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a b s t r a c t

To deeply understand the effects of support properties on the performance of Mo-based slurry-phase
hydrocracking catalysts, four Mo-based catalysts supported on amorphous silica alumina (ASA), g-Al2O3,
ultra-stable Y (USY) zeolite and SiO2 were prepared by the incipient wetness impregnation method,
respectively, and their catalytic performances were compared in the vacuum residue (VR) hydrocracking
process. It is found that the Mo/ASA catalyst exhibits the highest VR conversion among the different
catalysts, indicating that both the appropriate amount of acid sites, especially B acid sites and larger
mesoporous volume of ASA can enhance the VR hydrocracking into light distillates. Furthermore, Mo
catalysts supported on the different supports show quite different product distributions in VR hydro-
cracking. The Mo/ASA catalyst provides higher yields of naphtha and middle distillates and lower yields
of gas and coke compared with other catalysts, it is attributed to the highest MoS2 slab dispersion, the
highest sulfuration degree of Mo species, and the most Mo atoms located at the edge sites for the Mo/
ASA catalyst, as observed by HRTEM and XPS analyses. These features of Mo/ASA are beneficial for the
hydrogenation of intermediate products and polycyclic aromatic hydrocarbons to restrict the gas and
coke formation.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Fast depletion of conventional crude oil reserves and increasing
demand for clean transportation fuels greatly stimulate the
research and development of heavy oil upgrading technologies
(Bellussi et al., 2013; Browning et al., 2021; Saab et al., 2020).
Efficient conversion of vacuum residue (VR), the heaviest fraction of
crude oil, into lighter fractions such as gasoline and diesel is
considered as one of the greatest challenges in the modern petro-
leum processing industry (Omajali et al., 2017; Prajapati et al.,
2021). VR is mainly comprised of high boiling point polycyclic ar-
omatic hydrocarbons with large amount of sulfur (S), nitrogen (N),
and metals (usually vanadium (V) and nickel (Ni)) (Pham et al.,
2022; Prajapati et al., 2022), resulting in coke formation on both
catalyst and equipment in the refining process (Tsubaki et al., 2002;
Fortain et al., 2010; Kim et al., 2017). Among the various VR
y Elsevier B.V. on behalf of KeAi Co
conversion technologies developed up to date, slurry-phase hy-
drocracking technology is considered as the most efficient and
economic one because of its great feedstock flexibility, high con-
version efficiency, and high light distillates yield. It is recognized
that catalyst is the key in this process, because it determines the
feedstock conversion and the liquid product yield (Saab et al., 2020;
Morawski and Mosiewski, 2006; Looi et al., 2012).

Slurry-phase hydrocracking catalysts include homogeneously
dispersed catalysts of oil-soluble dispersed catalysts and water-
soluble dispersed catalysts and heterogeneous solid powder cata-
lysts (Pur�on et al., 2013; Nguyen et al., 2015). Oil-soluble dispersed
catalysts exist as organometallic compounds can effectively
depress the gas and coke formation due to its homogeneously
dispersed heavy oil to adequately contact with reactant molecule
(Chen et al., 2022; Kang et al., 2019). Water-soluble dispersed cat-
alysts are prepared with multiple steps such as dispersion, emul-
sification and dehydration, which greatly increase the operation
complexity and cost (Liu et al., 2009; Luo et al., 2011). Natural
mineral catalysts as solid powder catalysts, which have the
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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advantages of low cost and broad sources, were extensively used in
the early stage of slurry-phase hydrocracking technology. Never-
theless, they were replaced gradually by other types of catalysts
due to their inferior catalytic activities and property instability (Yue
et al., 2016, 2018; Manek and Haydary, 2017). Supported metal
catalysts are composed of active metal and support, in which the
active metals are usually Mo, Co, Ni or their binary/trinary combi-
nations, and the supports are commonly acidic materials such as
alumina, silica-alumina, zeolites and even natural minerals (Looi
et al., 2012; Leyva et al., 2007, 2009). As compared with natural
mineral catalyst, supported metal catalyst has the advantages on
the enhancement of hydrocracking reactivity and adjustable per-
formance, thus it has attracted increasing attention in slurry-phase
hydrocracking.

