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Abstract: A highly dispersed nickel phosphide catalyst supported on SBA-15 was prepared and
tested for the hydrotreating of tire pyrolysis oil (TPO). Physicochemical properties of the prepared
catalyst were analyzed by CO uptake chemisorption, BET, TEM, and X-ray diffraction (XRD). An
advanced technique with gas chromatography equipped with mass spectrometry and atomic emission
detector was applied to investigate carbon-, sulfur-, and nitrogen-containing compounds in TPO.
Hydrotreating tests were carried out in a fixed-bed continuous flow reactor at 350 °C, 3.0 MPa, and
LHSV of 0.5 h~ 1. The Ni,P/SBA-15 exhibited an HDS conversion of 89.3% and an HDN conversion
of 60.7%, which was comparable to the performance of a commercial NiMoS catalyst under the
same conditions.
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1. Introduction

Global waste generation has grown steadily around the world, with 2 billion tons
of municipal solid waste produced annually [1]. In particular, as concerns of massive
waste tires rise, a chemical recycling technology for them has been extensively studied to
overcome the environmental and economic issues [2,3]. Among the chemical recycling
processes of waste tires, pyrolysis gives a high yield of oil, up to 38%, at moderate tempera-
tures of around 500 °C [4,5]. The tire pyrolysis oil (TPO) has been regarded as a sustainable
energy resource owing to a large amount of aromatics, olefins, and other substances, which
can be used as valuable chemicals [6-8]. In particular, its high HHV (37-44 M]/kg) led the
way in the use of alternative fuels such as gasoline and diesel. However, TPO cannot be
directly used as a fuel due to the high content of sulfur and nitrogen compounds derived
from the synthesis processes of rubbers [3,8-10].

Catalytic hydrotreating is a promising process to produce usable liquid fuels with
simultaneous eliminations of sulfur and nitrogen in the presence of Hj. Transition metal
sulfide catalysts (NiMoS and CoMoS) have been commercially applied due to their hy-
drogenation ability in the hydrodesulfurization (HDS) and hydrodenitrogenation (HDN)
processes [11-13]. Recently, numerous studies of transition metal phosphide catalysts
have been considered as a potential candidate, showing high stability and resistance to
aromatics and nitrogen-containing species [14-17]. However, metal phosphide catalysts
have not yet been applied to the hydrotreating of TPO. Furthermore, although a number of
studies for the hydrotreating of TPO have been reported [18-20], they did not provide a
molecular-level qualitative analysis due to the complexity of TPO’s components, which
require high-performance analysis equipment.

In the present study, a highly dispersed nickel phosphide supported on SBA-15 was
prepared, and its activity of TPO hydrotreating was investigated for the first time. The
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activity was compared with a commercially available NiMoS catalyst, demonstrating Ni, P
as a potential catalyst for hydrotreating TPO. Furthermore, an advanced technique was
applied to investigate the carbon-, sulfur-, and nitrogen-containing compounds in TPO
and HYD products.

2. Results and Discussion
2.1. Characterizations of the Supported Nickel Phosphide Catalysts

Table 1 summarizes the physicochemical properties of the prepared samples. The BET
surface areas of Ni,P/SBA-15 and Ni,P/SiO, were 687 and 124 m? g_l. After loading,
the existence of metal phosphide and remaining phosphorus on the support led to a
decrease in the surface area. The CO uptakes of Ni,P/SBA-15 and NipP/SiO, were 84.3
and 71.2 pumol g_l.

Table 1. Physicochemical properties of supported Ni,P catalysts.

BET Surface Area CO Uptake Crystallite Size ?
Sample 1 -1
/m* g /mol g /nm
SBA-15 687 - -
Ni,P/SBA-15 340 84.3 3.8
SiO,(EH-5) 200 - -
Ni,P/SiO, 124 71.2 9.1

2 Crystallite size was calculated by Scherrer equation with 111 plane.

Figure 1 shows the XRD patterns of NipP/SBA-15 and Ni,P/SiO; catalysts. The broad
feature centered at 20 = 22° is originated from amorphous silica. Both patterns show
three main peaks at 40.5°, 44.8°, and 47.5°, corresponding to the characteristic peaks of
hexagonal NiyP (space group: P .62m, D2 3 h, Struckturbericht notation: revised C22) [21].
The crystallite sizes were calculated by Scherrer’s equation and presented sizes of 3.8 nm
for NipP/SBA-14 and 9.1 nm for NiP/SiO,, indicating that the Ni,P particles on the
SBA-15 support were more highly dispersed than those on the 5iO; support.

Ni,P/SBA-15

Intensity /a.u.

