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Abstract: Pyrolysis oil derived from waste tires consists of sulfur content in the range of 7000 to
9000 ppm. For use in diesel engines, its sulfur content must be lowered to 10 to 15 ppm. Though
conventional hydrodesulfurization is suitable for the removal of sulfur from tire pyrolysis oil, its high
cost provides an avenue for alternative desulfurization technologies to be explored. In this study,
oxidative desulfurization (ODS), a low-cost technology, was explored for the desulfurization of tire
pyrolysis oil. Two categories of titanium-incorporated mesoporous supports with 20 wt% loaded
heteropoly molybdic acid catalyst (HPMo/Ti-Al2O3 and HPMo/Ti-TUD-1) were developed and
tested for ODS of tire pyrolysis oil at mild process conditions. Catalysts were characterized by X-ray
diffraction, BET-N2 physisorption, and X-ray photoelectron spectroscopy (XPS). The incorporation of
Ti into Al2O3 and TUD-1 frameworks was confirmed by XPS. The surface acidity of catalysts was
studied by the temperature-programmed desorption of NH3 and pyridine FTIR analyses. HPMo/Ti-
Al2O3 and HPMo/Ti-TUD-1 catalysts contained both Lewis and Brønsted acid sites. The presence
of titanium in catalysts was found to promote the ODS activity of phosphomolybdic acid. The
Ti-TUD-1-supported catalysts performed better than the Ti-Al2O3-supported catalysts for the ODS of
tire pyrolysis oil. Hydrogen peroxide and cumene peroxide were found to be better oxidants than
tert-butyl hydroperoxide for oxidizing sulfur compounds of tire pyrolysis oil. Process parameter
optimization by the design of experiments was conducted with an optimal catalyst along with the
catalyst regeneration study. An ANOVA statistical analysis demonstrated that the oxidant/sulfur and
catalyst/oil ratios were more significant than the reaction temperature for the ODS of tire pyrolysis
oil. It followed the pseudo-first-order kinetics over HPMo/Ti-TUD-1.
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1. Introduction

The conversion of wastes to energy plays a pertinent role in the generation of al-
ternative resources to supplement dwindling conventional resources. Typically, at the
end of their lives, waste tires are discarded into landfills where they pose health and fire
hazards due to their non-biodegradable nature. In addition, the disposal of scrap tires takes
enormous dumping space and hosts potential disease-bearing vectors [1]. That notwith-
standing, waste or scrap tires can be utilized as excellent feedstocks for fuel production as
their calorific value is comparable to that of coal and crude oil [2]. The heating value of an
average size passenger tire is between 13,000 and 15,000 Btu/lb [3]. In this regard, waste
tires can be converted into pyrolysis oil, heating gases (CO, H2, CO2, etc.), and carbon
black via pyrolysis [4,5]. Figure 1 shows the schematic of the pyrolysis of scrap tires.

The pyrolysis of waste tires is an emerging field of research. Tire pyrolysis oil (TPO)
comprises C6–C24 hydrocarbons with a calorific value of around 42 MJ/kg, which is com-
parable to that of crude oil (42–47 MJ/kg) [4,6]. It can be used as fuel in cement kilns,
thermal power plants, industrial boilers, and vehicles [7–9]. However, the presence of
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nitrogen and sulfur compounds limits its direct use. Pyrolysis oil needs to be desulfurized
for its commercial use as fuel [10]. Hydrodesulfurization is the current commercial desul-
furization process, which is typically used in petroleum refineries around the world. It can
be used to remove sulfur compounds from pyrolysis oil, but it is a hydrogen-demanding
process. In this study, oxidative desulfurization (ODS) is explored for the removal of sulfur
species from tire pyrolysis oil under mild process conditions. It is one of the low-cost
alternative desulfurization methods and does not require hydrogen. ODS is a two-stage
process, where the sulfur in the aromatic ring is oxidized into sulfone and sulfoxide in the
presence of a catalyst and an oxidizing agent during the first stage. In the second stage, the
highly polar sulfoxide and sulfone are separated from the oil phase by solvent extraction
or adsorption [10].
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Figure 1. Schematic of scrap tire pyrolysis process.

As given in Table 1, homogeneous and heterogeneous catalysts were applied for
oxidative desulfurization at atmospheric pressure. Desulfurization through ODS was
proven with model and simulated petroleum feedstocks using oxidants such as hydrogen
peroxide, tert-butyl hydroperoxide, and cumene peroxide [11]. The model compounds
used in ODS are mostly dibenzothiophene (DBT) and 4,6-dimethyl dibenzothiophene
(4,6-DMDBT). Doustkhah et al. [12] synthesized a new type of catalyst by merging periodic
mesoporous organosilica with aluminosilica and investigated its catalytic performance
for the oxidation of DBT. This bifunctional catalyst is easily recoverable and reusable for
several consecutive cycles. Recently, Fan et al. [13] reported oxidative desulfurization of
DBT under ultrasound irradiation over Ti-TUD-1-supported Keggin-type molybdenum
heteropolyacid catalysts.