In supportedmetal catalysts, themetal species are considered as
the active centers to hydrogenate the polycyclic aromatic hydro-
carbons and olefins, and to quench the free radicals in the feedstock
and intermediate products to avoid the over-cracking reactions and
condensation reactions to form gas and coke. In addition, the
support also plays a crucial role in determining the catalytic per-
formance by affecting the metal dispersion on the catalyst surface
and thus influencing the feedstock conversion. There were many
reports on supported catalysts employed in the slurry-phase hy-
drocracking process. The MoS2/SiO2eZrO2 bifunctional catalyst was
applied in the slurry-phase hydrocracking of decalin-phenanthrene
mixture to study the effect of Si/Zr molar ratio on performance of
catalyst, the analysis results revealed that Br€onsted acid on
SiO2eZrO2 support was mainly contributed to the catalytic per-
formance (Ma et al., 2021). Looi et al. (2012) prepared a series of
catalysts using alumina supports with different pore sizes and
investigated their catalytic performance in residual oil hydro-
cracking, the result showed that the residue oil conversion was
about 50 wt% and the highest yield of liquid products was 97 wt% at
400 �C, and more acid sites benefited to the residue oil conversion.
Yue et al. (2018) prepared the slurry-phase hydrocracking catalyst
by using a hydrothermally treated natural bauxite mineral as the
support and assessed their performance by using a high tempera-
ture coal tar as the feedstock, and they found that the high feed-
stock conversion and high liquid yield were attributed to the
suitable support acidity and the weaker interaction between the
active metal and the support. S�anchez et al. (2018) investigated the
catalytic performance of a bifunctional MoS2/ASA (amorphous
silica-alumina) catalyst in the slurry-phase hydroconversion, and
found that the presence of moderate Br€onsted acid sites promoted
the cracking, isomerization and ring-opening reactions. Despite
numerous reports available on supported slurry-phase hydro-
cracking catalysts, there is a lack of systematic and deep under-
standing on the influences of support properties such as
composition, pore structure and acidity on catalytic performance.

Herein, we present a thorough study on the effects of support
properties on the catalytic performance of supported metal cata-
lysts in the VR slurry-phase hydrocracking process. A series of Mo
catalysts supported on SiO2, g-Al2O3, amorphous silica-alumina
(ASA) and ultra-stable Y (USY) zeolite, respectively, were pre-
pared by the conventional impregnation method. The pore struc-
ture and acidity of the different supports were examined by N2-
adsorption-desorption and pyridine adsorbed Fourier transform
infrared (Py-FTIR) spectroscopy, the morphology of metal sulfide
species on the corresponding catalysts were investigated by high
resolution transmission electron microscopy (HRTEM), and the
catalytic performances of the different catalysts were compared in
the VR slurry-phase hydrocracking.
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2. Experimental

2.1. Catalyst preparation

In the present study, SiO2, g-Al2O3, ASA and USY zeolite with Si/
Al ratio of 2.7 were used as the supports to prepare slurry-phase
hydrocracking catalysts. SiO2, g-Al2O3 and USY zeolite were ob-
tained from Shanghai Aladdin Bio-Chem Technology Co. Ltd., Fujian
Yucheng Environmental Protection Technology Co. Ltd. and Nankai
University, respectively. ASA was prepared as follows: 25 mL of an
aluminum nitrate solution with a concentration of 2 mol/L and
30 mL ammonia water (25 wt% of ammonia) were simultaneously
and slowly added into 50 mL water to maintain pH value of 8e9 at
60 �C under agitation. Then, 2.7 g of sodium silicate (27.68% SiO2
and 8.95% Na2O) was added into the above solution to obtain a
mixture with a SiO2/Al2O3 molar ratio of 1:1. Finally, the resulting
mixture was aged for 1 h, filtered with distilled water, dried at
120 �C for 10 h, and calcined at 500 �C for 3 h to obtain ASA sample.

A series of catalysts supported on the different materials were
prepared by the conventional incipient wetness impregnation
method with an aqueous solution of ammonium molybdate tetra-
hydrate ((NH4)6Mo7O24$4H2O, 98%, Adamas). The resultant sam-
ples were aged at 30 �C for 12 h, dried at 120 �C for 10 h, and
calcined at 600 �C for 4 h to obtain the corresponding supportedMo
oxide catalysts, which are designated as Mo/SiO2, Mo/USY, Mo/g-
Al2O3 and Mo/ASA, respectively. The MoO3 content in each catalyst
is 5 wt% according to the literature (Kim et al., 2018; Ancheyta et al.,
2003).

