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Abstract

The demand for transportation diesel fuels has been increasing in most countries for the last decade. As is one of the primary
sources for diesel distillates, light cycle oil (LCO), having the advantages of inheriting similar density and boiling point range
to diesel fuels, but high contents of aromatics, sulfur, and nitrogen, needs to be upgraded before being utilized. This work
reports a trinary porous SiO,—Al,05-TiO, (SAT) synthesized by sol-gel method and used as the NiMo catalyst support for
the LCO hydro-upgrading. NiMo/Al,O5-zeolite (AZ) was used as a reference to evaluate the performances of the NiMo/SAT.
The catalysts were characterized by XRD, BET, Pyridine-FTIR, and TEM; and evaluated in a 20-mL fixed-bed microreactor
using a Fluid Catalytic Cracking LCO as feedstock. It was found that the SAT support possessed a high surface area, high pore
volume, and good acid properties. The NiMo/SAT catalyst exhibited even better hydrodesulfurization, hydrodenitrogenation,
and hydrodearomatization performances than NiMo/AZ when the reaction was performed at 375 °C and 1100 psi. Compared
with the zeolite addition catalyst, the SAT catalyst has the advantages of simple synthesis procedures and low input cost.

Keywords SiO,—Al,05-TiO, trinary oxide - Light cycle oil - Sol-gel method - Hydrodesulfurization -

Hydrodearomatization - Hydrodenitrogenation

1 Introduction

The demand for transportation diesel fuels has been increas-
ing in most countries for the last decade. Overall, globally,
the diesel demand increases year by year, from 25.6 Mb/d
(million barrels per day) in 2000, to 28.6 Mb/d in 2017,
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and estimated to 30.8 Mb/d in 2020 [1], but maybe decline
as being affected by COVID-19. For the first 10 months
of 2017, European demand for diesel grew by 2.4% over
2016, the US did by 2%, and China did by 1.5% [2]. Pro-
ducing clean transportation fuel, especially ultra-low sulfur
diesel (ULSD), is of importance in many countries due to
the strict environmental legislation. At present, the allow-
able sulfur content and the aromatics content in diesel fuels
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are restricted to 10 ppm and 7%, respectively, in China.
Compared with gasoline, diesel has the characteristics of
low volatile and high combustion efficiency; therefore, the
demand for diesel has kept an increase. Producing sufficient
high-quality clean fuels is becoming a challenge for the
refineries than ever before. As is one of the primary sources
for diesel distillates, light cycle oil (LCO), has the advan-
tages of inheriting similar density and boiling point range
to diesel fuels, but also the disadvantages of containing too
many undesired components—sulfur/nitrogen compounds,
aromatics, and so on.

In general, hydro-upgrading technology [3] are the most
effective choices for the refinery to produce ULSD. How-
ever, it is difficult to produce ULSD with conventional
hydrotreating catalysts and processes. For example, when the
sulfur content in diesel was reduced from 500 to 50 ppm, the
active amount of the traditional HDS catalyst had to increase
fourfold [4].

We investigated the hydrotreating performances of NiMo,
CoMo, and NiW catalysts supported by alumina-zeolite
(AZ) using both model compounds and a real light cycle oil
(LCO) and found that NiMo bimetallic supported catalyst
is most suitable for LCO hydro-upgrading [3, 5-10]. Add-
ing zeolite into the hydrotreating catalyst greatly enhances
the refractory sulfur compound conversion; however, it
leads to lower product yields as well [5]. Further, the pro-
cedures for synthesis of zeolite are complicated, reulting
in high cost. It was also found that the supports altered the
metal-support interaction (MSI), promoted the dispersion
of the active components, and further improved the cata-
lyst activity [11], which include active carbon, SiO,, TiO,,
MgO, and binary oxides, such as Si0,—Al,05, Al,05-TiO,
[11]. These supports provided the catalysts with good pore
structures, adjustable MSI and tailored acid properties and
further improved the catalyst activity.

