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Molecular transformation of heavy oil during slurry phase
hydrocracking process: Influences of operational conditions
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The influences of reaction temperature, duration, pressure, and catalyst concentration on the molecular
transformation of residual slurry phase hydrocracking process were investigated. The molecular
composition of the heteroatom compounds in the residue feedstock and its upgrading products were
characterized using high-resolution Orbitrap mass spectrometry coupled with multiple ionization
methods. The simultaneous promotion of cracking and hydrogenation reactions was observed with
increasing of the reaction temperature and time. Specifically, there was a significant increase in the
cracking degree of alkyl side chain, while the removal of low-condensation sulfur compounds such as
sulfides and benzothiophenes was enhanced. In particular, the cracking reactions were more significantly
facilitated by high temperatures, while an appropriately extended reaction time can result in the com-
plete elimination of the aforementioned sulfur compounds with a lower degree of condensation. Under
conditions of low hydrogen pressure and catalyst concentration, the products still exhibit a high relative
abundance of easily convertible compounds such as sulfoxides, indicating a significant deficiency in the
effectiveness of hydrogenation. The hydrogen pressure exhibits an optimal value, beyond which further
increments have no effect on the composition and performance of the liquid product but can increase the
yield of the liquid product. At significantly high catalyst concentration, the effect of desulfurization and
deoxidation slightly diminishes, while the aromatic saturation of highly condensed compounds was
notably enhanced. This hydrogenation saturation effect cannot be attained through manipulation of
other operational parameters, thereby potentially benefiting subsequent product processing and utili-
zation. This present study demonstrates a profound comprehension of the molecular-level residue slurry
phase hydrocracking process, offering not only specific guide for process design and optimization but
also valuable fundamental data for constructing reaction models at the molecular level.
©

http://creativecommons.org/licenses/by/4.0/
mailto:lzz@cup.edu.cn
mailto:sq@cup.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2024.09.002&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2024.09.002
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.petsci.2024.09.002
https://doi.org/10.1016/j.petsci.2024.09.002


Table 1
Bulk properties of the feedstock.

Property Value Property Value

r20, g$cm�3 0.9848 Ni, mg$g�1 74.8
H/C, mol/mol 1.57 V, mg$g�1 464
S, wt.% 3.78 Asphaltenes, wt.% 9.13
N, wt.% 0.53 Conradson carbon residue, wt.% 13.9
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Slurry phase hydrocracking process for residual oil typically
operates at 400e460 �C and 10e20 MPa (Angeles et al., 2014;
Prajapati et al., 2021). In order to improve the conversion effect of
residual feedstock and reduce operating costs, large quantities of
researches have been conducted on the influence of operating
conditions. It was found that increase of reaction temperature and
time led to decrease of liquid product and formation of gas and
solid products (Martinez-Grimaldo et al., 2014). Although similar
residue conversion can be achieved by controlling the reaction
temperature and time, the two methods may have different effects
on the hydrogenation reaction. For example, when the same con-
version is achieved, the coke yield is higher at high temperature for
a short time than at low temperature for a long time (Tong et al.,
2015). In hence, the ENI slurry technology (EST) uses a long reac-
tion time at low temperature to inhibit the formation of coke. This
phenomenon can be better understood by measuring and calcu-
lating the dipole moment of the liquid product and the average
structure of the asphaltenes therein (Lim et al., 2018). As the re-
action temperature was increased, the dipole moment of the liquid
product decreased, while the dealkylation of the asphaltenes was
aggravated. These two opposite trends resulted in more solid
deposition. In contrast, increasing reaction time at low temperature
can improve residue conversionwith better refining effects because
of the better dispersion of the asphaltenes.

Hydrogen pressure and catalyst concentration are also impor-
tant optimization parameters, which mainly affect the hydroge-
nation reactions. The removal efficiency of sulfur and Conradson
carbon residue (CCR) are highly dependent on the hydrogenation
potential of the system, which requires high catalyst concentration
andmatching high hydrogenpressure. However, the control of coke
formation and hydrodemetallization (HDM) can reach ideal effects
even at very low catalyst concentration (Panariti et al., 2000).
Further research found that under low catalyst concentration, the
asphaltenes underwent dealkylation to generate light fractions at
low residual conversion, while condensation occurred at high re-
sidual conversion to generate coke. Higher catalyst concentration
led to a longer coke induction period, asphaltenes were mainly
converted to light fractions even at high residual conversion
(Nguyen et al., 2021).

