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a b s t r a c t

Heavy oil is characterized by high viscosity. High viscosity makes it challenging to recover and transport.
HZSM-5, MoO3/HZSM-5, ZrO2/HZSM-5 and MoO3eZrO2/HZSM-5 catalysts were developed to promote in
situ desulfurization and viscosity reduction of heavy oil. The physical and chemical properties of catalysts
were characterized by XPS, XRD, TEM, NH3-TPD, etc. The effects of temperature, catalyst type and
addition amount on viscosity and composition of heavy oil were evaluated. The results showed that the
presence of MoO3eZrO2/HZSM-5 nanoparticles during aquathermolysis could improve the oil quality by
reducing the heavy fractions. It reduced viscosity by 82.56% after the reaction at 280 �C and catalyst
addition of 1 wt%. The contents of resins and asphaltic in the oil samples were 5.69% lower than that in
the crude oil. Sulfur content decreased from 1.45% to 1.03%. The concentration of H2S produced by the
reaction was 2225 ppm. The contents of sulfur-containing functional groups sulfoxide and sulfone sulfur
in the oil samples decreased by 19.92% after the catalytic reaction. The content of stable thiophene sulfur
increased by 5.71%. This study provided a basis for understanding the mechanism of heavy oil desul-
furization and viscosity reduction.
© 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

Oil will remain the primary source of energy over the next 20
years (Ghanavati et al., 2013; Sitnov et al., 2018). Heavy oil accounts
for 70% of the remaining oil reserves in the world (Parejas et al.,
2021). However, heavy oil is characterized by high viscosity, high
density, and poor fluidity. This causes significant difficulties in
exploiting and transporting heavy oil (Hart, 2013; Liu et al., 2020;
Taborda et al., 2017; Muraza and Galadima, 2015; de Klerk, 2021).

Heavy oil has a high content of resins and asphaltic (Antwi
Peprah et al., 2023). Resins and asphaltic molecules have a strong
interaction. They combine and aggregate into macromolecular ag-
gregates that increase the viscosity of heavy oil (Lv et al., 2019;
Headen et al., 2017; Groenzin and Mullins, 2000). Clark et al. (1988)
proposed the concept of hydrothermal cracking reaction. The vis-
cosity reduction is caused by the hydrothermal cracking reaction in
y Elsevier B.V. on behalf of KeAi Co
the thermal recovery process (Dutta et al., 2000). The CeS bond is
broken by the hydrothermal cracking reaction (Clark and Kirk,
1994). The heavy component is decomposed into light compo-
nents (Lin et al., 2020). Therefore, the viscosity of heavy oil
decreases.

Weissman (1997) proposed that catalysts promote desulfuriza-
tion and viscosity reduction in heavy oil during the in situ upgrade.
This has facilitated the development of viscosity reduction research
in heavy oil. In the oil reservoir environment (certain temperature,
pressure and water content), catalysts can promote the fracture of
chemical bonds in heavy oil (Wang et al., 2021). Therefore, the
development of efficient catalysts is essential for the utilization of
heavy oil resources (Schuler et al., 2015; Hofko et al., 2015; Zhao
et al., 2016). Nanocatalysts have high specific surface area, strong
surface adsorption and amphiphilicity (Hashemi et al., 2013).
Nanoparticles are considered promising catalysts for enhanced oil
recovery (Lin et al., 2019; Hendraningrat and Torsæter, 2014; Li
et al., 2016; Lakhova et al., 2017). It proves nanoparticles are
easier to enter macromolecules in fluids and react with internal
chemical bonds to reduce the viscosity (Li et al., 2022). Montoya
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:linry@upc.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2023.08.005&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2023.08.005
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.petsci.2023.08.005
https://doi.org/10.1016/j.petsci.2023.08.005


R.-Q. Liu, L.-Q. Zhang, H.-D. Pan et al. Petroleum Science 20 (2023) 3887e3896
et al. (2016) proposed that bimetallic nanoparticles exhibit better
catalytic properties than monometallic nanoparticles. In addition,
some scholars also study the mechanism of catalytic hydrothermal
cracking of heavy oil. They point out that groups containing het-
eroatoms (N, O, and S) in heavy oil can cause aggregation and form
hydrogen bonds. Thus, heavy oil has high viscosity (Chen et al.,
2009a). Almost all the studies support the mechanism that cata-
lyzes the CeS bond cleavage. This is the main reason why the vis-
cosity of heavy oil eventually decreases.

