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a b s t r a c t

With the increasing heavy and inferior quality of global oil resources, the efficient utilization of crude oil 
has become a critical challenge to be solved in the energy field. This work intends to propose a feasible 
way of crude oil pretreatment in the refining process. A comparison of the comprehensive performance 
differences between thermal processing (TP) and slurry phase hydroupgrading (SPH) treatments 
revealed that SPH had a great upgrading effect for Arabian heavy crude oil under 390 ◦ C and oil-soluble 
MoS 2 catalyst. Compared with the feedstock, the asphaltene content of TP product increased by 
13.2 wt%, that in SPH product dropped by about 19.8 wt%. And the total distillate yield (≤540 ◦ C) of SPH 
increased by 4.4 wt% compared to the TP. The results of SARA separation and X-Ray Diffraction (XRD) 
showed that SPH can not only inhibit the occurrence of free radical reactions, but also dissociate the 
original asphaltene. The detailed composition of the processed samples was characterized by gas 
chromatography-mass spectrometry (GC-MS) and electrospray ionization orbitrap mass spectrometry 
(ESI Orbitrap MS) to explore the molecular transformation mechanism of different processes. There are 
a considerable number of –S– bonds in asphaltene as important structural connection hubs. The process 
of SPH can promote the production of light hydrocarbons while effectively removing heteroatom 

compounds. Finally, we considered that it is necessary to carry out the SPH pretreatment for Arabian 
heavy crude oil.
© 2025 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

Crude oil plays a vital role in the evolution of human civiliza-
tion, and it still occupies a dominant position in the world energy 
system (Liu et al., 2024b). Under the dual drivers of oil price and 
technological advancements, a large number of low-grade reserves 
and unconventional oil resources have been gradually put into 
development, primarily including tight oil, extra-heavy oil (oil

sands, bitumen) and so on (Guo et al., 2016; Sun et al., 2025; Zhu 
et al., 2024). According to projections by the International En-
ergy Agency (IEA), the proportion of global heavy oil reserve 
within total petroleum resource is exhibiting an upward trend, 
with the majority concentrated in Venezuela (the largest holder of 
heavy oil reserves), Canada, Russia, and the Middle East (Pham 

et al., 2024; Wang et al., 2024; Zheng et al., 2024).
With the continuous innovation in petroleum exploration and 

development technologies, the exploitation efforts for heavy crude 
oil resources are expected to intensify, which is gradually 
becoming the focus of the refining industry. Heavy oil plays a 
significant yet complex role in the refining process due to its 
characteristics of high density, viscosity, heteroatom content, and 
heavy metal concentration. The essence of refining process related
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to the order of technologies involved in the process of trans-
formation of the crude oil into finish marketable products has the 
potential of considerable improvement of refining profitability. 
The core processes of refinery mainly include crude distillation 
unit (CDU), hydrotreating, reforming, alkylation and isomerization 
processes, etc. As the first step of crude oil processing, CDU is used 
to separate components with different boiling point ranges in 
crude oil and provide feedstocks for subsequent processing 
(Khafaji et al., 2024; Stratiev et al., 2024). However, as global crude 
oil resources increasingly exhibit trends toward heavier and more 
inferior quality, leading to a growing impact from asphaltene and 
heteroatom compounds. In generally, asphaltene is insoluble in 
low grade n-alkanes and soluble in aromatic solvents such as 
benzene and toluene (Liang et al., 2024; Marquez et al., 2024). Berg 
(2022) systematically reviewed the development of solvent titra-
tion techniques for asphaltene, specifically those based on using 
two solvents. It enhanced our understanding of asphaltene char-
acteristics. In molecular simulation, asphaltene is divided into 
“archipelago” and “island” models according to the number of 
aromatic fused ring cores (Chac �on-Pati ~no et al., 2018; Law et al.,
2019; Meng et al., 2023). Dickie and Yen (1967), Mullins (2010), 
and Yen et al. (1961) proposed the Yen-Mullins hierarchical 
structure model, this model shows that the aggregation of 
asphaltene includes three levels. Gray et al. (2011) proposed a 
supramolecular model of asphaltene, asphaltene aggregation is a 
stable supramolecular structure formed by a variety of intermo-
lecular interactions. Although the molecular structure of asphal-
tene is not clear at present, a large number of studies have shown 
that it is easy to associate between molecules by interaction, 
which has a serious negative impact on oil exploitation, storage, 
transportation and processing (Adeyanju and Oyekunle, 2019; 
Kamkar and Natale, 2021; Moon et al., 2024). Non-covalent 
interaction is the dominant factor of asphaltene aggregation, 
which is mainly divided into two categories: The first type is 
represented by electrostatic interaction, such as hydrogen bonds 
formed by polar groups on the side chain (He et al., 2022; Khalaf 
and Mansoori, 2018); The second type is represented by disper-
sion interaction, such as π-π stacking interaction between poly-
cyclic aromatic hydrocarbons, σ-π interaction between aliphatic 
side chains and aromatic rings, and σ-σ interaction between long 
side chains (Bian et al., 2021; He et al., 2022). The heteroatom 