MoO; forms the bond with titania only when TiO, is
loaded more than one layer [11]. SiO, has a smaller inter-
action with the sulfided phase and lower activity than the
alumina. Furthermore, pure TiO, or SiO, supports usually
have small specific surface areas compared to alumina, and
it is difficult to impregnate enough metal components on
the catalyst. Therefore, some researchers focus their work
on the binary oxides, such as TiO,—Al,05, Si0,—-Al,0;,
and so on [12, 13]. These binary oxides possessed acidic
properties [14], which enhanced the HDS reaction [12].
With the advantages of homogeneous dispersion of com-
ponents, controllable particle size, and low density, the
sol—gel method was frequently used to synthesize binary
oxides, such as Ti—Si mesoporous materials applied in
water treatment [15], Co-catalysts supported on Si-Ti
in CO oxidation[16], Si/Al-TiO, in the n-heptane dehy-
drogenation to cyclics [17], Pt—Pd/ATS in HDA pro-
cess[18], MoO;-Si0,—Al,0; mixed oxides in light olefin
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metathesis[19], and titania-doped mixed oxide supported
vanadia catalysts in alkane adsorption process [20].

In our previous work, it was found that
Si0,-Al1,05-TiO, (SAT) supported catalyst had efficient
hydrodeoxygenation (HDO) capability [21-24]. In this
study, a trinary porous SAT was synthesized using sol—gel
method. Then an NiMo/SAT catalyst was synthesized for
the LCO hydro-upgrading process. A zeolite-alumina (AZ)
supported NiMo catalyst with good hydrotreating perfor-
mances from our previous work was used as a reference, of
which HDS, HDN, and HDA performances were compared
with those of the NiMo/SAT catalyst using LCO as feed-
stock. Their textural and crystallized properties, the acidic
properties, and the morphology were analyzed by BET,
XRD, Pyridine-IR, and TEM. The purpose of this work is
to upgrade LCO by means of HDS, HDN, and HDA into a
premium diesel blending component over a NiMo catalyst
supported by SAT trinary oxide.

2 Experimental
2.1 Catalyst preparation

The SAT was prepared by the following process: 3%
NH;-H,O was dropped into the TiCl, solution until form-
ing a white precipitate with a pH of around 7. After being
filtrated, the precipitate was washed with distilled water
to remove the C1~ (HNO;, with a concentration of 1.6 M
and an amount of H/Ti at 0.5, was used to neutralize the
suspension) and then the suspension was stirred at 70 °C
until forming a titania sol. Na,SiO; was added into this gel
to form a Ti—Si suspension. The pH was adjusted to 9 with
HNO; followed by adding AI(NO;); to the solution slowly.
It was then stirred at 60 °C and the pH was adjusted to 7
with concentrated NH;-H,O to form a SAT slurry. The
hydrogel was separated, kept for 3 days, dried at 120 °C
overnight, and calcined at 500 °C for 6 h.

NiMo/SAT was prepared by mixing 1.94 g Ni
(NO;),-6H,0, 1.5 g MoOj; and 8 g SAT. The mixture was
extruded, dried and calcined under the same conditions as
the SAT synthesized procedure.

NiMo/AZ (alumina-zeolite) catalyst was prepared using
the same method as our previous publication [5—10]. The
catalyst was prepared by mixing 1.5 g zeolite HY (ammo-
nia exchanged Zeolite CBV-300) with 0.5 g Zeolite beta
(Zeolyst CP814E. The product was then calcined and
hydrothermally treated). Afterwards, it was mixed with
4.0 g alumina, 1.94 g Ni(NO;),-6H,0, and 1.5 g MoO;
with 2.0 g binder (SASOL, CAPAPAL B), which was then
extruded, dried, and calcined.
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2.2 Catalyst characterization

The catalysts were characterized using the same method
as our previous publication [5-10]. The catalyst surface
physical properties were detected by a Quantachrome Auto-
sorb-1. X-ray powder patterns were obtained by a Bruker D8
Advance diffractometer. Pyridine-FTIR were determined by
a Thermo Scientific NICOLET 6700 FT-IR Spectrometer. A
JEOL 2010 STEM was used to test catalyst micro morpholo-
gies and structures.

2.3 Catalyst evaluation

Catalyst evaluation and the product analysis were per-
formed using the same method as our previous publication
[5-10]. The sulfur and nitrogen content of the LCO feed was
14,930 ppm and 140 ppm, respectively. The catalyst stabil-
ity was also evaluated with a 20 mL fixed-bed microreactor.
The hydrogen flow rate was 30 Sccm. Liquid hourly space
velocity (LHSV) was 0.6 h~!. The reaction conditions were
375 °C, 1100 psi; 375 °C, 550 psi; and 300 °C, 1100 psi,
respectively.