However, the catalysts have a narrow activity temperature
window. A large amount of coke is generated above 300 �C. It af-
fects the viscosity reduction effect (Sviridenko et al., 2020; Safaei
Mahmoudabadi et al., 2021). At low temperatures, most catalysts
do not have sufficient contact with heavy oil, and the viscosity
reduction effect is also poor (Suwaid et al., 2020). Therefore, it is
necessary to develop a catalyst with a wide temperature window
(Baharudin et al., 2019; Kordulis et al., 2016; Dutta et al., 2000).
Zeolite is an excellent catalytic material (Zaykovskaya et al., 2020).
It is crystalline aluminosilicate material composed of tetrahedrons
of AlO4 and SiO4 connected with oxygen atoms. Due to the struc-
tural shape selectivity of micropores, they are widely used as cat-
alysts (Jong et al., 2010; Ghanbari et al., 2018; Aghaei and Haghighi,
2014; Dong et al., 2009). HZSM-5 is a zeolite molecular sieve
catalyst that has beenwidely used. It has high thermal stability, acid
resistance, hydrophobicity and good carbon deposition resistance.
Transition metals are excellent catalysts for catalytic hydrogenation
(Antwi Peprah et al., 2020). Wang et al. (2012) prepared WO3/ZrO2

catalysts. WO3 is uniformly dispersed on ZrO2. Mo catalysts have
good hydrogenation activity and coke inhibition (Hart et al., 2015).
Olvera et al. (2014) used NiMoWC catalyst, and the viscosity
reduction rate reached 97%.

Therefore, in this work, HZSM-5-based nanocatalysts were
prepared and analyzed. Next, some experiments were conducted
and analyzed, including the effects of temperature, catalyst type
and addition amount on the viscosity of heavy oil. Finally, the vis-
cosity reduction and desulfurizationmechanismswere discussed in
detail.

2. Experimental

2.1. Preparation of catalysts

Fig. 1 shows the catalyst preparation process. The catalyst was
prepared by excessive impregnation. The ion exchange resin was
not used. The metal oxides are only loaded on the surface of the
molecular sieve. A 1 mol/L solution of zirconium nitrate pentahy-
drate (Zr(NO3)4$5H2O) (McLean Reagent Co., Ltd., China) and 1mol/
L solution of ammonium molybdate ((NH4)2MoO4) (McLean Re-
agent Co., LTD., China) were prepared. The HZSM-5 molecular sieve
was impregnated in the configured solution. The water bath was
heated in the ultrasonic oscillator until the excess water was dried.
The obtained solids were dried in an oven at 80 �C for 24 h. The
prepared solid powder was roasted in a muffle furnace at 500 �C for
6 h for activation. After cooling to room temperature, the activated
catalyst was ground and screened to a particle size below 40e50
mesh.

2.2. Characterization of catalysts

X-ray diffraction (XRD) was performed on an X’ Pert Philips
diffractometer with Cu-Ka radiation. Operating conditions: Cu-Ka
line (l ¼ 0.154 nm), scanning range of 5�~75�, tube pressure 40 kW,
tube flow 40mA, scanning speed 5 �/min, step size 0.02�. Brunauer-
Emmett-Teller (BET) specific surface areas (SSAs) of the catalysts
were measured by automated surface area and pore size analyzer
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(Micromeritics ASAP2460). The samples were desorbed under a
nitrogen atmosphere at 300 �C for 4 h. The experimental data was
calculated and processed by the BET algorithm. The morphology of
the samples was characterized by a JEM-2100UHR transmission
electron microscope (TEM). The maximum acceleration voltage of
TEM was 200 kV, the point resolution was 0.19 nm, and the line
resolution was 0.14 nm. Temperature-programmed desorption test
of NH3 (NH3-TPD) was carried out by AutoChem II 2920 chemi-
sorption instrument. The temperature was heated to 300 �C for 2 h
at 10 �C/min in the He atmosphere, then dropped to 70 �C. 5%
NH3eHe mixture was adsorbed for 30 min. After the baseline was
stabilized, the temperature was heated to 800 �C at 10 �C/min. The
desorption curve was recorded. The valence states of O, Al, Mo, Zr,
and Si in the catalyst were analyzed by X-ray photoelectron spec-
troscopy (XPS). The parameters were set to excitation light source
MgK (1254 eV), power 250 W and energy 35.75 eV. The active
component loading of the catalyst was obtained by analysis and
calculation.