Table 1. Oxidative desulfurization of petroleum fuels and model sulfur compounds.

Source of Sulfur Catalyst and Oxidant Reaction Conditions Sulfur Removal (%) References

Gasoline ChFeCl4 and H2O2 T = 30 ◦C, t = 30 min 97 [14]
Diesel/DBT TiO2 and H2O2 T = 40 ◦C, t = 90 min 99 [15]
DBT Mesoporous TS-1 and TBHP T = 80 ◦C, t = 180 min 96 [16]

Model oil (BT, T, DBT) Copper phthalocyanine molecular
sieve/HZSM-5 and O2

T = 60 ◦C, t = 180 min T = 93, BT = 91,
DBT = 87 [17]

Gas oil HCOOH and H2O2 T = 50 ◦C, t = 46 min 96 [18]
Crude oil CH3COOH and H2O2 T = 90 ◦C, t = 15 min 77 [19]

Upgrading of tire pyrolysis oil into heating oil through ODS was carried out by
Ahamad et al. [5]. They reported the best desulfurization activity with hydrogen peroxide–
acetic acid mixture. A mixture of hydrogen peroxide and formic acid was also found to
be effective for ODS of tire pyrolysis oil [20]. Al-Lal et al. [21] desulfurized tire pyrolysis
oil with 8700 ppm of sulfur under ultrasound using a formic acid and hydrogen peroxide
combination at 70 ◦C for 30 min. They succeeded in removing 53% of the sulfur from the
tire pyrolysis oil. A mixture of pyrolysis char, formic acid, and hydrogen peroxide was
used for the ODS of the naphtha fraction of tire pyrolysis oil by Bunthid et al. [6]. The char
was found to be effective for desulfurization through adsorption and oxidation.



Reactions 2021, 2 459

Mesoporous materials such as MCM-41 and SBA-15 are often used as catalyst supports
as they have a high specific surface area (up to 1000 m2/g) and wide pores (∼4 nm) for
the adsorption of bulky molecules. Polikarpova et al. [22] studied the ODS of model and
real fuels over molybdenum, tungsten, and vanadium oxides supported on mesoporous
silica MCM-41. A study by Sikarwar et al. [23] proved that Mo/MCM-41 can be a potential
catalyst for the ODS of DBT from liquid fuels. Similarly, SBA-15 loaded with molybdenum
oxide was found to be an effective catalyst for oxidative desulfurization [24].

Mesoporous alumina as a catalyst support was prioritized over other supports due to
its stable pore structures, easy preparation, and low cost [25,26]. Similarly, mesoporous
TUD-1 support has been considered a valuable catalyst carrier due to its tunable textural
properties, high stability, and the possibility of the substitution of several metals in its
framework [27]. It has been found that the incorporation of titanium in microporous and
mesoporous silica supports can promote oxidation due to its Lewis acid character [28,29].
Oxidative desulfurization of petroleum crudes was studied over supported and unsup-
ported heteropoly acid catalysts [30,31]. However, research on ODS of tire pyrolysis oil
over heteropolyacid catalysts is limited in the literature. Moreover, catalysts supported on
mesoporous Ti-Al2O3 and Ti-TUD-1 have not been studied for the oxidative desulfurization
of tire pyrolysis oil. In this study, two different series of heteropoly molybdic acid-loaded
catalysts were prepared based on Ti-Al2O3 and Ti-TUD-1 supports. The impact of titanium
substitution in both supports on ODS was investigated. Efficiencies of various oxidants
such as H2O2, cumene hydroperoxide, and tert-butyl hydroperoxide were studied for ODS
tire pyrolysis oil. An ANOVA statistical analysis was carried out with optimal catalysts
and oxidants to investigate the significance of process parameters.