2.2. Characterizations

N2 adsorption-desorption measurement was taken on a Micro-
meritics ASAP 2460 apparatus at �196 �C. The surface area (SBET) of
sample was determined by using Brunauer-Emmett-Teller (BET)
equation, and the pore volumes (Vtotal) and average pore diameters
(Dp) were obtained by Barrett-Joyner-Halenda (BJH) method.
Adsorbed pyridine Fourier transform infrared spectroscopy (Py-
FTIR) measurement was carried out on a MAGNAIR 560 FTIR in-
strument, and the spectra were recorded at 250 and 350 �C,
respectively. H2 temperature programmed reduction (H2-TPR) was
conducted on an ASAP-2920 equipment using a thermal conduc-
tivity detector (TCD). Around 20mg of samplewas firstly pretreated
in Ar steam at 300 �C for 30 min, and then cooled to 50 �C. The H2-
TPR profiles were acquired from 50 to 950 �C at a heating rate of
10 �C/min in a 10 vol% H2/Ar stream.

High resolution transmission electron microscopy (HRTEM)
images of MoS2 slabs were collected on a Tecnai G2 F20 instrument
at 200 kV, and at least 200 slabs were measured to for each sample.
The average lengths (L) and stacking numbers (M) according to the
Eqs. (1) and (2) (Liu et al., 2017; Escobar et al., 2018):

Average slab length : L¼

Pn

i¼1
xiLi

Pn

i¼1
xi

(1)

Average stack number : M¼

Pn

i¼1
ximi

Pn

i¼1
xi

(2)
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where Li, xi and mi denote the length, the number and the layer
number in a stack of MoS2 slabs.

The MoS2 dispersion (DMo) was acquired by Eq. (5), fMoe is the
ratio of Mo atoms located at edge sites of MoS2 slabs, and fMoc is the
fraction of Mo atoms at corner sites, which were estimated by Eqs.
(3) and (4) (Hensen et al., 2001; Kasztelan et al., 1984):

fMoe¼
Moedge
Mototal

¼

Pt

i¼1
6ðxi � 2Þ

Pt

i¼1

�
3xi2 � 3xi þ 1

�
(3)

fMoc¼
Mocorner
Mototal

¼ 6
Pt

i¼1

�
3xi2 � 3xi þ 1

�
(4)

DMo ¼ fMoeþ fMoc ¼
MoedgeþMocorner

Mototal
¼

Pt

i¼1
6ðxi � 1Þ

Pt

i¼1

�
3xi2 � 3xi þ 1

�

(5)

where Moedge, Mocorner and Mototal are the numbers of Mo atoms
along on edge sites, corner sites and total Mo atoms onMoS2 slabs, t
represents the total number of slabs, and xi denotes the number of
Mo atoms on edge sites of each MoS2 slab, acquired by
Li ¼ 3.2 � (2xie1).

X-ray photoelectron spectroscopy (XPS) was taken on a Thermo
ESCALAB 250 spectrometer with a monochromatic Al Ka source. C
1s peak at 284.6 eV was used as reference to calibrate the binding
energy. The XPSPEAK41 software was employed to analyze the
experimental results. The relative contents of each species of MoS2,
MoSxOy and Mo6þ oxide for an individual sulfide catalyst were
determined through their peak areas. For instance, the relative
MoS2 content [MoS2] (%) was calculated by Eq. (6):

½MoS2�ð%Þ¼
AMoS2

AMoS2 þ AMoSxOy þ AMo6þ
� 100% (6)

where AX represents the peak area of species X in Mo 3d XPS
envelope.
2.3. Catalytic assessment

VR provided by SINOCHEM Quanzhou PetroChemical Co., Ltd.
was employed as the feedstock to assess the slurry-phase hydro-
cracking performance of catalysts, and its properties are shown in
Table 1
Properties of VR used in the hydrocracking.

Properties Values

Density, kg m�3 (20 �C) 985.5
Viscosity, cSt (100 �C) 84.7
Ni, ppm 46.2
V, ppm 111
S, wt% 3.1
N, ppm 3427
Conradson carbon residue, wt% 10.7
Boiling point range, oC
< 180 0.0
180e350 2.1
350e520 31.4
> 520 66.5
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Table 1.
The catalyst assessment for VR hydrocracking was carried out in

a 300 mL stainless-steel autoclave equipped with a stirrer. 40 g of
VR, 1.2 g of catalyst and 0.88 g of sulfur powder were added into the
reactor. Prior to the hydrocracking reaction, the sulfuration of
catalyst in situwas conducted at 350 �C under an initial H2 pressure
of 11 MPa for 5 h, subsequently, the VR hydrocracking reaction was
performed at 430 �Cwith a volumetric H2 to oil ratio of 850 (v/v) for
3 h under a stirring rate of 600 rpm. After reaction, the mixture of
the reaction product and catalyst was collected after the autoclave
rapidly cooled to room temperature and was separated by cen-
trifugalization and filtration. The liquid product was divided into
four fractions in a SYD-9168 vacuum distillation apparatus ac-
cording to the boiling point (BP) range, the four fractions of
naphtha, middle distillate, vacuum gas oil (VGO) and VR are in the
range of BP < 180 �C, 180e350 �C, 350e500 �C and BP > 500 �C.
Additionally, the solid residue including coke and the used catalyst
was washed with toluene. The VR conversion and the yields of gas,
naphtha, middle distillate, VGO and coke were acquired by the
following Eqs. (7)e(12):

