, as well as dibenzothiophenes, were also detected.

To enable a clearer comparison between the oil before and after
hydrotreating (HDT), a quantitative assessment was performed based on
the total peak areas of each compound group, as presented in Fig. 10 and
Table S3. Organosulfur compounds lacking aromatic structures were
effectively eliminated. In contrast, aromatic sulfur species exhibited
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Fig. 9. Appearance and corresponding GC-SCD chromatographs of WTPO and its upgraded product over NiMo/Al,O3 catalyst (with 63% sulfur removal). Reaction
conditions: 360 °C, hydrogen replenishment to 70 bar every 15 min, with catalyst-to-oil ratio 8:75, for 4 h.
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Fig. 10. Sulfurous compound distribution in WTPO and hydrotreated product
(with 63% sulfur removal). Reaction conditions: 360 °C, hydrogen replenish-
ment to 70 bar every 15 min, catalyst-to-oil ratio 8:75 (g/g), 4 h.

lower HDS reactivity, with molecular structure emerging as the key
determining factor. Specifically, thiophenes and their derivatives
demonstrated high reactivity, achieving an HDS efficiency of 88.5%. By
comparison, compounds with more complex and highly aromatic
structures — such as those containing two fused rings — displayed greater
resistance to desulfurization, resulting in lower removal efficiencies
[69]. Bulky sulfur-bearing compounds with three or more fused rings
remained the most abundant group in the upgraded products, indicating
that they possess the lowest HDS reactivity.

3.4.2. Effects of operating parameters on the removal of other
heteroelements

In addition to sulfur, the nitrogen and oxygen contents of oils are also
crucial factors in refining processes and in determining final fuel quality.
Higher oxygen concentration often corresponds to higher fuel acidity,
which can cause corrosion in processing equipment and pipelines [39].
Meanwhile, nitrogen compounds contribute to greenhouse gas emis-
sions during fuel combustion, resulting in many environmental concerns
[70]. In addition, nitrogen species can also promote catalyst deactiva-
tion [71]. In general, nitrogen compounds are more resistant to hydro-
treating than oxygen- and sulfur-containing compounds. Due to their
highly stable structures, nitrogen removal typically requires harsher
operating conditions [72]. The denitrogenation pathway involves initial
hydrogenation of the nitrogen-bearing ring, followed by ring opening
caused by C—N bond cleavage and subsequent hydrogenolysis, ulti-
mately producing ammonia and the corresponding hydrocarbon [73].

The heteroatom-removal efficiencies under various operating con-
ditions are presented in Table S2. Temperature exerted a strong pro-
portional influence on heteroatom removal. At a fixed operating
temperature of 360 °C, the removal of nitrogen and oxygen increased
progressively with reaction time, reaching maximum HDN and HDO
efficiency values of 33.9% and 47.4%, respectively, after 4 h. Notably,
under similar reaction conditions, periodically replenishing hydrogen
led to a dramatic increase in both HDN and HDO efficiencies, raising
them to 44.1% and 53.9%, respectively. A comparable enhancement
was observed when the number of catalyst active sites increased. At the
highest catalyst loading of 8:75 (wt./wt.), HDN reached 67.8%, while
HDO increased to 65.8%. Since the hydrogen replenishment and the
number of active sites directly influence HYD activity, these results
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emphasize the central role of HYD in WTPO hydrotreating.
3.5. Catalyst regeneration evaluation

Catalyst deactivation is a major concern in petroleum refineries, as it
leads to costly process shutdowns and frequent catalyst replacement.
The loss of catalytic activity is influenced by various factors, including
feedstock composition, catalyst formulation, and operating conditions
[71]. Based on the results presented in previous sections, a series of
reusability experiments were conducted during WTPO upgrading under
the following conditions: 360 °C, Hy periodically replenished to 70 bar
(360 °C), 75 g of WTPO, catalyst-to-oil ratio of 8:75 (wt./wt.) and a
reaction time of 4 h. After each run, the spent catalyst was recovered and
washed three times with 10 mL of acetone to remove residual organics,
then dried overnight at 80 °C. The regenerated catalyst was subse-
quently calcined in air at 450 °C for 6 h, reduced at 450 °C under an
initial hydrogen pressure of 20 bar for 5 h, and finally passivated using
2.0% O3 in argon before reuse in the next reaction cycle. This temper-
ature was selected since regeneration by air-calcination is typically
performed within the range of 400 to 550 °C. Dufresne et al. [74] re-
ported that this temperature window enables removal of carbonaceous
species while minimizing the risk of metal sintering or structural
changes.

Fig. 11 illustrates the catalytic performance over three consecutive
reaction cycles. In general, the reaction remained stable, yielding
approximately 97% liquid product (with ca. 3% gas and no solid for-
mation), producing a consistent middle-distillate fraction of 54-55 wt%
in each cycle. The GC detectable yield increased from 76.3 wt% in the
first run to 79.0 wt% in the third run, accompanied by a rise in aliphatic
content from 23.5 wt% to 27.0 wt%. The regenerated catalyst exhibited
upgrading performance comparable to that obtained in three replicate
experiments performed under identical conditions using fresh catalyst
(Table S4). These results indicate that no significant deactivation
occurred after regeneration, demonstrating that air-combustion effec-
tively restored the catalytic activity.