2. Materials and Methods
2.1. Synthesis of Ti-Al2O3 Supports and HPMo Supported Catalysts

Titania-incorporated mesoporous Al2O3 supports were prepared by following the
synthesis method mentioned in the literature with few modifications [32]. The chemicals
used were Pluronic F127, ethanol (EtOH), isopropanol (iPrOH), aluminum tert-butoxide
(C12H27AlO3), titanium isopropoxide (C12H28O4Ti), and water (H2O). These chemicals
were combined as discussed below following a molar ratio of 1 C12H27AlO3:1 F127:8 EtOh:6
iPrOH:2 H2O in addition to titanium isopropoxide based on the required Ti/Al molar
ratio. Typically, an appropriate amount of Pluronic F127 was dissolved in a mixture of
ethanol and isopropanol under continuous stirring at 50 ◦C, which was followed by the
addition of aluminum tert-butoxide. The resulting solution was then stirred for about
30 min, and then the required amount of titanium isopropoxide was added dropwise and
stirred for 30 min. Finally, the calculated quantity of water was added dropwise and stirred
for another 15 min. The resultant gel was kept overnight at room temperature. The gel was
transferred into an autoclave and heated at 80 ◦C for 48 h. After hydrothermal treatment,
the resulted material was filtered and then calcined in a muffle furnace at 550 ◦C for 6 h to
remove the F127 surfactant. A series of titania-incorporated mesoporous Al2O3 supports
with Ti/Al of 0, 0.0125, 0.025, and 0.05 was prepared by this one-pot synthesis approach.
Heteropolymolybdic acid (HPMo)-loaded Ti-Al2O3 catalysts were prepared by an incipient
wet impregnation technique. The prepared supports were loaded with 20 wt% of HPMo
using methanol solution of phosphomolybdic acid. The loaded support was dried for 6 h
at 100 ◦C and calcined at 400 ◦C for 2 h with a ramp rate of 1 ◦C/min. The final catalysts
are labeled as HPMo/Ti-Al2O3(X), where X represents the molar ratio of Ti/Al.

2.2. Synthesis of Ti-TUD-1 Supports and HPMo Supported Catalysts

Titania-incorporated TUD-1 supports were synthesized by the sol-gel method men-
tioned in the literature with minor changes [33]. Typically, 20 g of tetraethyl orthosilicate
was added to the required amount of titanium butoxide and stirred for 15 min. To this
mixture, 14.3 g of triethanolamine was added and vigorously stirred for 1 h, and then 5 g
of deionized water was added dropwise under stirring for another 30 min. Finally, 13 g



Reactions 2021, 2 460

of tetraethylammonium hydroxide solution (35 wt% in H2O) was added and stirred for
another 2 h. A gel was formed which was aged at 30 ◦C for 24 h. The resultant mixture
was dried at 100 ◦C for 24 h. After drying, the material was subjected to hydrothermal
treatment in an autoclave at 200 ◦C for 6 h and calcined at 600 ◦C for 6 h with a ramp rate of
1 ◦C/min. Based on this procedure, four different TUD-1 supports with Ti/Si of 0, 0.0125,
0.025, and 0.05 were prepared. For the preparation of Ti-TUD-1 catalysts, the prepared
supports were loaded with 20 wt% of HPMo using phosphomolybdic acid. Typically, a
required amount of methanol solution of phosphomolybdic acid hydrate was added to
TUD-1 support. The mixture was dried at 100 ◦C for 4 h and then calcined in a muffle
furnace at 400 ◦C for 2 h with a ramp rate of 1 ◦C/min. The catalysts prepared based on
TUD-1 are denoted as HPMo/Ti-TUD-1(X), where X is the Ti/Si molar ratio.

2.3. Supports and Catalysts Characterization

The textural properties such as surface area, pore volume, and pore diameter of
the Ti-Al2O3 and Ti-TUD-1 supports and their corresponding HPMo-loaded catalysts
were measured using a Micromeritics ASAP 2020 instrument (Micromeritics Instrument
Corporation, Norcross, GA, USA). Before analysis, all the samples were degassed at 200 ◦C.
The surface area was calculated from adsorption-desorption of nitrogen at −196 ◦C by the
multipoint Brunauer–Emmett–Teller (BET) method. The pore volume was calculated by
the amount of N2 adsorbed at the condition P/Po = 0.95. The pore diameter and pore size
distribution were determined using the Barret–Joyner–Halenda (BJH) method [34].

Fourier transform infrared spectroscopy with pyridine (Pyridine FTIR) as a probe
molecule was used for differentiating Lewis and Brønsted acid sites of catalysts. The
catalyst sample was exposed to pyridine vapors and then degassed at 70 ◦C to remove
residual pyridine and then the spectroscopic study was done in a Bruker Vertex 70 FTIR
spectrometer (Bruker Corporation, Billerica, MA, USA). NH3-temperature-programmed
desorption (NH3-TPD) study was carried out in a ChemBET-3000TPR/TPD analyzer
(Quantachrome, Boynton Beach, FL, USA). In a quartz U tube, 40 mg of the sample was
degassed 300 ◦C under the flow of helium for 30 min. The degassed sample was purged
with 15% NH3 in He at 100 ◦C. TPD profile was obtained by heating the sample at a ramp
rate of 10 ◦C/min from 100 to 650 ◦C.