VR conversionðwt%Þ ¼ Mf �Mp

Mf
� 100% (7)

Gas yieldðwt%Þ ¼ Mg

Mt
� 100% (8)

Naphtha yieldðwt%Þ ¼ Mn

Mt
� 100% (9)

Middle distillate yieldðwt%Þ ¼ Mm

Mt
� 100% (10)

VGO yieldðwt%Þ ¼ Mv

Mt
� 100% (11)

Coke yieldðwt%Þ ¼ Mc

Mt
� 100% (12)

whereMf,Mp are mass of > 500 �C fraction in the feed and product,
Mg, Mn, Mm, Mv and Mc denote mass of gas, < 180 �C fraction,
180e350 �C fraction, 350e500 �C fraction, and coke in product,
meanwhile, Mt means the total mass of feed.

3. Results and discussion

3.1. Catalytic performance

VR slurry-phase hydrocracking performance of Mo catalysts
supported on the different supports was assessed, and the resulting
product was distilled to obtain the different distillate fractions. The
VR conversions and the yields of naphtha and middle distillate
obtained over different catalysts are shown in Fig. 1. It can be seen
that the VR conversion over Mo/ASA is 75.2%, only slightly higher
than those (73.9% and 73.5%) over Mo/g-Al2O3 and Mo/USY, but
significantly higher than that (67.4%) over Mo/SiO2. The results
demonstrate that, as compared with the other catalysts, Mo/ASA
can effectively convert the heavy fraction with large molecules in
VR into lighter fractions with smaller molecules. The yields of
naphtha and middle distillate over the different catalysts are in the
order of Mo/ASA > Mo/g-Al2O3 z Mo/USY > Mo/SiO2, indicating
that Mo/ASA favors the production of naphtha and middle
distillate.

Fig. 2 displays the yields of naphtha, middle distillate, VGO, gas



Fig. 1. VR conversions and the yields of naphtha and middle distillate obtained over
the different catalysts.

Fig. 2. Product distributions obtained over the different catalysts.

Fig. 3. H2 pressure change profiles in the reactors loaded with different catalysts.
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and coke obtained over the different catalysts. The naphtha yield
over Mo/ASA is 19.5 wt%, slightly lower than that (21.6 wt%) over
Mo/USY, but obviously higher than those (14.3 wt% and 15.9 wt%)
over Mo/SiO2 and Mo/g-Al2O3, while the middle distillate yield
over Mo/ASA is 35.2 wt%, much higher than those over the others.
The VGO yields obtained over the different catalysts follow the
order of Mo/g-Al2O3 (22.8 wt%) z Mo/SiO2 (22.7 wt%) > Mo/ASA
(18.3 wt%) > Mo/USY (16.4 wt%). The yields of unconverted residue
decrease in the order of Mo/SiO2 (21.5 wt%) > Mo/USY (17.5 wt
%)zMo/g-Al2O3 (17.2 wt%) >Mo/ASA (16.4 wt%). The yields of gas
are in the order of Mo/USY (15.6 wt%) >Mo/SiO2 (11.7 wt%) >Mo/g-
Al2O3 (10.2 wt%) z Mo/ASA (10.1 wt%), and the yields of coke in-
crease in the order of Mo/ASA (0.5 wt%) z Mo/g-Al2O3 (0.6 wt
%) < Mo/SiO2 (0.8 wt%) < Mo/USY (1.7 wt%). By comparing the
above results, it is concluded that Mo/ASA exhibits the best overall
performance among all the catalysts due to its highest VR conver-
sion, highest yield of naphtha and middle distillate, and relatively
lower yields of gas and coke.