compounds in petroleum mainly include sulfur compounds, ni-
trogen compounds and oxygen compounds, which pose significant 
hazards to the refining process and the quality of related petro-
leum products (Deng et al., 2024; Li et al., 2023). Sulfur compounds 
tend to generate corrosive gas (H 2 S) during processing, damaging 
pipelines and equipment, while also poisoning catalysts and 
reducing the activity of key reactions such as cracking and 
reforming (Wang et al., 2023b; Wu et al., 2023). Furthermore, ni-
trogen compounds not only inhibit the efficiency of hydro-
desulfurization (HDS) reactions, increasing the difficulty of sulfur 
removal, but also affect fuel stability and contribute to environ-
mental pollution by generating nitrogen oxides (NO x ) (Lu et al., 
2025). Additionally, oxygen compounds can form acidic sub-
stances to accelerate equipment corrosion during processing and 
polymerize to form coke, clogging reactors and increasing refining 
costs.

Therefore, it is the key to ensure the efficient operation of the 
subsequent process to use appropriate methods to pretreat un-
desirable components (asphaltene, heteroatom compounds) in 
heavy crude oil before CDU to achieve initial quality improvement. 
Thermal processing (TP) and slurry phase hydroupgrading (SPH) 
treatments serve as pivotal technologies for heavy oil upgrading, 
demonstrating significant application value in petroleum refining 
(Lu et al., 2025; Wang et al., 2022, 2023a). TP treatment is a

conventional refining process that converts heavy oils into lighter 
fractions through high temperature treatment (>400 ◦ C). Its 
fundamental mechanism involves utilizing thermal energy to 
induce bond cleavage reactions in large hydrocarbon molecules of 
petroleum (Wang et al., 2022). However, TP exhibits technical 
limitations such as poor product selectivity and severe coking 
tendency, restricting its applications to specialized areas like 
heavy oil processing. SPH has strong adaptability to feedstock, 
which is the most important way to efficiently utilize heavy oil 
(Wang et al., 2023a). Its technical core is to efficiently convert 
polycyclic aromatic hydrocarbons such as asphaltene and inhibit 
coke formation, while removing heteroatom compounds from 

petroleum (Al-Attas et al., 2019; Mateus-Rubiano et al., 2024; 
Mishra et al., 2025; Prajapati et al., 2021; Yuan et al., 2025). Ho-
mogeneously dispersed catalysts are generally used in the hy-
drogenation process (Hai Pham et al., 2022). The catalysts can be 
directly dispersed in oil to enhance the hydrogenation reaction 
activity and overcome the disadvantages about significant pres-
sure decrease when using ebullated or fixed-bed reactors (Al-Attas 
et al., 2019). Although there are many types of catalyst available for 
SPH, the oil-soluble molybdenum-containing catalyst has been 
widely used in industrial production. It has several advantages 
such as simple preparation and high hydrogenation activity (Chen 
et al., 2022a; Wang et al., 2021; Liu et al., 2019, 2024a; Luo et al., 
2022). Additionally, Usman et al. (2017) mixed Arab Extra Light 
(AXL) crude oil with its liquid product in different proportions. The 
mixed feedstock was subsequently subjected to catalytic cracking 
treatment, yielding light olefins comparable to those obtained 
from direct crude oil cracking. This route provides alternative 
innovative strategies for treating crude oil.