XRD analysis was performed in the wide-angle range (2θ = 10 to 90◦) with a Bruker
AXS D8 diffractometer (Bruker Corporation, Billerica, MA, USA) using a high-intensity
radiation source of Cu Kα generated at 40 kV and 40 mA with λ = 0.15406. The scanning of
every sample was performed at a rate of 3◦ per min. The X-ray photoelectron spectroscopy
(XPS) data were obtained using a AXIS Supra system (Kratos Analytical, Manchester, UK)
equipped with a 500-mm Rowland circle monochromated Al K-α (1486.6 eV) source. The
high-resolution scans of several regions were obtained using 0.05 eV steps and a pass
energy of 20 eV. The data was processed with Casa XPS software.

2.4. Catalytic Oxidative Desulfurization

Preliminary catalyst screening tests were conducted using light gas oil (LGO) due to
the limited availability of tire pyrolysis oil. LGO had a sulfur content of 0.6 wt%, which
is similar to the sulfur content of tire pyrolysis oil. The catalyst screening experiments
were performed in a 250-mL Parr batch reactor. The most active catalyst in each series
was applied for ODS of tire pyrolysis oil with a sulfur content of 0.72 wt%. The efficiency
of different oxidants, namely, hydrogen peroxide, cumene hydroperoxide, and tert-butyl
hydroperoxide, was evaluated over the best catalyst. In a typical catalytic ODS run, after
completion, the reactor was cooled down to room temperature, and all the gases were
vented out. The biphasic reaction mixture was filtered to remove the catalyst, and then
aqueous and oil phases were separated using a separating funnel. The oxidized sulfur
compounds from the oil phase were removed by solvent extraction using methanol. The
ODS product sample was analyzed for sulfur using the Antek 9000 N/S analyzer as per
the ASTM 5453 method. The aqueous phase was analyzed for molybdenum by Thermo
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Scientific iCAP 7000 series ICP-OES spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA).

2.5. Process Parameter Optimization

The impacts of process conditions on ODS of tire pyrolysis oil were investigated over
an optimal catalyst. The process conditions were optimized using the central composite
design (CCD) in Design Expert® software (version 6.0.11, State-Ease Inc., Minneapolis, MN,
USA). As given in Table 2, the run temperature, amount of catalyst, and oxidant/sulfur
(O/S) molar ratio were varied in the range: 35–70 ◦C, 5–13 wt%, and 3–10, respectively, in
a set of 20 experiments. The feed amount and reaction time were kept constant at 40 g and
2 h, respectively.

Table 2. Design of experiment for process optimization.

Run O/S (Molar Ratio) Temperature (◦C) Amount of Catalyst in Oil (wt%)

1 3.0 35.0 13.0
2 6.5 52.5 9.0
3 6.5 52.5 15.7
4 3.0 35.0 5.0
5 10.0 35.0 13.0
6 6.5 81.9 9.0
7 10.0 70.0 13.0
8 0.6 52.5 9.0
9 6.5 52.5 2.3
10 6.5 52.5 9.0
11 12.4 52.5 9.0
12 6.5 23.1 9.0
13 6.5 52.5 9.0
14 6.5 52.5 9.0
15 6.5 52.5 9.0
16 10.0 35.0 5.0
17 10.0 70.0 5.0
18 3.0 70.0 5.0
19 3.0 70.0 13.0
20 6.5 52.5 9.0

3. Results and Discussion
3.1. Catalyst Characterization

The wide-angle XRD spectra depicted in Figure 2 show the fingerprint of Keggin-
type phosphomolybdic acid in the HPMo/Ti-TUD-1 type catalysts [35]. These Keggin ion
peaks are absent in the HPMo/Ti-Al2O3 catalysts. The basic OH groups of Al2O3 in the
Ti-Al2O3 support are known to interact with phosphomolybdic acid and depolymerize the
polyoxometallate (Keggin) anion [36]. Due to depolymerization, the Keggin structure of
phosphomolybdic acid is not preserved on the Ti-Al2O3 support, unlike Ti-TUD-1. The
XRD pattern of the catalysts does not show characteristic peaks of bulk TiO2. The absence
of titania peaks in XRD indicates the non-existence of bulk TiO2 species (anatase, rutile) on
the supports.