The hydrogen consumption can be considered as an index of
catalyst hydrogenation activity, because VR slurry-phase hydro-
cracking reaction is accompanied with hydrogen consumption
(Bianco et al., 1994; Kang et al., 2020). Fig. 3 shows the H2 pressure
profiles during the VR slurry-phase hydrocracking process
involving the different catalysts. Before the reaction, the initial H2
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pressure in the reactor was 11.0 MPa at room temperature, when
the reaction temperature was increased to 430 �C, the pressure in
reactor increased up to 21.5 MPa, then the pressure in reactor
gradually decreased with the prolonging reaction time, and the
decreasing tendencies were different for the reaction systems
involving the different catalysts. After the hydrocracking reaction
was terminated by cooling the reactor to about 200 �C, the pres-
sures in the reactors loaded with different catalysts were dramat-
ically dropped, the residual pressures were in the order of Mo/
ASA < Mo/USY < Mo/g-Al2O3 < Mo/SiO2. This indicated that Mo/
ASA has the highest hydrogenation activity among the four cata-
lysts. The Mo catalysts on the different support present different
slurry-phase hydrocracking performances, thus it is necessary to
deeply analyze properties and pore structures of these supports
and their derived catalysts to understand the underlying reasons.
3.2. Characterizations of supports

3.2.1. Textural properties
The textural properties of catalysts can significantly impact their

VR hydrocracking performance. It is widely accepted that macro-/
meso-porous structure in supported catalysts benefits the diffusion
of bulkier molecules in VR and thereby provides higher accessibility
of active sites to reactants molecules, promoting feedstock con-
version and improving the selectivity to target products (Leyva
et al., 2014; Zheng et al., 2019). To understand the effects of pore
structures of the supports on the catalytic performance of their
derived catalysts, N2 adsorption-desorption measurements were
conducted to compare the textural properties of the different
supports, and the results are shown in Fig. 4. It can be seen that the
N2 adsorption-desorption isotherms of USY zeolite and g-Al2O3
belong to type II ones with a H4 hysteresis loop, but those of SiO2
and ASA belong to type IV ones with a H1 hysteresis loop and a H3
hysteresis loop, respectively, indicating that the different supports
have different pore structures. The surface areas, pore volumes and
average pore diameters of the different supports calculated from
the N2 adsorption-desorption data are summarized in Table 2. It is
seen that the surface area (585 m2/g) of USY zeolite is much larger
than those (386 m2/g, 198 m2/g, and 226 m2/g) of ASA, g-Al2O3 and
SiO2, whereas ASA has the largest external surface area (357 m2/g)
among all the supports, with USY zeolite having the smallest
external surface area (52 m2/g). The average pore volumes of
different supports are in the order of SiO2 (0.89 cm3/g) > ASA
(0.76 cm3/g) > USY zeolite (0.34 cm3/g) > g-Al2O3 (0.25 cm3/g), but



Fig. 4. N2 adsorption-desorption isotherms (a) and pore size distribution (b) of the different supports.

Table 2
Textural parameters of the different supports.

Samples SBET, m2 g�1 Vp, cm3 g�1 Dp, nm Si/Al ratio

Stotal Sext Vtotal Vmeso

SiO2 226 206 0.89 0.88 17.9 e

USY zeolite 585 52 0.34 0.07 2.3 2.7
g-Al2O3 198 154 0.25 0.17 4.6 e

ASA 386 357 0.76 0.75 7.7 0.5
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their mesoporous volumes are in the order of SiO2 (0.88 cm3/
g) > ASA (0.75 cm3/g) > g-Al2O3 (0.17 cm3/g) > USY zeolite
(0.07 cm3/g). These results suggest that, among different supports,
ASA that simultaneously has the largest external surface area,
larger average pore volume and mesoporous volume should be the
most suitable for the preparing slurry-phase hydrocracking cata-
lyst, because its larger average pore volume and mesoporous vol-
ume are beneficial for the diffusion of bulkier molecules in VR and
their generated intermediate molecules onto the active sites of
catalyst, and its largest external surface area favors metal disper-
sion and thereby generates more active metal sites to restrain gas
and coke formation, this can provide the highest VR conversion,
highest total yield of naphtha and middle distillate, and lowest
yields of coke and gas obtained over Mo/ASA, as shown in Figs. 1
and 2.
3.2.2. Acidity
The acid properties of the different supports were characterized