SPH can maximize the conversion of heavy components (re-
sidual oil) and the yield of light components (liquid product) 
(Browning et al., 2019; Chen et al., 2022a; Feng et al., 2022; Hai 
Pham et al., 2022). In view of the high degree of polymerization 
and strong steric hindrance for asphaltene, there are few effective 
approaches to analysis. The difficulty of subsequent analysis can be 
greatly decreased after asphaltene dissociation by SPH. The hy-
drogenation process can reduce the formation of asphaltene pre-
cipitates and improve the structure of asphaltene. Yang et al. 
(2022) and Prajapati et al. (2021) elaborated on the evolution of 
asphaltene, in which the occurring of hydrogen and catalyst can 
inhibit the aggregation of asphaltene and prevent excessive 
cracking while breaking alkyl chains. Different types of catalyst 
have different hydrogenation effects, and SPH of crude oil provides 
a preliminary cognition of the coking mechanism for asphaltene 
(Rawat et al., 2024). On the other hand, the presence of heteroatom 

compounds also significantly degrades the properties of crude oil. 
The relevant standards of petrochemical industry have strict re-
quirements on the content of heteroatoms in petroleum products. 
SPH has excellent ability to remove heteroatom compounds (Roy 
et al., 2021; Wang et al., 2023a). The research of the reaction 
mechanism for hydrodesulfurization (HDS) and hydro-
denitrogenation (HDN) is helpful to improve the understanding of 
heteroatoms removal process (Bello et al., 2021). Chen et al. 
(2022b) analyzed the composition of sulfur species and the reac-
tivity of HDS in deasphalted oils by high-resolution mass spec-
trometry (HRMS). In fact, the understanding of the reaction 
mechanism and transform for SPH is currently unclear for now due 
to the lack of the composition characterization of molecular level. 
It hinders the upgrading and application of SPH.

In recent years, the rapid development of petroleum analysis 
technology represented by HRMS makes it possible to understand 
the composition of crude oil and its derivatives (Su et al., 2023; 
Zhao et al., 2021). For low boiling point components, we can use 
GC-MS for analysis; for high boiling point components, we can use
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HRMS to characterize their molecular composition. In addition, we 
can characterize various types of compounds such as hydrocarbon 
compounds, sulfur compounds, nitrogen compounds and oxygen 
compounds combined with relevant derivatization methods (Shi 
and Wu, 2021). Li et al. (2023, 2024) and Shi et al. (2021) have 
conducted quantitative analysis of the full molecular composition 
for crude oil, which has advanced the understanding of petroleum 

chemistry. In this work, we proposed that crude oil should be 
pretreated by SPH and proved that it has obvious lightweight and 
asphaltene dissociation effect. The detailed composition of crude 
oil in the TP and SPH treatments were characterized at a molecular 
level to explore the transformation mechanism of different pro-
cesses. Semi-quantitative analysis of hydrocarbons and heteroat-
om compounds were carried out by GC-MS and Orbitrap MS to 
further explain the reaction law of the hydroupgrading process. 
This offers constructive guidance for the refining process.

2. Experimental section

2.1. Materials and reagents

Analytical-grade methanol, toluene, dichloromethane (DCM), 
and n-hexane (n-C6) were obtained from Beijing Chemical Re-
agents Company. Analytical-grade petroleum ether was obtained 
from Shanghai Titan Scientific Co., Ltd. The solvents were dis-
tillated by a B/R 9600 spanning band distillation instrument (B/R 
Instrument Corporation, USA) before use. Silver tetrafluoroborate 
(AgBF 4 ) and methyl iodide (MeI) were purchased from J&K 
Chemical Ltd.

The Arabian heavy crude oil used in the experiments was ob-
tained from Sinopec Group. Five oil-soluble catalysts with 
different metals (Mo, Ni, Co, Fe and Cu) were prepared and their 
hydroupgrading performance was investigated. The method of 
preparing has been described in the Supporting Information.