The nitrogen adsorption-desorption isotherms of HPMo/Ti-Al2O3 and HPMo/ Ti-
TUD-1 catalysts are shown in Figure 3. Both types of catalysts show the Type IV isotherm
with an H1 hysteresis loop that is characteristic of mesoporous materials. Textural prop-
erties such as the BET surface area, pore volume, and BJH pore diameter of the supports
and their respective catalysts as determined by N2 physisorption are given in Table 3. The
loading of the phosphomolybdic acid reduces the surface area and pore volume of supports
significantly due to the filling of mesopores by the Keggin anion (large cluster of twelve
MO6 octahedra), which has a kinetic diameter of around 1.2 nm [37].
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Table 3. Textural properties of supports and catalysts.

Sample ID
BET Surface

Area
(m2/g)

Pore
Volume
(cm3/g)

BJH Pore
Diameter

(nm)

Total Acid
Sites

(mmol/g)

Ti-Al2O3
(Ti/Al = 0) 361 1.4 10.1 -

Ti-Al2O3
(Ti/Al = 0.0125) 387 1.9 14.0 -

Ti-Al2O3
(Ti/Al = 0.025) 374 1.8 14.4 -

Ti-Al2O3
(Ti/Al = 0.05) 388 1.7 12.9 -

HPMo/Ti-Al2O3
(Ti/Al = 0) 279 0.9 9.4 0.317

HPMo/Ti-Al2O3
(Ti/Al = 0.0125) 310 1.3 13.4 0.361

HPMo/Ti-Al2O3
(Ti/Al = 0.025) 280 1.3 14.1 0.393

HPMo/Ti-Al2O3
(Ti/Al = 0.05) 271 1.2 12.2 0.407

Ti-TUD-1
(Ti/Si = 0) 356 1.8 25.1 -

Ti-TUD-1
(Ti/Si = 0.0125) 352 1.9 21.7 -

Ti-TUD-1
(Ti/Si = 0.025) 432 1.5 14.0 -

Ti-TUD-1
(Ti/Si = 0.05) 608 1.3 7.8 -

HPMo/Ti-TUD-1
(Ti/Si = 0) 234 1.5 26.9 0.309

HPMo/Ti-TUD-1
(Ti/Si = 0.0125) 254 1.7 22.1 0.334

HPMo/Ti-TUD-1
(Ti/Si = 0.025) 358 1.3 12.7 0.438

HPMo/Ti-TUD-1
(Ti/Si = 0.05) 406 0.9 7.4 0.442
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The NH3 temperature-programmed desorption study was carried out to quantify the
total acidity of HPMo/Ti-TUD-1 and HPMo/Ti-Al2O3 catalysts. The total acidity of each
catalyst is given in Table 3. In each series, the amount of acid sites is gradually increasing
with an increase in the Ti content of catalysts. Lewis and Brønsted acidic sites of catalysts
were determined by pyridine FTIR analysis and spectra are shown in Figure 4. Pyridine
adsorption on HPMo/Ti-Al2O3 and HPMo/Ti-TUD-1 series results in bands at 1448, 1539,
1488 cm−1, which are characteristic of Lewis acid (LA), Brønsted acid (BA), and overlap
of Brønsted and Lewis acid sites, respectively [34]. The pyridine FTIR study confirms
that HPMo/Ti-Al2O3 and HPMo/Ti-TUD-1 catalysts contain both Brønsted and Lewis
acid sites.
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Figure 4. Pyridine-FTIR spectra of (a) HPMo/Ti-Al2O3 and (b) HPMo/Ti-TUD-1 catalysts.

X-ray photoelectron spectroscopy was performed to study the coordination environ-
ment and oxidation states of Ti in HPMo/Ti-Al2O3 and HPMo/Ti-TUD-1 catalysts. The
Ti 2p core-level spectra of HPMo/Ti-TUD-1and HPMo/Ti-Al2O3 catalysts are shown in
Figure 5. Generally, the framework and non-framework Ti species exist in the tetrahe-
dral and octahedral coordination, respectively. The binding energies at 458.4 and 464 eV
are associated with 2p3/2 and 2p1/2 orbital spin electrons of tetrahedral coordinated Ti
(IV) species [37]. The intensities of these peaks are increasing with the Ti loading and
appear predominant for the Ti/Si(Al) ratio of 0.05. The XPS result confirms the successful
substitution of Ti in the Al2O3 and TUD-1 frameworks.
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3.2. Catalyst Screening for Oxidative Desulfurization