2.3. Hydrothermal cracking experiment

Heavy crude oil from the Shengli Oilfield of China. The viscosity
of the crude oil is 38200 mPa s at 50 �C. The experimental device is
shown in Fig. 2. A typical experimental procedure was described:
30 g of heavy oil and 0.5 mL of hydrogen supply agent (1,2,3,4-
tetrahydronaphthalene) were added into a 350 mL autoclave un-
der different catalysts, catalyst addition amount, and reaction
temperature conditions. The reaction time was 24 h. After the
autoclave cooled to room temperature, the products were collected
and tested for viscosity determination, hydrogen sulfide concen-
tration, and SARA analysis.

2.4. Analysis of oil samples

The viscosity of heavy oil was recorded by the programmable
viscosimeter（Brookfield DV-IIþ）at 50 �C. The torque was kept
within a range of 20%e80% during measurement. The viscosity
reduction rate（VRR）of heavy oil was calculated by the method
below:

VRR¼ h0 � h

h0

where VRR，h0, and h were viscosity reduction rate, viscosity
before reduction, and viscosity after reaction, respectively. The
experiments were carried out according to the method of bitumen
separation of four components of NB/SH/T 0509e2010. The four
components in the heavy crude oil samples were analyzed.
Asphaltene was precipitated from crude oil by n-heptane. SARA
separation was carried out in a column filled with alumina. Ele-
mentar Vario EL III carried out elemental composition analysis. The
mass fraction of C, H, N, and S elements in the sample was deter-
mined. The mass fraction of the O element was obtained by the
difference subtraction method. The reduction tube temperature
was 550 �C. The carrier gas flow was 180 mL/min. The absolute
error was less than 0.1%. X-ray photoelectron spectroscopy (XPS)
was used to analyze the oil samples before and after the reaction.

3. Results and discussion

3.1. Characterization of catalysts

3.1.1. XRD analysis
The XRD power pattern of the catalyst was illustrated in Fig. 3.

The characteristic diffraction spectrum lines of ZrO2 at 2q ¼ 30.2�,



Fig. 1. The preparation process of catalysts.

Fig. 2. Schematic diagram of the hydrothermal cracking reaction device.

Fig. 3. XRD spectrum of the catalyst. (a): HZSM-5; (b): 10 wt% ZrO2eMoO3/HZSM-5;
(c): 20 wt% ZrO2eMoO3/HZSM-5; (d): 10 wt% MoO3/HZSM-5; (e): 20 wt% MoO3/
HZSM-5; (f): 10 wt% ZrO2/HZSM-5; (g): 20 wt% ZrO2/HZSM-5.

Fig. 4. Nitrogen adsorption and desorption isotherm.
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35�, 50.5�and 60� were observed. The intensity and crystallinity of
the characteristic diffraction peaks of molecular sieve decreased
with the increase of ZrO2 loading (Al-Attas et al., 2019; Avbenake
et al., 2019). The characteristic diffraction spectrum lines of
MoO3/HZSM-5 at 2q ¼ 25.7� and 38.9� were observed. A clear ab-
sorption peak of the supported catalyst could be seen by comparing
the XRD patterns of the molecular sieve and the supported catalyst.
The crystallinity of the molecular sieve decreased because of the
load of ZrO2 (Oh et al., 2020). The narrower diffraction peak of the
active component indicated that the crystallinity of the MoO3
loaded molecular sieve was higher. In addition, the diffraction
peaks of the loadedmolecular sieve 2q¼ 7.9�, 8.8� and 23�e24� did
not change significantly. This indicated that the loading of active
components did not alter the mesoporous structure of the molec-
ular sieve (Zhang et al., 2019; Laredo et al., 2004).