2.2. Thermal processing and slurry phase hydroupgrading 
treatments

The objective of this work is to combine research results with 
actual production, providing theoretical support for refinery 
improvement. According to research studies, China currently 
operates a large number of major refineries, and its refining ca-
pacity ranks among the top globally (Li et al., 2025; Liu et al., 
2020). The feedstock of domestic refineries in China primarily 
comes from Middle Eastern countries, including Saudi Arabia, the 
UAE, Iran, and Iraq. The demand of Saudi crude oil is the highest 
among them, which can create significant economic benefits. 
Therefore, Arabian heavy crude oil was chosen as the object of this 
work to confirm the necessity of SPH pretreatment.

In order to explore the suitable process conditions, the hydro-
upgrading performance of five different oil-soluble catalysts was 
evaluated. Secondly, the Saudi crude oil was hydrogenated at 
different temperatures, including 330, 350, 370, 390 and 410 ◦ C. 
Finally, the most suitable temperature condition of SPH was 
selected to conduct TP treatment of Saudi crude oil for upgrading 
effect comparison. Fig. 1 shows the schematic diagram of TP and 
SPH treatments. These two processes were experimented in batch 
reactor and continuously fed with N 2 and H 2 , respectively. In this 
paper, the unprocessed Saudi crude oil was named ST-1; The Saudi 
crude oil after TP treatment was named ST-2; The Saudi crude oil 
after hydroupgrading treatment was named ST-3, which was used 
to represent the process of SPH.

3. Methodology

3.1. Bulk properties and XRD analysis

The total nitrogen and sulfur contents of samples and their 
fractions were analyzed using a Multi Vario EL III sulfur/nitrogen 
analyzer (Elementar, Germany) according to ASTM D5453 and 
ASTM D5762, respectively. The total carbon and hydrogen contents 
were analyzed using a Vario EL cube elemental analyzer (Ele-
mentar, Germany) according to ASTM D5291. Density and viscosity 
were analyzed by Chinese industry standards SH/T 0604 and GB/T 
265, respectively. The simulated distillation curve of the feedstock 
and processed samples were analyzed according to ASTM D7213. 
The saturates, aromatics, resins and asphaltenes were obtained by 
SARA separation according to Chinese industry standard NB/SH/T 
0509–2010 which was equivalent to ASTM D2007-93.

X-ray powder diffraction (XRD) patterns of the asphaltene were 
investigated by a PANalytical’s X’Pert PRO diffractometer using Cu-
Kα radiation operated at 45 kV and 40 mA with the scan rate of 5
◦ /min and 2θ range of 5 ◦ –75 ◦ .

3.2. GC-MS analysis

A Thermo Scientific Trace 1310 GC coupled with a Thermo 
Scientific TSQ 8000Evo MS was used for the analysis of SARA 
separation samples. The GC was equipped with a HP-5MS 
(60 m × 0.25 mm × 0.25 μm) fused silica capillary column. For 
saturate fraction analysis, the oven temperature was programed 
from 50 to 120 ◦ C at 20 ◦ C/min, from 120 to 250 ◦ C at 4 ◦ C/min and 
250–310 ◦ C at 3 ◦ C/min with an initial hold time of 1 min and a 
final hold time of 30 min. For aromatic fraction analysis, the oven 
temperature was programed from 50 to 120 ◦ C at 15 ◦ C/min and 
120–300 ◦ C at 3 ◦ C/min with an initial hold time of 1 min and a 
final hold time of 35 min. The energy of electron impact ion (EI) 
source was 70 eV and it was operated at 230 ◦ C. The mass range of 
saturate fraction analysis was from m/z 35 to m/z 600 with a scan 
period of 0.6 s and aromatic fraction analysis was from m/z 35 to m/ 
z 420 with 0.92 s, respectively.

3.3. ESI orbitrap MS analysis

The molecular composition of all samples was characterized by 
an Orbitrap Fusion MS (Thermo Scientific, USA). The ion transfer 
tube temperature was 300 ◦ C, and the detection mass range was 
m/z 100–1000, the cumulative number of ions (AGC target) was 
approximately 1.0 × 10 6 within a cumulative time of 100 ms. ESI

Flow controller

Temperature sensor

Air outlet

H2S
processor

H2/N2

Fig. 1. Experimental installation of crude oil processing. N 2 and H 2 are used in TP and 
SPH treatments, respectively.
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was carried out in negative-ion or positive-ion modes. The pre-
pared samples were injected into ESI through an automatic peri-
staltic pump at a flow rate of 8 μL/min. The spray voltages 
were − 2.6 and 3.6 kV, sheath gas flow rates were 5 or 8 arbitrary 
units, auxiliary flow rates were 2 or 3 arbitrary units for two 
ionization modes, respectively.