Moreover, according to Fig. 11c, HDS efficiency also improved
slightly, along with a minor increase in hydrogen consumption, sug-
gesting a modest enhancement in cracking activity. This observation is
in line with a study by Kohli et al. [75] on heavy oil hydroprocessing,
demonstrating that the activity of a regenerated NiMo/Al,O3 catalyst
was fully restored by air-calcination. Moreover, elemental analysis
(Table S5) indicated that the C, H, N, and O contents of the hydrotreated
oil remained nearly unchanged across all cycles. Together, these results
demonstrate that WTPO hydrotreating under the tested conditions en-
ables effective heteroatom removal while maintaining catalyst stability,
with minimal deactivation observed after each regeneration step
involving calcination in air at 450 °C for 6 h.

3.6. Sulfur removal mechanism in WTPO hydrotreating

To contextualize the heteroatom removal achieved during WTPO
hydrotreating, the experimental results were compared with HDS
pathways previously reported in the literature. GC-SCD analysis in
Fig. 10 indicated that the ease of sulfur removal followed the order:
aliphatic organosulfur > thiophenes > benzothiazoles ~ benzothio-
phenes > dibenzothiophenes. These classes of sulfur compounds un-
dergo distinct HDS pathways, as illustrated in Scheme 1. Specifically,
aliphatic organosulfur molecules, which are highly reactive, are readily
removed through hydrodesulfurization [65,76]. Their conversion (Egs.
8-10), leads to a pronounced decrease in the corresponding peak in-
tensities in the GC-SCD chromatograms of the hydrotreated oil, as shown
in Fig. 9.

R—-SH+H,—»R—H+H,S ®

R,—S—R,+2H,»Ry—H+H,S+R,—H (9)
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Ry —S—S—Ry+3Hy»R, —~H+2H,S+R, —H (10)
where R, Ry, and R, represent alkyl groups.

For heterocyclic sulfur-containing compounds, two main desulfur-
ization pathways are generally recognized: direct desulfurization (DDS)
and indirect desulfurization via prior hydrogenation (HYD) [3]. Thio-
phene derivatives, owing to their relatively simple structures, are
removed predominantly through the DDS pathway (Scheme 1a), in
which the C—S bond is cleaved to form H,S and alkadienes; these
alkadienes may subsequently undergo hydrogenation to form alkanes
[77]. In contrast, benzothiophene-based molecules, which contain a
fused benzene ring, undergo both DDS and HYD routes (Scheme 1b).
Benzothiazoles preferentially undergo C—S bond cleavage to form the
corresponding aniline derivatives; however, further denitrogenation of
anilines to hydrocarbons is challenging because of the high basicity and
stability of the intermediate. This observation is consistent with previ-
ous studies [78,79], reporting that aniline is a persistent HDS interme-
diate during the transformation of benzothiazoles (Scheme 1c).

On the other hand, the removal of dibenzothiophenes, their alkyl-
substituted derivatives and polyaromatic sulfurous compounds (see
Scheme 1d) is even more difficult and requires an effective combination
of hydrogenation and cracking steps. The refractory nature of these
species is likely reflected in the moderate removal of bulky sulfurous
substrates, as illustrated in Fig. 10. Although both DDS and HYD path-
ways contribute to their desulfurization, DDS is generally the favored
pathway for unsubstituted dibenzothiophenes [80]. However, the
presence of alkyl substituents adjacent to the sulfur atom introduces
significant steric hindrance, which lowers the ability of these species to
reach catalytically active sites and suppresses the DDS route more
strongly than the HYD route [81]. As a result, desulfurization of these
refractory species likely proceeds predominantly through hydrogena-
tion followed by C—S bond cleavage. This interpretation is supported by
the pronounced enhancement in overall sulfur removal observed with
hydrogen replenishment and increased catalyst loading, as shown in
Fig. 8.

4. Conclusions

In summary, we systematically investigated the hydrotreating of
WTPO under a range of operating conditions, highlighting the
competing influences of hydrogenation and cracking pathways. The
evolution of WTPO fractions and representative compound groups was
examined in detail. At lower temperatures hydrogenation was effective,
whereas at 380 and 400 °C the cracking increased. In the absence of
hydrogen (i.e., under an Ar atmosphere), WTPO upgrading suffered
from lower conversion and undesirable gas formation. Hydrogen plays
an important role in weakening unsaturated C—=C bonds and heterocy-
clic structures. Without sufficient hydrogenation, polyaromatic com-
pounds remain largely inert, resulting in poor carbon utilization.

Under hydrogenation-favorable conditions — specifically with peri-
odic hydrogen replenishment and an increased catalyst-to-oil ratio of
8:75 — an HDS efficiency of 63.0% was achieved. These conditions also
promoted substantial conversion of heavy fractions into lighter prod-
ucts, as reflected by a GC-MS detectable liquid yield of 75.9 wt%.
Notably, most unstable olefins were fully saturated, yielding a higher-
quality fuel even at the relatively mild temperature of 360 °C. This
effective upgrading performance suppresses the formation of gums and
sediments, thereby improving the storage stability of the upgraded oil.
The process achieved a total liquid yield of 96.7%, consisting of 28.2 wt
% naphtha and 54.2 wt% middle distillate — both valuable liquid fuel
components. According to GC-SCD analysis, small sulfur-bearing com-
pounds were effectively removed, whereas polyaromatic sulfur com-
pounds are more difficult to eliminate via hydrotreatment. Furthermore,
these operating conditions enabled multiple reaction cycles with mini-
mal catalyst deactivation following re-calcination, maintaining stable
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catalytic performance. Overall, this study establishes a strong founda-
tion for renewable fuel production from waste-tire pyrolysis oil,
providing practical chemical insights that support both catalyst design
and process optimization.
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