The catalyst screening experiments were performed using light gas oil and hydrogen
peroxide oxidant and the sulfur removal activities of both series are shown in Figure 6.
The desulfurization trend confirms that the Lewis acidity associated with Ti influences
the removal of sulfur by promoting the oxidation activity of HPMo. In both series, the
promotion effect of Ti reaches its optimum when the Ti/Si(Al) ratio is 0.025. A similar
promotional effect of Ti on the ODS activity of HPMo with heavy gas oil was observed
in our earlier study [37]. The optimum catalysts of both series, which were identified in
ODS of LGO were tested for ODS of tire pyrolysis oil. As shown in Figure 7, HPMo/Ti-
TUD-1(0.025) shows better ODS activity than HPMo/Ti-Al2O3 (0.025) with the highest
sulfur removal efficiency of 45.2% in tire pyrolysis oil. The loading of HPMo on Ti-Al2O3
support does not promote the ODS activity. As evidenced by XRD, the interaction of Al2O3
with HPMo depolymerizes polyoxometallate anion, as a result, the Keggin structure of
phosphomolybdic acid is not preserved on the Ti-Al2O3 support, unlike Ti-TUD-1, and
thus, the loading of HPMo on the Ti-Al2O3 support does not promote ODS activity.
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Figure 7. ODS of tire pyrolysis oil over HPMo/Ti-Al2O3 (0.025) and HPMo/Ti-TUD-1(0.025) cata-
lyst/feed = 0.05; T = 70 ◦C; oxidant = 30% H2O2; H2O2/S = 10; t = 2 h; and stirring rate = 550 rpm.

The ODS activity of HPMo/TUD-1 catalyst dropped significantly when the feedstock
was switched from light gas oil to tire pyrolysis oil. This is due to the differences in the
composition of sulfur compounds among these feedstocks. The ODS reactivity order is
as follows: dibenzothiophene > benzothiophene > thiophene [38]. The hydrodesulfur-
ization reactivity is in the reverse order of ODS. The light gas oil used in this study was
hydrodesulfurized and thus contains mostly dibenzothiophene-type sulfur compounds,
which are refractory to hydrodesulfurization but highly reactive for ODS. On the other
hand, the tire pyrolysis oil (not treated for hydrodesulfurization) contains all types of sulfur
compounds (both ODS reactive and ODS unreactive sulfur compounds).

Among the prepared catalysts, HPMo/Ti-TUD-1(0.025), which had maximum desul-
furization activity with tire pyrolysis oil, was used to investigate the efficiency of various
oxidants at an oxidant to sulfur molar ratio of 10. During the ODS process, the oxidant
provides oxygen to sulfur to form sulfone and sulfoxide. Oxidants such as hydrogen
peroxide, cumene hydroperoxide, and tert-butyl hydroperoxide (TBHP) were screened for
the ODS of tire pyrolysis oil. A blank experiment was also conducted without an oxidant.
As shown in Figure 8, hydrogen peroxide and cumene peroxide were found to be better
oxidants than tert-butyl hydroperoxide for the ODS of tire pyrolysis oil. Generally, TBHP
is a stronger oxidant than H2O2. However, the efficiency of an oxidant in an ODS reac-
tion over a mesoporous catalyst depends on its diffusion rate through mesopores and its
ability to interact with the Mo = O of heteropoly acid to form hydroperoxymolybdate [37].
Since TBHP is bulkier than H2O2, its diffusion ability through its mesoporous structure
and its rate of hydroperoxymolybdate formation are expected to be slower than H2O2.
Among cumene peroxide and hydrogen peroxide, the latter is less expensive and is used
for further studies.
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catalyst/feed ratio = 0.05; T = 70 ◦C; oxidant/S = 0; t = 2 h; and stirring = 550 rpm.

3.3. Optimization of ODS Parameters

HPMo/Ti-TUD-1(0.025) catalyst and hydrogen peroxide were used for the parameter
optimization study. Three-dimensional graphs were plotted to determine the effects of
interactions between two parameters while keeping the third parameter constant at its mid-
value. The effects of temperature, the amount of catalyst in oil, and the oxidant/sulfur (O/S)
molar ratio are shown in Figure 9. Figure 9a shows a significant increase in desulfurization
when the amount of catalyst and the O/S ratio are increased to their mid-values. Figure 9b
displays that temperature and catalyst amount moderately influence desulfurization. In
Figure 9a,c significant enhancement in desulfurization is noticed when the O/S ratio
is increased from three to six. The central point coordinates in the 3D plots represent
the corresponding optimum parameter values. In this study, the HPMo/TiTUD-1 (0.025)
catalyst showed its highest desulfurization of 44.3% when the temperature, catalyst amount,
and O/S ratio were kept at 50 ◦C, 8 wt%, and 6, respectively. Typically, ODS requires two
moles of oxidant for one mole of sulfur. In this study, the optimum oxidant to sulfur ratio
was found to be six. This suggests that the oxidation of unsaturates also occurred under
the reaction conditions. To confirm this, the olefin hydrogen content of feedstock and the
ODS product oil was determined by 1H-NMR. The olefin hydrogen content of the ODS
product oil was significantly lower than that of the feedstock, evidencing the consumption
of hydrogen peroxide by olefins. As given in Table 4, the ODS activity of HPMo/Ti-TUD-1
is comparable with other reported catalysts for the desulfurization of tire pyrolysis oil.
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Table 4. Comparison of HPMo/Ti-TUD-1 catalyst for ODS of tire pyrolysis oil with other reported
catalysts.