by Py-FTIR, the results measured at 250 and 350 �C are shown in
Fig. 5. The bands at 1540 and 1450 cm�1 are attributed to Br€onsted
and Lewis acid sites, respectively (Schweitzer et al., 2022). The Py-
FTIR spectrum of USY zeolite has a stronger adsorption peak at
1540 cm�1 and a weaker adsorption peak at 1450 cm�1, indicating
that USY zeolite has a large amount of B acid sites, ascribed to the
bridging SieOHeAl groups because of the replacement of Si4þ in
the crystallite framework by Al3þ (Tang et al., 2019). However, it has
only a very small amount of L acid sites. The spectrum of g-Al2O3
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has an adsorption peak at 1450 cm�1 but no apparent peak at
1540 cm�1, and that of ASA has two weaker peaks at 1450 and
1540 cm�1 for both 250 and 350 �C, illustrating the existence of
small amounts of B and L acid sites in ASA. No obvious pyridine
adsorption peak is observed for SiO2, indicating its negligible acid
sites. The amounts of acid sites calculated according to Py-FTIR
spectra measured at 250 and 350 �C for the different supports are
summarized in Table 3. Notably, the acid sites determined at 250 �C
are considered as weak ones, while the acid sites determined at
350 �C can be taken as moderate and strong ones (Gafurov et al.,
2015; Phung and Busca, 2015). No acid site exists in SiO2, as
shown in Table 3, and the USY zeolite has the largest amount of acid
sites including weak, moderate and strong ones, especially B acid
sites. Thus, g-Al2O3 and ASA present the total acid amounts
standing between those of SiO2 and the USY zeolite, with the
former having only L acid sites and the latter having only a smaller
amount of L acid sites but a larger amount of B acid sites, which is
ascribed to the bridging hydroxyls in connectionwith tetrahedrally
coordinated Al species on silica (Valla et al., 2015). It indicates the
amounts of acid sites in the different supports are in the order of
USY zeolite > g-Al2O3 > ASA > SiO2.

By comparing the acidity characterization results and the hy-
drocracking reaction results in Figs. 1 and 2, it is found that Mo/SiO2
prepared from SiO2 with the largest average pore volume and
mesoporous volume but without acid sites gives the lowest VR
conversion among the different catalysts. Mo/USY prepared from
USY zeolite with the smallest external surface area andmesoporous
volume but with the largest amount of acid sites displays a higher
VR conversion than Mo/SiO2. Mo/g-Al2O3 prepared from g-Al2O3
with a relatively larger external surface area and a slightly larger
mesoporous volume but with a larger amount of L acid sites, gives a
VR conversion comparable to that of Mo/USY butmuch lower yields
of gas and coke than Mo/USY. Mo/ASA prepared from ASAwith the
largest external surface area, larger mesoporous volume and more
B and L acid sites presents the highest VR conversion, the highest
yields of naphtha and middle distillate, and the yields of gas and
coke comparable to that of Mo/Al2O3 but much lower than those of



Fig. 5. Py-FTIR spectra of the different supports measured at (a) 250 �C and (b) 350 �C.

Table 3
Acid properties of the four supports.

Samples Temperature,
�C

L,
mmol/g

B,
mmol/g

L þ B,
mmol/g

SiO2 250 0.0 0.0 0.0
350 0.0 0.0 0.0

USY zeolite 250 14.0 606.8 620.8
350 7.4 549.7 557.1

g-Al2O3 250 74.3 0.0 74.3
350 52.1 0.0 52.1

ASA 250 24.4 15.9 40.3
350 22.8 11.3 34.1
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Mo/SiO2 and Mo/USY. Therefore, it can be concluded that both
support acidity and pore structure can significantly impact VR
conversion and the distribution of various distillates of hydro-
cracking product. By further comparing the acidity properties of
ASA and g-Al2O3, and the catalytic performance of their corre-
sponding supported catalysts, it is interesting to note that, despite
of the lower amount of acid sites of ASA than g-Al2O3, Mo/ASA
shows a slightly higher VR conversion, because ASA has abundant B
acid sites and a larger mesoporous volume that can promote the
hydrocracking reactions of VR following the carbenium ion mech-
anism (Weitkamp, 2012).
Fig. 6. H2-TPR profiles of the catalysts supported on the different supports.
3.3. Characterization of catalysts