4. Results and discussion

4.1. Condition establishment and property analysis

Fig. 2(a) shows the fraction composition of hydroupgrading 
products under different catalysts. The reaction condition of 
temperature and pressure were 390 ◦ C and 7 MPa, respectively. 
The hydroupgrading activity of Mo is stronger than other metals. 
The proportion of gas is only 0.9 wt%, which means that the 
cracking reaction was effectively suppressed. The generation effi-
ciency of hydrogen radical was better than that of other metals. 
Compared with the crude oil, the proportion of VR of Mo decreased 
from 34.6 to 26.1 wt%, which was the lowest of all metals. The light 
fraction proportion increased significantly, the change of AGO 
content was the most obvious. In our previous work, we developed 
an oil-soluble MoS 2 catalyst for SPH and it has achieved industrial 
application (Liu et al., 2019; Tian et al., 2024; Wang et al., 2023a). 
We decided to do the next work on this basis.

Fig. 2(b) shows the fraction composition of hydroupgrading 
products with oil-soluble MoS 2 catalyst under different tempera-
tures. With the increase of temperature, the hydroupgrading effect 
was gradually enhanced. And the change of gas content showed 
the same trend. We can see that the 390 ◦ C is a turning point of 
fraction composition of hydroupgrading products. The proportion 
of liquid fractions at 390 ◦ C is essentially the same as that at 410 ◦ C. 
However, the proportion of gas increased from 0.9 wt% to 1.3 wt%. 
In addition, the formation of coke was also detected at 410 ◦ C. It 
shows that the advantages of free radical reaction began to grad-
ually appear, which is not what we want. The reaction time, 
pressure and catalyst concentration of SPH are consistent with 
those of industrial devices. The final selected experimental con-
ditions of two processes are shown in Table 1.

The related bulk properties and SARA separation results of the 
feedstock and processed samples are shown in Table 2. It can be 
seen that the density and viscosity of feedstock are 0.8896 g/cm 3

and 22.68 mPa⋅s, respectively. And the contents of sulfur and ni-
trogen are 3.57 and 0.19 wt%, respectively. The former is almost 19 
times that of the latter. The asphaltene content is as high as 9.1 wt% 
in the feedstock and Fig. 2(a) shows that the proportion of VR 
accounts for 34.6 wt%, indicating that the crude oil used in this 
study conforms to the characteristics of typical Arabian heavy 
crude oil (high sulfur). Compared with the feedstock, the density 
(20 ◦ C) and viscosity (50 ◦ C) of ST-2 and ST-3 were both signifi-
cantly reduced. The sulfur content of ST-2 is basically the same as 
that of the feedstock, whereas the sulfur conversion of ST-3 ach-
ieves 15.5 wt%, indicating that SPH exhibits higher desulfurization 
efficiency than TP.

The results of SARA separation show that the content of 
asphaltene exhibited considerable variability. In order to ensure
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Fig. 2. Fraction composition of hydroupgrading products under (a) different catalysts and (b) different temperatures.

Table 1
Reaction conditions of the TP and SPH treatments.

Sample ST-2 ST-3

Process TP SPH
Reactor Batch reactor Batch reactor
Time, h 1 1
Temperature, ◦ C 390 390
Gas atmosphere N 2 H 2
Pressure, MPa – 7
Catalyst – Oil-soluble MoS 2 catalyst 
Catalyst concentration, μg⋅g − 1 – 1000

Table 2
Bulk properties and SARA separation of the feedstock and processed samples.