Ni,P/SiO,

Ni,P
(PDF#74-1385) | || |,

10 20 30 40 50 60 70 80
2 theta /degree
Figure 1. XRD patterns of Ni,P/SBA-15 and Ni,P/SiO; catalysts.

Figure 2 shows the TEM images and particle size distributions of Ni;P/SBA-15 and
NipP/SiO; catalysts. The particle size distributions over 100 particles showed that the
NiyP particles on SBA-15 had a narrow size distribution with an average size of around
5.3 nm, while the Ni,P particles on SiO; had a broad size distribution with an average size
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of around 9.7 nm. This result is in reasonable agreement with the crystallite sizes of Ni,P
determined by XRD in Figure 1.
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Figure 2. TEM images and particle size distributions of NiyP/SBA-15 and NiyP/SiO,.

2.2. Characterizations of the Tire Pyrolysis Oil (TPO)

Tire pyrolysis oil (TPO) distilled at 320 °C was supplied from a refinery in the Re-
public of Korea. The specifications of the TPO used in this study are summarized in
Table 2. The TPO contains 14,500 ppm of sulfur, 4070 ppm of nitrogen, and 41 wt.% of
aromatic compounds (27 wt.% of mono-aromatics, 8 wt.% of di-aromatics, and 6 wt.%
of tri+- aromatics).

Table 2. Composition and properties of tire pyrolysis oil (TPO).

Physical Properties TPO
S/ppm 14,500
N/ppm 4070
Total 41
. Mono 27
Aromatics/wt.% Di 3
Tri+ 6
1BP/20/31 110/150/180
Distillation/°C 44/58/72 210/240/270
80/EP 290/320

To identify each heteroatom-containing compound of TPO, GC/AED (atomic emission
detector) and GC/MS were used. In particular, GC/AED is a powerful technique in the
analysis to assign the heteroatoms in complex oil mixtures because it selectively analyzes
each element. The analyzed results of TPO and assigned compounds are demonstrated in
Figure 3. The major compounds are benzene, toluene, xylene, and their derivatives. It is
especially noteworthy that limonene is the most abundant compound in TPO. These results
are compatible with previous reports [4,8], in which TPOs were observed to contain a
significant amount of naphtha-like fractions along with about 15% limonene. Additionally,
it is clear that the abundant sulfur-containing compounds of TPO are thiophene deriva-
tives and benzothiazole, as shown in Figure 3b. In AED results of nitrogen-containing
compounds (Figure 3b), the three major peaks were observed at the retention times of 7, 15,
and 21 min, corresponding to aniline, benzothiazole, and dimethylquinoline, respectively.
Note that the benzothiazole corresponded to both S- and N-selective analysis. It is reported
that benzothiazole is derived from the vulcanizing accelerator in the form of benzothia-
zole derivatives [7,22]. It is a representative S and N compound for the hydrotreating of
TPO [23].
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Figure 3. Characterization of tire pyrolysis oil by (a) GC/MS and (b) AED.

2.3. Activity Test

Figure 4 shows the AED chromatographs of hydrotreating products at 3.0 MPa, 350 °C,
LHSV of 0.5 h™1, and time on stream of 12 h on NiMoS, Ni,P/SBA-15, and Ni,P/SiO,
catalysts. In the AED analysis of carbon-containing compounds (Figure 4a), the overall in-
tensity of peaks was maintained after the hydrotreating process, but its products exhibited
increased intensity in the peaks at 5-10 min, which are assigned as mono- or di-aromatics.
These results indicate that the di- and tri-aromatics were converted to mono-aromatics. In
the AED analysis of sulfur and nitrogen-containing compounds (Figure 4b), the hydrotreat-
ing products presented a substantial decrease in overall intensity compared to TPO. In the
hydrotreating products, the peak assigned as benzothiazole was completely diminished,
whereas the peaks at around 20-30 min were maintained. In the AED analysis of nitrogen-
containing compounds (Figure 4c), the hydrotreating products displayed a substantial
decrease in overall intensity compared to TPO. The peak assigned to benzothiazole was
completely reduced, while those of aniline and dimethylquinoline remained.
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Figure 4. AED chromatographs of hydrotreating products on NiMoS, Ni,P/SBA-15, and Ni,P/SiO; catalysts at 3.0 MPa,
350 °C, LHSV of 0.5 h™!, and time on stream of 12 h. (a) AED analysis-carbon, (b) AED analysis-sulfur, and (c) AED

analysis-nitrogen.