In general, the operating conditions have complex influences on
the slurry phase hydrocracking process. The prior researches only
studied the residual conversion and the bulk properties and
average structure of the products, but did not understand the
process from molecular composition level, resulting in limited
understanding. For example, the conversion reactivity and selec-
tively of awide variety of compounds in slurry phase hydrocracking
process are unknown. By controlling different operating conditions,
even if similar conversion rates and product properties are ach-
ieved, there may be some differences in the composition of prod-
ucts, which may have impacts on the subsequent processing and
utilization of the product. Additionally, since different residual oil
feedstocks may have great differences in composition and proper-
ties, there may be problems with the applicability of relevant un-
derstandings to different feedstocks.

In our recent work (Wang et al., 2023), the molecular compo-
sition of a residual oil and its thermal cracking and slurry phase
cracking products were obtained using high-resolution mass
spectrometry (HR MS). Through the results, the differences in the
molecular transformation between slurry phase hydrocracking
process and thermal cracking process were clearly reflected, and
the mechanism of the reaction process was further discussed. The
objective of this work is to track the compositional transformation
of residual slurry phase hydrocracking process from a molecular
perspective and investigate the influences of operating conditions
on it. Four series of slurry phase hydrocracking products of a
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residual oil feedstock were obtained through changing the reaction
temperature, duration, pressure, and catalyst concentration. The
molecular composition of the heteroatom compounds in the
feedstock and its products was characterized by high-resolution
Orbitrap MS coupled with electrospray ionization (ESI) source.
The influences of the operating conditions on the hydrocracking
process were further discussed via analyzing the bulk properties
and molecular composition.

2. Experiment section

2.1. Samples and reagents

The feedstock of the slurry phase experiment is a blend (1:1 m/
m) of a Venezuelan atmospheric residue and a Middle East vacuum
residue. The physical properties and composition of the feedstock
has beenwell characterized and reported in a previous work (Wang
et al., 2023), and its key bulk properties are listed in Table 1.

Analytical grade n-hexane, dichloromethane (DCM), toluene
and methanol were obtained from Beijing Chemical Reagents
Company, which were purified by distillation with a 9600 spinning
band distiller (B/R instrument, USA) before use. Analytical grade
silver tetrafluoroborate (AgBF4) and methyl iodide (MeI) were ob-
tained from J&K Chemical Ltd.

2.2. Slurry phase hydrocracking experiments

The slurry phase hydrocracking reactions were carried out in a
laboratory-scale batch reactor, and the experimental procedure has
been described in a previous publication (Wang et al., 2023). The
reactor was continuously fed with H2 through the gas distributor at
the bottom, while its outlet was connected to a condenser to avoid
light components being entrained and lost. Oil-soluble molybde-
num-containing catalyst was dispersed in the residual oil, which
was prepared by the Petrochemical Research Institute, PetroChina.
The active component of the catalyst is MoS2 using ammonium
tetrathiomolybdate (ATTM) as precursor (Vasudevan and Zhang,
1994). Following the completion of the reaction, the reactor was
completely cooled to room temperature. The resultant liquid in the
reactor was carefully collected along with adhering materials pre-
sent on both the reactor inner wall of the reactor and stirring rods.
The liquid products and toluene-insoluble products (or cokes) were
obtained through a sequential process of toluene-washing, filtra-
tion, and solvent volatilization. The yields of the liquid and coke
products were determined through direct weighing, while the
remaining mass was calculated as the gas product.