Sample ST-1 ST-2 ST-3

Density (20 ◦ C), g/cm 3 0.8896 0.8837 0.8847
Viscosity (50 ◦ C), mPa⋅s 22.68 16.14 17.27
C, wt% 84.06 83.81 84.40
H, wt% 12.17 12.56 12.42
N, wt% 0.19 0.16 0.15
S, wt% 3.57 3.49 3.02
S asp , wt% 8.48 8.04 8.84
Sat, wt% 45.8 45.2 47.8
Aro, wt% 27.7 27.2 28.5
Res, wt% 17.4 17.3 16.4
Asp, wt% 9.1 10.3 7.3

Note: S asp represents the sulfur content in asphaltenes.
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the precision of the separation method, three repeated experi-
ments were performed for all samples, with the mean values being 
adopted as the final results. Compared with the feedstock, the 
asphaltene content of ST-2 increased from 9.1 to 10.3 wt%. This 
indicates that asphaltene aggregation can be formed in the process 
of TP. And the aggregation process follows the reaction mechanism 

of free radical. On the contrary, the content of ST-3 decreased to 
7.3 wt%. The process of SPH can not only inhibit the occurrence of 
free radical reaction, but also dissociate the original asphaltene in 
crude oil, thereby reducing the content of heavy components. The 
content of saturates and aromatics in ST-2 are lower than ST-1, but 
ST-3 presents the opposite. This phenomenon provides evidence 
that hydrocarbons were transformed in the above reaction 
processes.

4.2. Distillation characteristics and asphaltene analysis of different 
samples

The fraction composition of the feedstock and processed sam-
ples can be found in Fig. 3. Compared with the feedstock, the 
proportion of light oil (≤540 ◦ C) in ST-3 increased from 65.4 to 
73.0 wt% and the proportion of VR decreased from 34.6 wt% to

26.1 wt%. This shows that the process of SPH has excellent light-
weight effect. It is noteworthy that the properties of ST-2 also seem 

to be optimized, but this does not mean that the treatment effect 
of ST-2 for crude oil is good. Although the proportion of light 
component of ST-2 has increased, a large amount of gas (2.6 wt%) 
was generated during processing. Most importantly, the asphal-
tene content in ST-2 increased by 1.2 wt% compared to the feed-
stock as shown in Table 2. It indicates that the free radical reaction 
is uncontrollable in the process of TP. In addition, the proportion of 
light oil in ST-3 has been further improved compared to ST-2 
which increased by 4.4 wt%. Therefore, it is necessary to pretreat 
crude oil by SPH.

The separated asphaltene components were analyzed by XRD. 
Fig. 4(a) shows the doublet γ peak at around 20 ◦ and broad peak 
(002) at about 26 ◦ , respectively. The occurrence of the doublet γ 
peak is due to aliphatic side chains and the broad peak (002) is due 
to condensed aromatic rings. The calculation method of crystalline 
parameters (La, M) in asphaltene referred to previous studies 
(Kovalenko et al., 2023; Rawat et al., 2024). The relevant equations 
are shown in the Supporting Information. As shown in Fig. 4(b), La 
and M represent the average diameter of the aromatic sheet and 
the number of aromatic sheets, respectively (Kovalenko et al., 
2023; Rawat et al., 2024). The value of La and M for ST-2 (Asp) 
increased significantly compared with the ST-1 (Asp). La increased 
from 2.16 to 3.85 and M increased from 5.42 to 8.37. The value of La 
and M for ST-3 (Asp) are 0.97 and 4.67, which are much smaller 
than ST-1 (Asp) and ST-2 (Asp).

As mentioned above, it shows that the alkyl chains and aro-
matic ring lamellae developed in the direction of aggregation 
during the TP treatment. The polycyclic aromatic hydrocarbons in 
asphaltene entered the activation state of free radical by heating 
and reacted with other hydrocarbon free radicals, resulting in the 
association of asphaltene. The hydrogen radicals in the process of 
SPH can destroy the polycyclic aromatic hydrocarbon free radicals 
in time and terminate the free radical reaction in advance. 
Hydrogen radicals have strong activity, which can cause the 
breakage of chemical bonds (–S–, C–S) to decompose the aromatic 
structure and alkyl chains of asphaltene aggregation. The varia-
tions of M mean that the polycyclic aromatic hydrocarbon radicals 
reacted with each other but hydrogen radicals inhibited this pro-
cess. Moreover, with the occurring of breakage reaction for alkyl 
chain and aromatic sheets, the internal space resistance of 
asphaltene would decrease. This promoted the removal of het-
eroatom compounds, such as sulfur compounds, nitrogen
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compounds and oxygen compounds. The discussion of heteroatom 

compounds will be reflected in the following content.