3.1.2. BET analysis
According to the test data in Fig. 4, the specific surface area of

the molecular sieve decreased with the increase of active compo-
nent loading. Because metal oxides were supported on the catalyst
surface, the specific surface area of molecular sieves fell. The spe-
cific surface area of the catalysts loaded with 10 wt% ZrO2 was
higher than that of the molecular sieve. This may be due to adding a
small amount of nitric acid solution during the configuration pro-
cess, which increased the solubility of zirconium nitrate. The spe-
cific surface area of the molecular sieve increased. Because some
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nitric acids corroded the molecular sieve, the metal oxides did not
fill the corrosion area (Nguyen et al., 2017; Wei et al., 2020). When
the active metal loading increased to 20 wt%, the pore volume
decreased with loading. This indicated that metal oxides were
loaded into the pore channels of the molecular sieve, which
reduced pore volume (Zhang et al., 2020). The average pore size of
the molecular sieve increased because metal oxides blocked
smaller pores and left larger pores. The asphaltene macromolecular
structure in heavy oil is about 1 nm. It can freely enter the pores of
the molecular sieve to participate in the reaction. In addition, the
mesoporous structure could ensure the rapid discharge of reaction
products and effectively reduce the generation and accumulation of
carbon deposition (Liu et al., 2019;Muley et al., 2015;Mullins, 2010;
Qiu et al., 2020). The nitrogen adsorption-desorption curve is
shown in Fig. 4. The catalyst has a typical Langmuir II isothermal
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curve and an H3 hysteresis ring. This indicated that the catalyst
carrier was a mesoporous layeredmolecular sievewith narrow slits
(Chen et al., 2009b; Hosseinpour et al., 2020).
3.1.3. TEM analysis
Fig. 5(a)e(c) showed TEM images of HZSM-5, ZrO2/HZSM-5, and

MoO3/HZSM-5. It could be seen that the surface of the molecular
sieve had distinct lattice stripes. The particles were well dispersed.
Most particles appeared as short prismatical structures with an
average diameter of around 30 nm. This proved that the ZrO2/
HZSM-5 and MoO3/HZSM-5 catalysts were prepared as nano-
particles. The interplanar crystal distance of ZrO2/HZSM-5 is
0.30 nm. The interplanar crystal distance of MoO3/HZSM-5 is
0.23 nm (Li et al., 2017; Cui et al., 2020).
3.1.4. NH3-TPD
It could be observed from Fig. 6 that NH3 desorption peaks occur

in all the prepared catalysts at about 160 and 420 �C. The desorp-
tion of NH3 caused the low-temperature peak (160 �C) at the weak
acid position. The high-temperature peak (>400 �C) was the
desorption of NH3 adsorbed on the strong acid position. In partic-
ular, the area of the NH3 desorption peak could be used to measure
the acidity of the molecular sieve. In general, the peak area of the
low-temperature region in the desorption curve represented the
number of weak acid sites, and the peak area of the high-
temperature region represented the number of strong acid sites.
The experimental results showed that the weak acid sites of the
molecular sieve loaded with functional metal oxides decreased and
the strong acid sites increased. The acid area of the molecular sieve
loaded with ZrO2 increased when the temperature was 600 �C. The
acid area of the molecular sieve packed with MoO3 increased to
about 450 �C. Both loads increased the strongly acidic site of the
catalyst (Li et al., 2019a, 2019b, 2020; Bandara et al., 2006; Tran
et al., 2020; Hu et al., 2020).
3.1.5. XPS characterization
XPS characterized the content of metal elements loaded by the

molecular sieve. The metal oxides were successfully loaded on the
molecular sieve. The load was close to the expected value. There
was a deviation in the load of some catalysts because of the uneven
loading of catalysts. The results showed that when the content of
MoO3 exceeded 7e8wt%, theMoO3 could not continue to be loaded
on the molecular sieve when the two metal oxides were mixed.
However, the load of ZrO2 could reach 17e18 wt%. This may be
because the pores and surfaces of the molecular sieve were already
loaded with active components (Yang et al., 2020).

The peaks of Mo and Zr were observed in survey spectra. The
binding energies were calibrated by C 1s (284.8 eV). From the Mo
3d spectrum, the binding energies of Mo 3d3/2 and Mo 3d5/2 were
232.1 and 235.2 eV, respectively, which indicated that Mo ions
present as Mo6þ on the surface of the nanoparticles. From the Zr 3d
spectrum, the binding energies of Zr 3d3/2 and Zr 3d5/2 were 181.9
and 184.3 eV, respectively, which indicated that Zr ions presented
as Zr4þ on the surface of the nanoparticles. These results also
showed that the two active components existed in the form of
MoO3 and ZrO2. Three peaks were located around 528.2e532.5,
529.0e532.5, and 530.5e533.2 eV in the XPS O 1s spectrum. The
peaks at 528.2e532.5 and 529.0e532.5 eV were assigned to the
lattice oxygen atoms, chemically adsorbed oxygen and weakly
bound oxygen. The peak at 530.5e533.2 eV was designated as the
adsorbed water (Yenumala et al., 2020). The proportions of the
three oxygen forms were 43.35%,19.70% and 36.96%, respectively. It
proved that lattice oxygen mainly exists on the catalyst.
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3.2. Effect of different factors on desulfurization viscosity of heavy
oil