A GC/MS and an Agilent GC-450 equipped with an FID
and an PFPD detectors were used to test the compositions
of the hydro-upgrading liquid products. The total nitrogen
and sulfur contents were measured by an Antek NS-9000
according to ASTM D 4629 and ASTM D 4294 standards,
respectively. The simulated distillation results of the feed
and the hydro-upgrading liquid products were obtained by
a GC/FID. The aromatic contents were analyzed according
to ASTM D 6591 standard by an HPLC.

3 Results and discussion
3.1 Catalyst crystal structure and surface properties

Figure 1 shows the XRD pattern of the sulfided NiMo/SAT
and NiMo/AZ catalysts. For the NiMo/AZ, some diffraction
peaks can be found as marked in Fig. 1 [6]. SAT may be
formed as an amorphous structure showing no sharp peaks
on the XRD patterns. For both catalysts, the active compo-
nents, Ni and Mo, are uniform distributed on the catalyst
support as only trace MoS, peaks are shown in Fig. 1.
Figure 2a, b, and ¢ show the pore-size distributions and
the isotherm curves of SAT, NiMo/SAT, AZ, and NiMo/
AZ catalysts. The SAT support shows a three-pore structure
system where their pore sizes are distributed around 4 nm,
6 nm, and 15 nm, respectively. This is associated with the
SAT supports preparation process. Briefly, Ti-Si was formed
first and then SAT was formed later. The small size pore
structure might be formed by the Ti-Si material and middle
size pore structure might be formed by the SAT material.

Count (a.u.)

29 (0)
*: y-ALO3; +: zeolite; and ®: MoS,

Fig. 1 XRD profiles of the sulfided NiMo/SAT and NiMo/AZ cata-
lysts NMSAT-NiMo/SAT, NMAZ-NiMo/AZ

The large pore-structure at the size between 10 and 20 nm
might be formed by the secondary pores structures which
were piled on the initial materials. For the NiMo/SAT cata-
lyst, almost all the pore structures between 10 and 20 nm
were diminished and most of the small pores were reduced,
which was because they were occupied by the NiMo cov-
ering or blocking on the surface or inside the pore struc-
tures. For the NiMo/AZ catalyst, the pore size is distributed
between 3 and 20 nm.

Table 1 lists the surface properties of the SAT, NiMo/
SAT, AZ, and NiMo/AZ. For the SAT, the BET surface area
and pore volume were very high. This is because Si was
coated on the outer surface of the Ti and Al was coated
on the outer surface of the Si—Ti. For the NiMo/SAT cata-
lyst, more than half of the surface area, pore volume, and
micropore volume was diminished, which was caused by the
NiMo supported on the surface or inside the pore structures.

Figure 3 presents the TEM results of the NiMo/AZ and
NiMo/SAT. After sulfidation, one molybdenum atom and
two sulfur atom layers produce a S—-Mo-S sandwich-like
structure and Ni atoms are positioned on the above struc-
ture’s edge. The short lines in Fig. 3 were the MoS, crystal-
line layer. The number of short lines illustrates the number
of MoS, crystalline layers. The length and layer number of
the MoS, crystalline are statistic through over 300 crystal-
lites in different images which are listed in Table 1 [25, 26].
The average length and average slabs number is 6.46 nm and
4.30 for the NiMo/SAT and 5.10 nm and 1.74 for the NiMo/
AZ. Because zeolite supports may have some strong acid
sites, which might have a stronger interaction between metal
and the support than that of the NiMo/SAT, they attract more
NiMo precursors along the surface of the support forming
thinner NiMoS slabs.