Table 3 displays a comparison of reactivity of sulfur and nitrogen-containing com-
pounds in TPO at 3.0 MPa, 350 °C, LHSV of 0.5 h~1, and time on stream of 12 h on NiMoS,
Ni,P/SBA-15, and NipP/SiO; catalysts. Total HDS and HDN conversions were obtained
by the ASTM method, and the conversions of main sulfur and nitrogen compounds were
calculated based on the AED intensity in Figure 4. The sulfur and nitrogen compounds
were classified based on the retention time (light S and N (B.P. < 230 °C, R.T. < 15.3 min),
benzothiazole (R.T. = 15.3 min), and heavy S and N (B.P. > 230, R.T. > 15.3 min)) and each
conversion is summarized in Table 3. Additionally, the HDN conversions of three main N
compounds (aniline, benzothiazole and dimethylquinoline) are listed in Table 3. The over-
all activities of HDS and HDN followed the order of NiMoS > Ni,P/SBA-15 > Ni,P/SiO,
at the applied conditions, and the commercial NiMoS catalyst exhibited the highest activity
of around 94.5% total sulfur conversion, and 73% total nitrogen conversion. Furthermore,
there is no significant change in the HDS and HDN conversion at the applied reaction
conditions, as shown in Figure 5. The Ni;P/SBA-15 showed comparable activity with
commercial NiMoS, and higher activity than Ni,P/SiO,, suggesting that highly dispersed
Ni,P particles as confirmed by the results of CO uptakes, TEM, and XRD, led to the en-
hancement of the hydrotreating ability. This result can be explained by the structure of the
NipP catalyst that consists of two Ni sites, tetrahedral Ni(1) sites and square pyramidal
Ni(2) sites. The latter sites responsible for the high catalytic activity in the hydrogenation
are predominant in highly dispersed samples [24,25].

Table 3. Comparison of the reactivity of sulfur and nitrogen-containing compounds.

NiMoS Ni,P/SBA-15 Ni, P/SiO,
Total S 945 89.3 73.0
HDS . Light S 90.8 82.5 57.4
conversion/% Benzothiazole 100 100 100
Heavy S 479 79.9 430
Total N 729 60.7 410
HDN . Light N (Aniline) 78.4 (72.5) 63.8 (58.2) 70.2 (56.9)
conversion/% Benzothiazole 99.5 100 100
Heavy N (Dimethylquinoline) 93.0 (84.3) 90.7 (84.3) 96.9 (93)
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Figure 5. (a) HDS and (b) HDN conversion as a function of time on stream on NiMoS, Ni,P/SBA-15, and Ni,P/SiO,
catalysts at 3.0 MPa, 350 °C, and LHSV of 0.5 h .

In comparing reactivity in sulfur and nitrogen compounds, benzothiazole was the
most reactive compound, with 100% conversion. This result is in accordance with pre-
vious work of hydrotreating scrap tire pyrolysis oil on NiMo catalysts [10]. They re-
ported that benzothiazole was removed entirely, while substituted DBTs substantially
remained in the hydrotreating products. As expected, light sulfur compounds such as
thiophene derivatives showed higher reactivity than heavy sulfur compounds [26]. On
the other hand, the nitrogen compounds had an opposite tendency compared to the light
nitrogen compounds, including aniline, which showed the lowest reactivity among the
nitrogen compounds. Thus, the reactivity of the main nitrogen compounds followed
the order of benzothiazole > dimethylquinoline > aniline, suggesting that the basicity of
the nitrogen compounds significantly affected their reactivity (benzothiazole = 2.5 pKa,
aniline = 4.58 pKa and quinoline = 4.92 pKa). The nitrogen compounds with high basicity
would be strongly adsorbed on the active sites and then limit the surface reaction, resulting
in low reactivity. Apart from the basicity, it is presumable that aniline would be one of the
intermediate products of benzothiazole, resulting in the low conversion of aniline.

Figure 6 shows the aromatic compound distributions of TPO and hydrotreating prod-
ucts, which were analyzed by high-pressure liquid chromatography with fluorescence
detection (HPLC-FD). The TPO used in this study contains 41 wt.% of total aromatics con-
sisting of 27, 8, and 6 wt.% of mono-, di-, and tri+-aromatics, respectively. NiMoS exhibited
similar total aromatics, but a higher concentration of mono-aromatics and lower concentra-
tion of tri+-aromatics than those of TPO, indicating the transformation of poly-aromatics
to mono-aromatics. The supported Ni,P catalysts presented a substantial decrease in
total aromatics and tri+-aromatic resulting from the full hydrogenation of aromatics to
cycloalkane derivatives under the given reaction condition.
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Figure 6. Aromatic compound distributions on NiMoS, Ni,P/SBA-15 and Ni,P/SiO, catalysts at
3.0MPa, 350 °C, LHSV of 0.5 h~!, and time on stream of 12 h.