3.2.1. Types of catalysts
The effects of different catalysts were shown in Fig. 7. HZSM-5,

10 wt% MoO3eZrO2/HZSM-5, 20 wt% MoO3eZrO2/HZSM-5, 20 wt
% ZrO2/HZSM-5 and 20 wt% MoO3/HZSM-5 were used for catalytic
experiments. After adding 20 wt% MoO3eZrO2/HZSM-5 catalyst,
the viscosity reduction rate of heavy oil was 83.94%. After adding
10 wt% MoO3eZrO2/HZSM-5 catalyst, the heavy oil viscosity
reduction ratewas 82.56%.When the same amount of ZrO2 orMoO3
was loaded alone, the viscosity reduction rate was 67.15% and
63.75%, respectively. The catalytic viscosity reduction effect was
lower than that of the catalysts supported by a mixture of two
active metals.

Fig. 7 showed that under the catalytic action of 20 wt% ZrO2/
HZSM-5, H2S gas produced the most in the reaction. This showed
that it had the best desulfurization effect. However, ZrO2 could not
inhibit coke formation well. However, the coke production during
hydrothermal cracking reaction would affect the decrease of oil
viscosity, and ZrO2 could not inhibit coke formationwell. The MoO3

has an inhibitory effect on coke formation. The promoting effect of
MoO3 on CeS bond fracture was less than ZrO2. Therefore, the
catalyst loaded with MoO3 had a poor viscosity reduction effect.
The synergistic effect between the two active components was
observed. When the impregnation amount of the two active com-
ponents increased from 10 to 20 wt%, the viscosity reduction rate
did not increase significantly. This indicated that 10 wt%
MoO3eZrO2/HZSM-5 had a significant catalytic effect. Further
impregnation of active ingredients did not effectively increase the
contact between the functional components and the reactants.
Therefore, the optimal impregnation of mixed oxides was around
10 wt% (Hosseinpour et al., 2020).

3.2.2. Reaction temperature
As shown in Fig. 8, the viscosity of heavy oil decreased with

temperature increasing regardless of whether the catalyst was
added. This was because hydrothermal pyrolysis rate increased
with the growth of reaction temperature. The reaction rate varied
obviously with temperatures between 160 and 240 �C. At
240e320 �C, the reaction tended to be stable. After adding the
catalyst, the viscosity reduction rate of heavy oil reached 27.79% at
160 �C. At the same temperature, the viscosity reduction rate was
only 13.50% without a catalyst. As the temperature increases, the
rate of substance transport for the reaction also increased. At the
same time, the temperature increase also accelerated the diffusion
of lamellar molecular sieves in heavy oil. This made the reaction
more intense. The macromolecular carbon chains in the oil samples
unfolded with the temperature increasing. The resistance between
molecules was weakened. In addition, sulfur atoms in the reactant
frequently contacted the active component in the macroporous
structure and formed coordination bonds. At the same time, the
increase of strong acid sites in NH3-TPD accelerated the reaction
rates of electron transfer and hydrodesulfurization in hydrothermal
cracking reactions. Macroporous and mesoporous structures pro-
vided sites for reactions. It was worth noting that when the tem-
perature rose to 280 �C, the viscosity reduction rate of heavy oil
would no longer increase significantly.

3.2.3. Catalyst addition
The heavy oil viscosity reduction experiment in Fig. 9 was car-

ried out under 280 �C and 24 h. The addition amounts of catalysts
were 0, 0.01, 0.05, 0.5, 1 and 5 wt%, respectively. It could be seen
from Fig. 9 that the viscosity reduction rate of oil increased with the
increase of catalyst addition. This was because the active metal



Fig. 5. TEM spectra of different catalysts ((a). HZSM-5; (b). ZrO2/HZSM-5; (c). MoO3/HZSM-5).

Fig. 6. NH3 temperature-programmed desorption curve.

Fig. 7. Effects of catalyst types on viscosity reduction rate and H2S concentration. a:
HZSM-5; b: 10 wt% MoO3eZrO2/HZSM-5; c: 20 wt% MoO3eZrO2/HZSM-5; d: 20 wt%
ZrO2/HZSM-5; e: 20 wt% MoO3/HZSM-5.