Figure 4 shows the Pyridine-FTIR results of the SAT,
NiMo/SAT, AZ, and NiMo/AZ. The acidities of the NiMo/
SAT and NiMo/AZ were calculated when the desorption of
Pyridine at 100 °C, 200 °C, and 300 °C. Lewis or Brgnsted
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a Table 1 Surface properties of NiMo/AZ and NiMo/SAT catalysts
0.12 | I : :
_ SAT Composition SAT NiMo/SAT AZ NiMo/AZ
on
izl N ig’“ SAT Sper! (m¥/g) 3387 2115 5053 239.1
‘:—’ v— NM/AZ Pore volume? (cm3/g) 0.64 0.40 0.41 0.48
E 008 Pore volume® (cm*/g) 0.63 0.37 0.12 0.42
>o 0.06 Average layer length (nm) - 6.46 - 5.10
o U r
E Average layer number - 4.30 - 1.74
%0'04 i 'BET surface area; Single point adsorption total pore volume at p/
% 002 p°=0.99; 3BJH Desorption cumulative volume of pores between
% - r 1.7 nm and 300 nm diameter
k‘_\
0.00 —
" 1 " 1 " [ R
0 10 _ 20 130 140150 acids are defined according to the wavenumbers of the peaks
Pore Diameter (nm) [27]. For the SAT and NiMo/SAT, Lewis acids are the most
b 400 dominant acid types. As our previous publication [22], only
Lewis acids on the SAT catalyst, and the Bronsted acids
- NM/AZ produce v&{hen Mo.O3 loads on SAT. Bronsted acids is the
E 300 L — e AZ most dominant acid type for the AZ catalyst and the total
[75]
o amounts of Brgnsted acid decrease significantly when AZ is
§ loaded by Ni and Mo. Ni and Mo may occupy the Brgnsted
§ 200 acids. The total amounts of acids decreased a little for SAT,
_% but significantly for AZ when NiMo was loaded. NiMo/AZ
i had more Brgnsted and similar Lewis acids compare to that
g 100 - of the NiMo/SAT. Furthermore, more strong acid sites were
g also found in NiMo/AZ, which favor both the cleavage of
the C-S and isomerization of methyl-substituted DBTs [28].
0
1 " 1 " 1 " 1 " 1 " 1
0.0 02 0.4 0.6 0.8 10 3.2 Reaction performances
Relative Pressure (P/Po)
3.2.1 Aromatics hydrogenation (HYD)
C
400 | Figure 5 shows the non-aromatics (NAHs) and aromatics
o —=a—NMSAT (including one-ring aromatics (MAHs), two-ring aromatics
& —e— SAT (DAHs), and three and more ring aromatics (PAHs)) hydro-
mén 300 carbon distributions in the final products. HDA activity
% (according to the increase of the non-aromatics (NAHS))
2200 F decreased in the order NiMo/AZ > NiMo/SAT no mat-
—§ ter what the reaction conditions. Most of the diaromatics
2100 L (67-75%) were converted into monoaromatics and non-aro-
£ matics at 375 °C, 1100 psig, over NiMo/AZ and NiMo/SAT.
= . .
o The amounts of the non-aromatics increased twofold. The
0r results suggest that NiMo/SAT has a relatively high HYD
R e capability—close to that of the NiMo/AZ catalyst.
0.0 02 0.4 0.6 0.8 1.0

Relative Pressure (P/P0)

Fig.2 a Pore size distribution calculated by BJH Adsorption dV/
dlog(D) Pore Volume method NM/SAT-NiMo/SAT; NM/AZ-NiMo/
AZ. b and ¢ The Original N,-physisorption Isotherm Linear Plots
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The morphology of NiMoS affects the HYD ability of
the catalyst. It is easy for HYD to react on the top edges of
MoS, clusters because of less steric hindrance [29, 30]. In
the HYD reaction, it has been found that, compared with
basal-bonded MoS, clusters, edge-bonded MoS, clusters
have superior intrinsic activity [31]. For Al,O; supported by
catalyst, MoS, clusters with low stacking are of HYD-ori-
entation, which is in accordance with the rim-edge model
[29]. For TiO, supported by catalyst, multi-layered MoS,
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Fig.3 TEM images of the

sulfided catalysts
0.40
1 Strong acids
0.35 7 [ |Medium acids
1 Bl W cak acids
0.30

0.25 4

mmol Pyridine(g)
e ©
a3
1 1

0.10

0.05

0.00 -

SAT-L SAT-B

NMSAT-L  NMSAT-B AZ-L AZ-B NMAZ-L NMAZ-B

Catalyst-Acid types

Fig.4 Pyridine-IR results of the SAT, NiMo/SAT, AZ, and NiMo/AZ
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Hydrocarbon distributions (%)
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NiMo/AZ NiMo/SAT NiMo/AZ NiMo/SAT
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0
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375°C, 1100 psig 300°C, 1100 psig