3.3.1. H2-TPR
The reducibility of Mo species on the four supported catalysts

were investigated by H2-TPR and the results are given in Fig. 6. In
the H2-TPR profiles, two H2 reduction peaks are observed: the low-
temperature peak can be attributed to the reduction of octahedrally
coordinated Mo6þ species to tetrahedrally coordinated Mo4þ spe-
cies, and the high-temperature peak can be assigned to the further
reduction of tetrahedrally coordinated Mo4þ species to Mo (Wang
et al., 2002; Liu et al., 2012; Lv et al., 2018; Zhang et al., 2019).
The low-temperature peaks of the four catalysts are in the range of
400e500 �C and shift to high temperatures in the order of Mo/
ASA < Mo/g-Al2O3 < Mo/USY < Mo/SiO2. It is also noted that the
high temperature reduction peaks of Mo/ASA, Mo/SiO2 and Mo/g-
Al2O3 are centered at 816, 820 and 857 �C, respectively, whereas no
obvious high temperature reduction is observed for Mo/USY. This
suggests that the reducibilities of Mo species in the four catalysts
are different, possibly due to the different metal-support interac-
tion (Fan et al., 2007). Generally, it is considered that the ability of a
metal oxide to adsorb and activate hydrogen is related to the
reduction temperature, and a metal oxide that can be easily
reduced by hydrogen usually has a higher hydrogenation activity
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(Cheng et al., 2020). Therefore, the higher yields of naphtha and
middle distillate and the lower yields of gas and coke obtained over
Mo/ASA can be attributed to the easier reduction of Mo species in
Mo/ASA.

3.3.2. HRTEM
HRTEM characterization was performed to observe the

morphology of MoS2 slabs as the active phase in the hydrocracking
reaction, the representative images obtained are shown in Fig. 7.



Fig. 7. HRTEM images of the sulfide catalysts: (a) Mo/SiO2, (b) Mo/USY, (c) Mo/g-Al2O3 and (d) Mo/ASA.

Fig. 8. Length distributions (a) and stacking number distributions (b) of MoS2 slabs.

Table 4
Statistics results of MoS2 slabs on the different sulfide catalysts.

Catalysts L , nm N fMoe fMoc DMo

Mo/SiO2 6.2 1.5 0.17 0.02 0.19
Mo/USY 5.2 3.0 0.20 0.03 0.23
Mo/g-Al2O3 4.8 1.7 0.21 0.04 0.25
Mo/ASA 4.3 1.6 0.23 0.04 0.27

W.-W. Feng, Y.-G. Qian, T.-H. Wang et al. Petroleum Science 20 (2023) 2575e2584
The statistical results of the lengths and stacking numbers of MoS2
slabs are presented in Fig. 8 and Table 4. The two-dimensional
thread-like fringes with layer stacking spacing of about 0.65 nm
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can be assigned as MoS2 slabs (Zheng et al., 2019). The lengths of
MoS2 slabs are mainly from 3 to 7 nm for all catalyst, as shown in
Fig. 8a. In addition, the average length of MoS2 slabs on different
catalysts reduces following of Mo/SiO2 (6.2 nm) > Mo/USY zeolite
(5.2 nm) >Mo/g-Al2O3 (4.8 nm) >Mo/ASA (4.3 nm). It is found that
the MoS2 slabs on Mo/SiO2, Mo/g-Al2O3 and Mo/ASA are mainly
stacked in 1e2 layers, but those on Mo/USY are mainly stacked in
2e5 layers, as shown in Fig. 8b. The average stacking number of
MoS2 slabs on Mo/USY catalyst is 3.0, obviously higher than those
on the others (1.7 for Mo/SiO2, 1.5 for Mo/g-Al2O3 and 1.6 for Mo/
ASA). The results reveal that Mo/ASA exhibits small MoS2 particles
with the lowest stacking number and the shortest slab length



Table 5
Mo 3d XPS deconvolution results of the different sulfide catalysts.

Catalysts Mo percentage, % Mosul，% Moe

MoS2 MoOxSy MoO3

Mo/SiO2 63 11 26 63 10.7
Mo/USY 66 8 26 66 13.2
Mo/g-Al2O3 70 8 22 70 14.7
Mo/ASA 74 2 24 74 17.0

W.-W. Feng, Y.-G. Qian, T.-H. Wang et al. Petroleum Science 20 (2023) 2575e2584
among all catalysts, implying the more exposure active sites and
the weaker space resistance that benefit to improve the hydro-
cracking activity (Liu et al., 2019). The dispersion degrees of Mo
species (DMo) and the proportion of Mo species located along edge
sites of MoS2 slabs (fMoe) with high hydrogenation activity were
also estimated based on the HRTEM results. The values of DMo and
fMoe for the different catalysts increase as Mo/SiO2 (0.17 and
0.19) <Mo/USY (0.20 and 0.23) <Mo/g-Al2O3 (0.21 and 0.25) <Mo/
ASA (0.23 and 0.27). The result indicates that the highest dispersion
and the largest proportion of Mo species located along edge sites of
MoS2 slabs on Mo/ASA, possibly due to the appropriate interaction
of ASA with Mo species. Generally, the DMo and fMoe values of MoS2
slabs can determine the hydrogenation activity of catalyst, because
MoS2 slabs with larger DMo and fMoe values can expose more hy-
drogenation active sites, favoring the hydrogenation reaction to
avoid over-cracking reaction and the condensation reaction of
polycyclic aromatic hydrocarbons to yield gas and coke (Jiang et al.,
2017). Therefore, the different yields of naphtha and middle
distillate, gas and coke over the four catalysts can be attributed to
their different DMo and fMoe values.
3.3.3. XPS spectroscopy
The obtained Mo 3d XPS spectra and their deconvolution results