Fig. 8. Effect of temperature on the viscosity reduction rate with or without 10 wt%
MoO3eZrO2/HZSM-5.
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component increased with the catalyst addition increasing. The
reaction was facilitated by more active metallic components in
contact with the reactants. When the amount of catalyst increased
to 1 wt%, the viscosity reduction effect tended to be stable. This was
because the reaction reached equilibrium. When the amount of
catalyst was 1 wt%, the viscosity reduction rate of the heavy oil
sample was 82.26%. When the amount of catalyst was increased
four times, the viscosity reduction rate of the oil sample was
83.44%. The viscosity reduction rate only increased by 1.18%. The
viscosity reduction rate of heavy oil samples did not increase
significantly. In addition, the excessive addition of catalysts could
increase the cost of heavy oil recovery. Therefore, the optimal
addition amount of catalyst in this experiment was 1 wt%.

3.3. Analysis of oil samples

3.3.1. SARA analysis of oil samples
The changes of SARA compositions of oil samples after reaction

are shown in Fig. 10. The resin fraction was significantly reduced.
The number of light components increased when the catalyst was
added. This indicated that the catalyst promoted the cracking of
macromolecules of resins. Therefore, the viscosity reduction of oil
reduced.With the increase of temperature and catalyst content, the
content of saturated and aromatic fractions increased, and the
asphaltene and colloid decreased.

3.3.2. Elemental analysis of oil samples
The elemental analysis results are shown in Table 1. Under the

influence of catalysts, the sulfur content element changed signifi-
cantly. When the catalyst was not added, the sulfur content in the
3891
oil sample decreased from 1.34% to 1.15% with the temperature
increasing. After adding the catalyst, the sulfur content in the oil
sample decreased from 1.29% to 0.88% with the temperature
increasing. This indicated that the catalysts could promote the
cracking of sulfur-containing substances. The increase of reaction
temperature enhanced the degree of hydrothermal cracking reac-
tion. When no catalyst was added, the H/C value increased first and



Fig. 9. Effects of different catalyst additions on the viscosity reduction rate.

Fig. 10. The changes of SARA compositions of different oil samples. NC: no catalyst
added; C: adding catalyst; 1 wt%: the amount of catalyst.

Table 1
Elementary analysis of oil samples.

Reactant Temperature, �C H,

Crude oil / 9.1
Hydrogen-only treatment 160 9.4

200 9.4
240 9.5
280 9.5
320 9.5

Treatment with catalyst and hydrogen 160 9.7
200 9.8
240 9.9
280 9.9
320 9.9

Adding 0.01 wt% catalyst 280 9.5
Adding 0.05 wt% catalyst 280 9.6
Adding 0.5 wt% catalyst 280 9.7
Adding 1 wt% catalyst 280 9.9
Adding 5 wt% catalyst 280 9.9
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then decreased with increasing temperature. This was because the
rate of hydrothermal cracking reaction rate increased with the rise
of temperature. However, the asphaltene was cracked into light
components and coke. The generation of coke results in the
decrease of H/C value in the oil sample. The coke production led to
the decline of H/C value in the oil sample.

Compared with the experiment without catalyst, the hydroge-
nation reaction was more intense after adding catalyst. Therefore,
the value of H/C was increased. With the increase of catalyst
addition, the sulfur content in the oil sample decreased, and the
saturation of carbon atoms increased. The quality of the oil was
improved after the reaction.When the amount of catalyst increased
from 0.01 to 1wt%, the sulfur content of oil samples decreased from
1.28% to 1.03%. The H/C value rose from 0.1084 to 0.1127. More free
radicals were generated in the reaction. The hydrogen atom could
better participate in the hydrogenation reaction. This increased the
amount of hydrogen in the oil sample. The catalyst had good sur-
face acidity. This promoted the hydrodesulfurization reaction of
alkaline asphaltene. When the amount of catalyst was 1 wt%, the
sulfur content of the oil sample decreased to 1.03%. The content of
the nitrogen element did not change with the catalyst content
increasing. It indicated that the nitrogen element did not partici-
pate in the hydrothermal cracking reaction under this condition.
The CeN bond has higher bond energy. Therefore, it needs a higher
temperature to react violently. This indicated that the catalyst had
no noticeable catalytic effect on the denitrification reaction of
heavy oil.
3.4. Viscosity reduction mechanism

3.4.1. XPS characterization of oil samples
Fig. 11(a) presented the XPS spectra of the oil sample before

reaction. As shown in Fig. 11(a), the peak of S could be seen in the
measurement spectrum. Sulfur elements in heavy oil exist in five
forms: thioether, thiophene sulfur, sulfoxide sulfur, sulfone sulfur,
and sulfate. Their proportions were 12.21%, 24.44%, 12.56%, 34.20%
and 16.59%, respectively. There was more unstable sulfone sulfur in
the oil sample. It was easy to participate in the reaction and convert
to H2S and other types of stable sulfur.