Sulfur Content of
Tire Pyrolysis Oil

(wt%)
Catalyst System Desulfurization

(wt%) Reference

1 H2O2-acetic acid 50 [5]
1.4 H2O2-formic acid 40 [39]

0.87 H2O2-formic acid 53 [21]
1.2 S-ZrO2/SBA-15 -hydrogen peroxide 59 [40]
0.7 H2O2 and HPMO/Ti-TUD-1 catalyst 45.2 Current work

An analysis of variance (ANOVA) was conducted to evaluate the impacts of process
parameters such as temperature, the O/S molar ratio, and the catalyst amount on sulfur
removal. The ANOVA results are given in Table 5. The statistical significance of the model
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was established by the F-test and p-test. The model has F and p values of 9.12 and 0.0009,
respectively. These values mean that the model has a high level of fit to experimental data.
The p-values of <0.05 and F-values of >1.0 indicate that independent variables A and C
and quadratic parameter A2 are significant. F-values of individual variables show that the
reaction temperature is a statistically less significant factor for the removal of sulfur during
the ODS of tire pyrolysis oil.

Table 5. ANOVA for ODS of tire pyrolysis oil over HPMo/Ti-TUD-1(0.025) catalyst.

Source Sum of Squares df Mean Square F Value p-Value

Model 638.34 9 70.93 9.12 0.0009
A—O/S 422.28 1 422.28 54.33 <0.0001
B—Temp 18.31 1 18.31 2.36 0.1558
C—Cat/Oil 47.55 1 47.55 6.12 0.0329

AB 12.30 1 12.30 1.58 0.2370
AC 27.16 1 27.16 3.49 0.0911
BC 9.68 1 9.68 1.25 0.2905
A2 94.15 1 94.15 12.11 0.0059
B2 0.04 1 0.04 0.01 0.9417
C2 10.15 1 10.15 1.31 0.2797

A regression analysis of the experimental results showed the best fit to the second-
order polynomial shown in Equation (1) for predicting the sulfur removal performance of
the HPMo/Ti-TUD-1(0.025) catalyst:

Sulfur removal (%) = 39.08 + 5.56A + 1.16B+ 1.87C + 1.24AB − 1.84AC − 1.10BC − 2.56A2 + 0.06B2 − 0.84C2 (1)

3.4. Kinetics of the ODS of Tire Pyrolysis Oil

The ODS of tire pyrolysis oil is classified as a three-phase heterogeneous reaction as it
includes the oil phase (tire pyrolysis oil), the aqueous phase (aqueous hydrogen peroxide),
and the solid phase (catalyst) [41]. The external mass transfer effects are assumed to
be negligible in this study due to a high rate of stirring. The ODS reaction is shown in
Figure 10, where the transfer of oxygen from hydrogen peroxide to sulfur compounds is
facilitated by a catalyst to form sulfone and sulfoxide. The reaction mechanism of ODS
over HPMo/Ti-TUD-1 was discussed in detail in our previous publication [37].
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Figure 10. Oxidation reaction pathway of sulfur compounds.

Since hydrogen peroxide is used in excess for ODS, the reaction kinetic is assumed
as the zero-order to an oxidant [41,42]. The kinetics of oxidative desulfurization reaction
over mesoporous catalysts were studied by Chamack et al. [43]. The oxidation of sulfur
into sulfone was found to be a rate-controlling step. The heat transfer and mass transfer



Reactions 2021, 2 469

limitations were assumed to be negligible. The surface reactions are shown in Equations (2)
and (3):

C + ∗
kads



kdes
C∗; reversible adsorption on a catalytic surface (2)

C∗ k1→ CO + ∗; rate− limiting step surface reaction (3)

where C = the sulfur compound in tire pyrolysis oil, * refers to an activated surface site
that adsorbs C and produces C*, and k1, kdes, and kads correspond to the rate constants for
surface reaction, desorption, and adsorption, respectively. As shown in Equation (3), C* is
converted to CO, which is the rate-limiting step. The rate of reaction (r) could be expressed
by considering the Langmuir–Hinshelwood mechanism as:

r = k1 [C*] (4)