By pradst/]JDAHS[ |MAHS [l NAHS

Fig.5 Saturated and aromatics hydrocarbon distributions in the final
products

a, NiMo/AZ; b, NiMo/SAT

clusters possess higher intrinsic activities than single-layered
MoS, clusters, which is in accordance with the comparison
between Co—Mo—-S(I) and Co—-Mo—S(II) [31]. The analysis
results suggest that multilayered MoS, clusters had more
multi-vacancies than single-layered ones did, facilitating
the adsorption of heavy molecular compounds and their
HYD [31]. In addition, multi-layered Co—Mo-S(II) has rare
electronic interaction with the catalyst support, showing
higher intrinsic activity than single-layered Co—Mo-S(I)
[31]. As shown in Table 1 and Fig. 5, NiMo/SAT catalyst has
more rims sites, less aspect ratio [31], and more multi-lay-
ered MoS,, and shows a comparable HYD ability than that
of NiMo/AZ.

3.2.2 Hydrodesulfurization

Figure 6 shows the hydrodesulfurization results of NiMo/
SAT on a microreactor. The reaction products were detected
by GC-FID. As shown in Fig. 6, For the LCO feed with
14,930 ppm S, the main sulfur species were: benzene-thio-
phene; methyl-(Me-), ethyl-(Et), propyl-(Pr), and butyl-(Bu)
substituted benzene-thiophene; dibenzenethiophene; and
Me-, Et-, Pr-, and Bu-substituted dibenzenethiophene. After
reacting under the condition of 300 °C and 1100 psig, about
75% sulfur was removed. However, dibenzenethiophene and
alkyl-substituted dibenzenethiophene were still unconverted
under this condition. When the reaction occurred under the
condition of 375 °C and 550 psig, most of dibenzenethio-
phene and partial alkyl-substituted dibenzenethiophene
were converted. The sulfur content dropped significantly
from 3470 ppmw sulfur to 1079 ppmw. When the reaction
occurred under the condition of 375 °C and 1100 psig, the
sulfur content was only 470 ppmw. Most refractory sulfur
compounds, such as 4-methyl and some dimethyl-diben-
zenethiophene, were left in the final products.
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Fig. 7 The refractory Sulfur compounds in the final products over the
NiMo/SAT

Figure 7 shows the detailed results of the refractory sulfur
compounds, such as DBT, C,-DBT, C,-DBT, and C;-DBT,
in the final products over the NiMo/SAT catalyst. It is seen
that C;-DBT was the most plentiful sulfur compound in the
feed. When the reaction was performed under the condition
of 375 °C and 1100 psig, the selectivity for the DBTs was
C;-DBT =~ C,-DBT ~ C,-DBT > DBT. Alkyl-substituted
dibenzenethiophene might have more steric hindrance than
that of the non-substituted dibenzenethiophene. When the
reaction was performed under other conditions, the selec-
tivity for the DBTs is C5-DBT > C,-DBT ~C,DBT > DBT.
C;-DMDBT shows slightly higher steric hindrance than that
of the C, and C,-dibenzenethiophene.

Table 2 compares the HDS and HDN performances of
LCO over NiMo/AZ and NiMo/SAT under different reaction
conditions. Normally, HDS reaction is carried out through
two parallel reactions. (a) Direct desulfurization (DDS),
and (b) desulfurization through HYD [32, 33]. For the DDS
pathway, one of the double bonds in the vicinity of the sulfur
atom undergoes partial HYD to form a dihydro-intermediate.
Then, a C-S bond is cleaved by an elimination process to
form an SH group and the second C-S bond is broken to
produce the final desulfurized products. For the HYD path-
way, one aromatic ring of 4,6-DMDBT was hydrogenated to
form a tetrahydromethyl-substituted dibenzothiophene. The
later one eliminates the C—S bond to form final desulfurized
products [34].

Under either low temperature or low pressure, NiIMo/AZ
showed significantly higher HDS activity than the NiMo/
SAT. However, under high temperature and high pressure,
NiMo/SAT shows a slightly higher HDS activity than the
NiMo/AZ. When the H, pressure increased from 550 to
1100 psig, the residual sulfur in the products decreased from
1079 to 470 ppm for the NiMo/SAT and from 612 ppm to the
521 ppm for the NiMo/AZ. NiMo/SAT and NiMo/AZ have
similar HYD ability. When acidic compounds, such as zeo-
lite, are introduced into the NiMo/AZ, they shift the methyl
groups from 4,6-position to the 3, 6 or other positions, which
reduce the steric hindrance between 4,6-DMDBT molecu-
lar and catalyst active sites and thereafter increasing the
HDS reactivity. Therefore, for the NiMo/AZ catalyst under
the condition of 375 °C and 550 psig, the refractory sulfur