Fig. 11(b) showed the XPS image of the oil sample after the re-
action when the hydrogen donor was added. Compared with that
before the reaction, the contents of thioether and sulfone sulfur
changed. The content of thioether at 163.69 eV increased from
% C, % N, % S, % H/C

3 86.24 1.11 1.45 0.1059
4 88.10 1.12 1.34 0.1072
7 88.14 1.13 1.27 0.1074
2 88.11 1.11 1.27 0.1080
7 88.07 1.12 1.24 0.1087
6 88.16 1.13 1.15 0.1084
1 87.88 1.12 1.29 0.1105
4 87.95 1.05 1.16 0.1119
2 88.05 1.00 1.03 0.1127
7 88.12 0.93 0.98 0.1131
9 88.30 0.83 0.88 0.1131
5 88.07 1.10 1.28 0.1084
3 88.10 1.08 1.19 0.1093
1 88.09 1.05 1.15 0.1102
2 88.05 1.00 1.03 0.1127
3 88.05 1.00 1.02 0.1128



Fig. 11. XPS spectra of oil samples ((a). Crude oil; (b). Not catalyzed after reaction at
280 �C; (c). Catalyzed after reaction at 280 �C).
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12.21% to 13.81%. The content of sulfone sulfur at 167.78 eV
decreased from 34.20% to 30.41%. In hydrothermal cracking, some
unstable thioether and sulfone sulfur were desulfurized. They were
converted into more stable thiophene sulfur.

Fig. 11(c) showed the XPS spectra of sulfur in oil samples after
reactionwith a catalyst added. It showed that the content of unable
sulfone sulfur and sulfoxide sulfur in oil decreased after reaction at
280 �C. And the content of relatively stable thioether and thiophene
sulfur increased. The content of the sulfur-containing functional
group was compared with only hydrogen supply. The content of
thioether at 162.58 eV increased from 13.81% to 18.80%. The content
of thiophene sulfur at 165.55 eV increased from 24.58% to 30.15%.
The sulfoxide sulfur content at 165.55 eV decreased from 12.57% to
10.57%. The sulfone sulfur content at 167.78 eV decreased from
30.41% to 16.27%. The sulfate content at 168.94 eV increased from
18.63% to 24.21%. This indicated that the desulfurization reaction
occurredmainly in unstable thioether and sulfone sulfur during the
catalytic reaction. The catalyst promoted the transformation of
unstable sulfides into more stable thiophene sulfur and hydrogen
sulfide gas.
3.4.2. Reaction pathways of sulfone sulfur and sulfoxide sulfur
Fig. 12(a) showed the reaction path of sulfone sulfur hydro-

thermal pyrolysis. Firstly, the dissociated and adsorbed H2 formed
the B-acid site with the catalyst active center. The two oxygen
atoms in sulfone sulfur were absorbed in the L-acid site. B-acid
provided hydrogen ions and contributed protons. Then the reaction
removed oxygen atoms in the form of water. The CeS bond in
sulfone sulfur was broken. Then, they produced small molecule
sulfur compounds. Other macromolecules also occurred ring-
opening reaction. Fig. 12(b) showed the hydrolysis process of sulf-
oxide sulfur. The sulfur atom in sulfoxide sulfur was only connected
to one oxygen atom. Therefore, it had strong CeS bond energy and
good stability. As the temperature increased, sulfoxide sulfur hy-
drolyzed and released hydrogen sulfide gas.
3.5. Analysis of desulfurization effect of heavy oil

Fig. 13(a) showed the experimental results at different temper-
atures after adding hydrogen donor and catalyst. The viscosity
reduction rate of heavy oil increased with temperature increase.
When the temperature reached 200 �C, the viscosity reduction
effect of the catalyst tended to be stable. If the reaction temperature
continued to rise, the viscosity reduction rate of the catalyst would
hardly increase. The catalyst could only break a few chemical bonds
at low-temperature. With the temperature increasing, more CeS
bonds were broken in heavy oil. Therefore, when the temperature
reached 200 �C or higher, the viscosity reduction rate of heavy oil
was improved. The yield of hydrogen sulfide was also increased.