3. Experimental Section
3.1. Synthesis and Characterization of Supported Nickel Phosphide Catalysts

The supported nickel phosphide catalysts were synthesized by the incipient wetness
impregnation method, as reported in [27]. The SiO,(EH-5) was commercially obtained,
and SBA-15 was prepared by the method reported in [17]. The impregnating solution was
obtained by dissolving Ni(NO3); 6H,O (Alfa Aesar, 98%) and (NH,),HPO4 (Samchun,
99%) in deionized water. The amount of nickel was 1.5 mmol per 1 g of support, and the
initial Ni/P ratio was fixed at 1/2. The supported nickel phosphate precursor was dried at
120 °C overnight and then calcined in the air at 500 °C for 4 h. The resulting precursor was
pelletized and sieved to a size of 650-1180 pum, followed by reduction at 600 °C for 2 h in
H; flow (1000 mL min~! per 1 g of sample). The temperature of reduction was determined
by an H,-TPR measurement, as reported previously [17]. After reduction, the sample was
cooled in He and then passivated in 0.5% O,/He flow at 25 °C for 4 h. A commercial
NiMoS catalyst (TK-607 BRIM) was supplied as a comparison.

X-ray diffraction patterns (XRD) of the prepared phosphide catalysts were measured
with a diffractometer (Bruker D8) operated at 40 kV and 100 mA, using a Cu-K« monochro-
matic X-ray source. HR-TEM images were collected using a JEM-2100F, 200 kV microscope.
Chemisorption uptakes of CO were measured by a pulse injection method using a re-
reduced sample at 550 °C for 3 h in H; flow (100 mL min~!). A Micromeritics ASAP
2010 micropore (Norcross, GA, USA) was used to measure the specific surface area of the
passivated samples using N, adsorption isotherms at 77 K from the linear portion of BET
plots (P/Py = 0.01-0.20).

3.2. Activity Test of Hydrotreating of Tire Pyrolysis-Oil (TPO)

The catalytic activity was tested in a fixed-bed continuous flow reactor at a 3.0 MPa,
350 °C, and liquid hour space velocity of 0.5-1.0 h 1. Prior to the activity test, the passivated
Ni,P catalysts were re-reduced at 350 °C for 2 h under H; flow 100 cm® min—!, and NiMoS
catalyst was pretreated at 300 °C for 2 h under 100 cm3® min~! of 10% DMDS (dimethyl
disulfide)/H,. The tire pyrolysis oil was fed by means of a liquid pump along with
hydrogen flow (100 cm® min~!), and liquid products were collected at 4 h intervals. The
total contents of sulfur and nitrogen in the liquid product were analyzed in an Antek
9000 NS analyzer using the combustion/fluorescence technique. Polycyclic aromatic
hydrocarbons were monitored and quantified by high-pressure liquid chromatography
with fluorescence detection (HPLC-FD). Total sulfur and nitrogen contents were analyzed
in an Antek 9000 NS analyzer. A Hewlett-Packard gas chromatograph (HP6890) equipped
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with an atomic emission detector (G2350A) was used to identify the carbon, sulfur, and
nitrogen-containing compounds in TPO and hydrotreating products.

4. Conclusions

A highly dispersed nickel phosphide catalyst supported on SBA-15 was successfully
prepared and tested for the hydrotreating (HYD) of tire pyrolysis oil (TPO). The activity
tests reveal that Ni;P/SBA-15 displayed comparable activity with commercial NiMoS
catalyst and superior activity to NipP/SiO, in HDS and HDN. Furthermore, it is noted that
benzothiazole, which contains both sulfur and nitrogen, is the most reactive compound in
TPO. A substantial decrease in tri+-aromatic hydrocarbons was observed in all catalysts.
In particular, nickel phosphide catalysts exhibited superior hydrogenation activity for
aromatic hydrocarbons. The analysis by GC-MS and AED demonstrated the carbon-,
sulfur-, and nitrogen-containing compounds in TPO and hydrotreating products.

Overall results of catalytic activity gave an insight into the application of TPO in the
field of chemical industry. The similarity of physical and chemical properties between
hydrotreated TPO and commercial fuel oil would lead to its various practical applications
in the petroleum industry. In particular, the finding of limonene as a major compound has
the potential to expand the use of TPO.

Furthermore, the advanced analysis techniques provide a fundamental aspect in the
hydrogenation of TPO. This can contribute to atomic-level catalyst design to enhance the
selective conversion of a certain compound in TPO.
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