With the steady-state approximation, the concentration of activated intermediate is in
accordance with the Equation (5) as follows:

[C*] = kads [C] [*]/(kdes + k1) (5)

If the rate constant is defined as shown in Equation (6):

[k] = k1 kads [*]/(kdes + k1) (6)

then the rate equation is equal to the following Equation (7):

r = k [C] (7)

So, it can be seen that the ODS reaction is pseudo-first-order to [C]. If [C]0: concentra-
tion of C at t = 0 and [C]t: concentration of C at t = t, the reaction rate constant (k) can be
expressed by Equation (8):

ln ([C]0/[C]t) = kt (8)

The plot of ln ([C]0/[C]t) versus the reaction time provides the rate constant. In this
study, the kinetic of the ODS of tire pyrolysis oil was explored over HPMo/TiTUD-1 (0.025)
catalyst at different run times: 15, 30, 60, and 120 min. The plot of ln ([C]0/[C]t) versus the
run time is shown in Figure 11. The kinetic data fit well to the pseudo-first-order kinetic
rate. The previous studies on the catalytic oxidation of sulfur compounds of fuel oils have
reported that ODS typically follows the pseudo-first-order reaction [37,44].
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3.5. Catalyst Reusability 

Figure 11. Pseudo-first-order kinetics of ODS runs with HPMo/Ti-TUD-1(0.025) catalyst; cata-
lyst/feed ratio = 0.05; T = 70 ◦C; oxidant, 30% H2O2; H2O2/S = 10; and stirring = 550 rpm.
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3.5. Catalyst Reusability

The reusability study was conducted to foresee the economic feasibility of the ODS
of tire pyrolysis oil with HPMo/TiTUD-1 (0.025) catalyst. The spent catalyst was washed
with toluene, dried in the oven at 100 ◦C for 1 h, and then calcined at 500 ◦C. The catalyst
was regenerated after each run. The reusability was tested three times at the optimized
condition. The fresh, first-time recycled, second-time recycled, and third-time recycled
catalysts showed desulfurization of 45.2, 43, 41 and 38 wt%, respectively. The sulfur
removal efficiency of the HPMo/TiTUD-1 (0.025) catalyst gradually dropped by 4–6 wt%
after each use. This is due to the leaching of molybdenum Keggin ions from the surface
of TUD-1 by aqueous hydrogen peroxide. The leaching of Keggin ions is verified by
comparing the XRD patterns of the spent catalyst after first and third regenerations with the
fresh catalyst. As it can be seen from Figure 12, all the characteristic peaks of molybdenum
Keggin ions gradually decrease after each regeneration, evidencing the leaching of HPMo.
To confirm HPMO leaching, ICP analysis of the aqueous phase of each reusability run was
carried out. The presence of 2000–2500 ppm of Mo in the aqueous phase of all three recycle
runs evidences the gradual leaching of HPMo by 30% aq H2O2.
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Figure 12. XRD of spent catalyst HPMo/Ti-TUD-1(Ti/Si = 0.025) after regeneration.

4. Conclusions

Phosphomolybdic acid-loaded titania-incorporated mesoporous Al2O3 and TUD-1
catalysts were successfully prepared and evaluated for the catalytic oxidation desulfu-
rization of tire pyrolysis oil at mild process conditions. The XRD results substantiate
that HPMo retained its Keggin structure in the TUD-1-supported catalysts, whereas it
suffered decomposition in the Al2O3-supported catalysts. The XPS characterization re-
sults evidenced the successful incorporation of Ti into the Al2O3 and TUD-1 frameworks.
The Pyridine FTIR results authenticated the presence of both Brønsted and Lewis acid
sites in HPMo/Ti-Al2O3 and HPMo/Ti-TUD-1 catalysts. Titanium evidenced a promo-
tional effect on the ODS activity of phosphomolybdic acid. Between the two series of
catalysts, HPMo/Ti-TUD-1(0.025) was found to be the most active catalyst for the ODS
of tire pyrolysis oil. As per the ANOVA statistical study, the reaction temperature was
found to be a less significant factor than the concentrations of oxidant and catalyst for
promoting the ODS of tire pyrolysis oil. The sulfur oxidation on HPMo/Ti-TUD-1(0.025)
followed the pseudo-first-order kinetics. The results of the catalyst regeneration study
show that the catalyst can be reused at least three times with a marginal loss in sulfur
removal efficiency.
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