It could be seen from Fig. 13(b) that when the amount of catalyst
was fewer, the viscosity reduction rate increased with the catalyst
increasing. When the amount of catalyst reached 1 wt%, the vis-
cosity reduction effect tended to be stable. If the amount of catalyst
continued to increase, the viscosity reduction rate of the heavy oil
would hardly increase. When the amount of catalyst was fewer, it
could only interact with a small amount of colloid and asphaltene.
Its stable structure cannot be completely broken. With the catalyst
dosage increasing, the planar stacking structure of asphaltene was
destroyed. The viscosity reduction rate of heavy oil increased
significantly. Considering the economy and viscosity reduction ef-
fect of heavy oil, the optimal dosage of catalyst was 1 wt%.



Fig. 12. Hydrothermal cracking reaction path ((a). Sulfone sulfur; (b). Sulfoxide sulfur).

Table 2
Catalyst preparation cost.

Cost items Component Unit price Cost of catalyst

Raw material cost Zr(NO3)4$5H2O $0.1010/kg $0.0340/kg
(NH4)2MoO4 $0.1948/kg $0.0133/kg
HZSM-5 $6.4935/kg $4.9188/kg

Utility cost Electricity expense $0.0519/kWh $1.7957/kg
Capital cost Ultrasonic oscillator $315.91 $315.91

Oven $376.07 $376.07
Muffle furnace $558.22 $558.22

R.-Q. Liu, L.-Q. Zhang, H.-D. Pan et al. Petroleum Science 20 (2023) 3887e3896
3.6. Economical analysis

Table 2 evaluated the cost of catalyst preparation using 10 wt%
MoO3eZrO2/HZSM-5 as an example. The catalyst preparation cost
mainly includes raw material, utility and capital costs (Ong et al.,
2022). The raw material cost is mainly the purchase cost of raw
materials in the catalyst preparation process. The utility cost pri-
marily considers the total energy consumed in the catalyst prepa-
ration process (e.g., drying, ultrasonic shaking, calcination, etc.).
Capital cost is the capital cost of the experimental equipment
required in the catalyst preparation process. Among them, the
equipment is the original fixed assets of the laboratory. The total
cost of rawmaterials and utilities of the 10 wt%MoO3eZrO2/HZSM-
5 catalyst with the best viscosity reduction was $6.7618/kg.

In the Gudong Oil Production Plant field experiment, the
amounts of steam and catalyst injected were 1300 tons and 6.5
tons, respectively (Qin et al., 2009). The crude oil recovery was
increased by 21.07% with the addition of 0.005 wt% SiO2 nano-
catalyst (Song, 2023). Therefore, 0.005 wt% catalyst will be added
into 1 ton of steam. The field test showed that the oil-to-steam ratio
increased by 0.24 after adding catalyst, resulting in an additional
net gain of $171,460 (Xu et al., 1998). When every 1000 tons of
steam is injected, 5 tons catalyst is required. The additional oil
production is 240 tons. The cost of the catalyst is $33,809. The
Fig. 13. Effect of temperature/catalyst addition on viscosity reduction and
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benefit of additional oil recovery is $91,440. Therefore, this is
economically feasible.

4. Conclusion

HZSM-5, MoO3/HZSM-5, ZrO2/HZSM-5 and MoO3eZrO2/HZSM-
5 catalysts were developed to promote desulfurization and vis-
cosity reduction of heavy oil. The effects of temperature, catalyst
type and addition amount on the viscosity and composition of oil
were evaluated. The main conclusions are listed below.

(1) The prepared catalysts are uniformly loaded with active
components and have good spatial structure and catalytic
activity. The catalysts have economic feasibility and appli-
cation potential.

(2) The result showed that the optimal addition amount of
MoO3eZrO2/HZSM-5 catalyst was 1 wt%. The optimal reac-
tion temperature was 280 �C. The optimum impregnation of
the catalyst active component was 10 wt%. The mass ratio of
the two active ingredients was 1:1. Under these conditions,
the viscosity reduction rate of heavy oil reached 82.26%.

(3) SARA result showed that the contents of resins and asphaltic
in the oil after the catalytic reaction was 5.69%. It is lower
than that in crude oil. The H/C value of the oil sample
increased from 0.1059 to 0.1126. Meanwhile, sulfur content
decreased from 1.45% to 1.03%. This was because part of
sulfur existed in H2S gas after the reaction.

(4) The sulfur element distribution of oil samples before and
after the reaction was analyzed by XPS. The results showed
that the sulfoxide and sulfone sulfur content in the oil sam-
ples decreased by 19.92%. The content of stable thiophene
sulfur increased by 5.71%.
desulfurization of heavy oil ((a). Temperature; (b). Catalyst addition).
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