Table 2 Sulfur and nitrogen

. Catalysts NiMo/AZ NiMo/SAT

content in the final products

with LCO as feed Temperature (°C) 300 375 375 300 375 375
Pressure (psi) 1100 550 1100 1100 550 1100
S (ppm) 2430 612 512 3470 1079 470
Sulfur removal (%) 83.7 95.9 96.6 76.8 92.8 96.9
N (ppm) 57.3 17.6 54 60.4 24.2 2.3
Nitrogen removal (%) 82.7 87.4 96.1 79.6 82.7 98.4

LCO: sulfur 14,930 ppm S; 140 ppmw N
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compounds were removed not only by the HYD and DDS
process, but also by the isomerization firstly, and then DDS
and HYD pathways.

NiMo/SAT is sensitive to temperature and pressure than
NiMo/AZ. The total Bronsted acids or the weak and medium
Bronsted acids may be the key impact factor for both HDS
and HDN under the relatively low temperature or low pres-
sure, as is the strong Bronsted or the Lewis acids under both
relatively high temperature and pressure. Moreover, the layer
numbers of MoS, may contribute to this phenomenon too.

When the reaction was carried out under the condition
of 300 °C and 1100 psig, the residual sulfur in the products
was much higher than that of 375 °C and 1100 psig, either
with NiMo/SAT or NiMo/AZ catalyst. At lower temperature,
DDS may be the prominent reaction pathway in the HDS
process. Thiophenes, benzene-thiophenes, and alkyl-substi-
tuted thiophene were removed during the reaction. However,
some DBT and methyl-substituted dibenzothiophene were
still left in the products. The acidic sites prefer the cleavage
of C-S bond and improve the DDS pathway, which in turn
increases the activity of the HDS. It is concluded that to
HDS, both the temperature and the pressure were significant
factors when over the NiMo/SAT; however, the temperature
was a much more important factor than pressure when over
the NiMo/AZ catalyst.

3.2.3 Hydrodenitrogentation

The HDN activity is also listed in Table 2. HDN frequently
occurs by the HYD of nitrogen containing rings, followed by
the cleavage of C—N bond [35]. Higher stacked MoS, slabs
favor the N-rings HYD and strong Bronsted acid sites favor
the C—N bonds cleavage. Under the condition of 375 °C and
550 psig, the HDN activity (according to the reduction of
the nitrogen in the products) of NiMo/SAT is slightly lower
than that of the NiMo/AZ, however, under the condition of
375 °C and 1100 psig. NiMo/SAT has a relatively better
HDN performance than NiMo/AZ does under the condition
of 375 °C and 1100 psig, indicating that NiMo/SAT has a
higher HYD ability under the high H, pressure. When the
reaction was carried out at the low temperature, NiMo/SAT
has a worse HDN performance than NiMo/AZ does. Zeolite
in the catalyst may favor the cleavage of the C—N bond.

4 Conclusion

A trinary porous SiO,—Al,0;-TiO, support was synthesized
in this work, which has the advantaged of simple synthesis
procedures, low input cost, and comparable hydrotreating
performances under high temperature and high pressure to
zeolite addition catalyst.

The synthesized SAT material has a high surface area
and a high pore volume. The synthesis method forms Ti—Si
and Ti-Si—Al, which forms a different mesopores and sec-
ondary pores structure. Furthermore, the synthesized NiMo/
SAT favors the cleavage of the C-N and C—S more than
the NiMo/AZ does under a higher temperature at 375 °C
and a high pressure at 1100 psi. The hydrotreating of the
NiMo/SAT was exhibited a comparably even better HDS,
HDN, and HDA performances than those of NiMo/AZ
when the reaction was performed under the condition of
375 °C and 1100 psi. To HDS, both the temperature and
the pressure were significant factors when over the NiMo/
SAT; however, the temperature was a much more important
factor than the pressure when over the NiMo/AZ catalyst.
The selectivity of the converted DBTs species decreased
in the order C;-DBT > C,-DBT ~C,DBT > DBT under
the condition of 375 °C and 1100 psi. C;-DMDBT has a
relatively higher steric hindrance than that of the C,; and
C,-dibenzenethiophenes.
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