Slurry phase hydrocracking experiments were carried out at
different typical operation conditions to investigate their influences
on the molecular transformation. A referential experiment was
performed under temperature of T �C, duration of t h, pressure of p
MPa and catalyst concentration of k wppm. Based on the referential
experiment, four series of hydrocracking products were obtained
by varying the respective reaction conditions, and the quantitative
description of differences in reaction conditions among different
products is presented in the subsequent results. Some specific
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3.3. Molecular composition and transformation of main classes of
compounds

The compositions of three main classes of compounds (S1, non-
basic N1 and basic N1) were further analyzed in order to further
clarify the molecular transformation of residue slurry phase hy-
drocracking process. Fig. 5 shows the double bond equivalent (DBE)
versus carbon number plots of the three classes of compounds in
the feedstock and the liquid products with different reaction tem-
peratures. For S1 compounds, the compositional differences be-
tween the feedstock and the products are obvious, indicating the
desulfurization reactions are easy to occur. The relative abundance
of sulfides (refer to non-thiophenic sulfur compounds) with low
condensation degree (DBE < 6) decreased obviously in the prod-
ucts. The exposed thiophene ring of benzothiophenes (BTs,
DBE ¼ 6) were easily hydrogenated during the hydrocracking
process (Wang et al., 2023), and dihydro-BTs (2H-BTs, DBE ¼ 5)
were detected with high relative abundance in the products. The
transformation of the sulfur compounds is sensitive to the reaction
temperature. The sulfides were completely removed in the high
temperature product, while the relative abundance of BTs and 2H-
BTs decreased. High temperature also promoted the cracking of
alkyl side chain, resulting in the decrease of average carbon number
(Cwa).
Fig. 5. Ion relative abundance plots of double bond equivalent (DBE) versus carbon num
hydrocracking liquid products at varying reaction temperatures. The area delineated by the d
discernible changes in composition. The structures drawn below are proposed positive stru
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In contrast, the transformation of nitrogen compounds is not
obvious, and the main occurred reactions are the creaking of alkyl
side chains and the saturation of aromatic rings. For non-basic N1
compounds, the abundance of carbazoles was significantly
increased (DBE ¼ 9), and small quantity of indoles (DBE ¼ 6) were
also detected in the products. These compounds are mainly
generated by the aromatic saturation of nitrogen compounds with
high condensation degree and the further cracking of the generated
naphthenic rings. The DBE of basic N1 compounds decreased
obviously after the hydrocracking process. A large number of
quinoline and pyridine compounds (DBE¼ 4e7) and amines (DBE<
4) were detected in the products. With the increase of reaction
temperature, both of the non-basic and basic nitrogen compounds
mainly underwent further cracking of the alkyl side chains without
other obvious changes.

Fig. 6 shows the composition of the liquid products with
different reaction durations. As the reaction time increases, on the
one hand, sulfides and BTs were completely desulfurized, and on
the other hand, the cracking degree of all classes of compounds
increased. It is worth noting that when the reaction time is (tþ1) h
and (tþ3) h, there is no significant difference in the composition of
the liquid product. In hence, an ideal residue conversion effect has
been achieved after reaching the appropriate reaction time. With
the further increase of reaction time, the reaction rate of all kinds of
ber for S1, non-basic N1, and basic N1 class species of the residual feedstock and its
otted ellipse serves as the reference coordinate for highlighting key regions exhibiting
ctures according to the dominant DBE values.





molecular transformation of the process were systematically
investigated. Based on the results, the following conclusions were
drawn:

The simultaneous promotion of cracking and hydrogenation
reactions was observed with increasing of the reaction temperature
and time. Specifically, there was a significant increase in the
cracking degree of alkyl side chain, while the removal of low-
condensation sulfur compounds such as sulfides and benzothio-
phenes was enhanced. In particular, the cracking reactions were
more easily facilitated by high temperatures, while an appropri-
ately extended reaction time can result in the complete removal of
sulfides and benzothiophenes. In the later stage of increasing the
reaction durations, both of the cracking and hydrogenation veloc-
ities are very low, and the composition and properties of the
products no longer change significantly. Therefore, low tempera-
ture and appropriately increased reaction time are more beneficial
to the residue upgrading.

Hydrogen pressure and catalyst concentration have little effect
on the cracking degree, but play an important role in the hydro-
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