are shown in Fig. 9 and Table 5. The Mo 3d XPS envelope includes
three Mo 3d doublets, the doublet with binding energies at
229.0 ± 0.2 and 232.1 ± 0.2 eV for Mo 3d5/2 and Mo 3d3/2 are
assigned to MoS2 species (Mo4þ), the binding energies at
230.9 ± 0.2 and 234 ± 0.2 eV for Mo 3d5/2 and Mo 3d3/2 are related
to MoSxOy oxysulfide compounds (Mo5þ), and the binding energies
at 232.6 ± 0.2 and 235.8 ± 0.2 eV for Mo 3d5/2 and Mo 3d3/2 are
attributed to MoO3 species (Mo6þ) (Ninh et al., 2011). Table 5 lists
the relative content of MoS2 species that represents the sulfuration
degree of Mo/SiO2 (63%)<Mo/USY (66%) <Mo/g-Al2O3 (70%) <Mo/
ASA (74%). In view of the fact that the active Mo sites are generally
located at edge and corner sites, and the hydrogenation reaction
Fig. 9. Mo 3d XPS spectra and deconvolution results of the sulfide catalysts: in purple, M
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mainly occurs along the edge sites of MoS2 crystals (Alsalme et al.,
2016; Zheng et al., 2021), the contents of Mo atoms located at edge
sites (Moe) in the different catalysts were calculated by
Moe ¼MoS2 � fMoe, the results are summarized in Table 5. It can be
seen that the contents of Mo atoms located at edge sites are in the
order of Mo/SiO2 (10.7) <Mo/USY (13.2) <Mo/g-Al2O3 (14.7) <Mo/
ASA (17.0), indicating the hydrogenation activity increases
following as the above tendency, it is consistent with HRTEM result.
The XPS result demonstrates that the hydrocracking product dis-
tributions over the different catalysts are related with the sulfu-
ration degrees and the contents of Mo atoms located at edges sites
of Mo species. Mo/ASA catalyst with the highest sulfuration degree
and content of Mo atoms located at edge sites of Mo species pre-
sents the highest hydrogenation activity to restrain the over-
cracking reaction producing gas and the condensation reaction
forming coke.

4. Conclusions

In this study, four Mo catalysts supported on four supports (ASA,
g-Al2O3, USY zeolite and SiO2) were compared by investigating the
effects of their pore structure, acidity and Mo species properties on
their surface on the VR slurry-phase hydrocracking performance.
The hydrocracking reaction results show that the VR conversions
obtained over the four catalysts are in the order of Mo/ASA >Mo/g-
oS2 contributions; in orange, MoSxOy contributions; in green, MoO3 contributions.
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Al2O3 zMo/USY >Mo/SiO2, which is closely related to the acid site
amounts and pore structures of supports. Moreover, the highest VR
conversion over Mo/ASA is attributed to the larger mesoporous
volume of ASA that is beneficial for the diffusion of the large mol-
ecules in VR to contact with the active sites on catalyst. Addition-
ally, the appropriate amount of acid sites, especially B acid sites, of
ASA enhances the catalytic cracking of VR. Therefore, both the
appropriate amount of acid sites and larger mesoporous volume of
supports are essential to catalytic activity. Importantly, the catalyst
Mo/ASA exhibits the highest yield (54.7 wt%) of naphtha and
middle distillate and the lowest yields (10.1 wt% and 0.5 wt%) of gas
and coke among all catalysts, because the Mo species in Mo/ASA
possess simultaneously the highest sulfuration degree, highest
dispersion degree of MoS2 slabs, and largest proportion of Mo
atoms located at the edges sites. These features endow Mo/ASA
with the highest hydrogenation activity, and thereby it can effec-
tively restrain the over-cracking reaction of intermediate products
and the condensation of polycyclic aromatic hydrocarbon to reduce
the yields of gas and coke.
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