4.3. Semi-quantitative molecular composition of hydrocarbon 
fractions

The semi-quantitative analysis of saturates and aromatics in 
the feedstock and processed samples were analyzed by GC-MS 
with internal standard method. The total ion chromatograms 
(TIC) of saturates and aromatics can be found in Supporting In-
formation. Fig. 5 shows the chromatographic peaks of internal 
standard in saturates and aromatics. And the structure of them can 
be found in Supporting Information. The response factor (RF) of 
different components was determined by the integral area of the

internal standard peaks. The C 24 D 50 was used as the internal 
standard compound of saturate. The RF of ST-2 (Sat) and ST-3 (Sat) 
are 0.97 and 0.78, respectively. The C 12 D 8 S was used as the internal 
standard compound of aromatic. The RF of ST-2 (Aro) and ST-3 
(Aro) are 1.13 and 0.76, respectively. In addition, the relative con-
tent (RC) of different compounds can be calculated by Eq. (1). In 
which RC is the relative content of compounds by processes 
compared with the feedstock; i represents any type compound; S 
is the integral area of compounds; S 0 is the integral area of cor-
responding compounds in ST-1; RF can be obtained in Fig. 5.

RC i= 
S i
S 0

× RF i (1)

Fig. 6 shows the change of n-alkanes in saturates. The n-alkanes 
of low carbon number (C9–C18) were obviously transformed in the

S3 = 1.5 × 104

RF = S3/S1 = 0.78
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m/z = 66
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Fig. 5. GC-MS mass chromatograms of the internal standards in saturates and aromatics.
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treatment process of TP. As we can see, the RC of n-alkanes before 
the C 13 H 28 reduced with the decreasing of carbon number, in 
which the C 9 H 20 and C 10 H 22 were basically completely converted. 
Because the experimental temperature of TP was formulated as 
390 ◦ C in this work, it cannot reach the breakage standard of C–C 
bonds of this part of small molecular n-alkanes but the free 
radical reactions tend to occur at this time. Combined with the 
SARA separation results and asphaltene characterization data, it 
can be seen that this part of the converted n-alkanes reacted with 
the free radicals of polycyclic aromatic hydrocarbons in asphaltene 
by chain initiation. The RC of n-alkanes with high carbon number 
(>C14) is consistent with the feedstock. This means that these n-
alkanes did not participate in the aggregation reaction.

On the contrary, the n-alkanes were not consumed in the 
process of SPH. Compared with the ST-1 (Sat), the RC of C 9 H 20 and 
C 10 H 22 in ST-3 (Sat) are 1.24 and 1.16 times, respectively. This 
shows that the occurrence of hydrogen radicals can not only 
inhibit the aggregation of n-alkanes, but also cause the breakage

reaction of original asphaltene side chain. Asphaltene aggregation 
was accelerated to dissociate and the yield of light components 
was increased. The experimental temperature of SPH is the same 
as that of TP, the C–C bonds are difficult to break. However, the 
bond energy of –S– bonds is less than that of C–C bonds. In addi-
tion, Table 2 shows that the sulfur content of asphaltene in ST-3 
increased from 8.4783 to 8.8394 wt% compared to the feedstock. 
More sulfur was exposed in the process of dissociation. Therefore, 
we consider that the dissociation reaction mainly depends on the 
breakage of –S– bonds at 390 ◦ C. As the carbon number increases, 
the RC of n-alkanes (≥C12) in ST-3 (Sat) tends to remain stable. It 
shows that the main type of n-alkanes connected by –S– bonds on 
asphaltene aggregation is less than C 12 H 26 .

Naphthalene compounds were analyzed by extracting different 
characteristic ion fragments. The mass chromatograms of meth-
ylnaphthalene compounds are shown in Fig. 7. The corresponding 
RC can be obtained by Eq. (1). As we can see, the RC of 1-
methylnaphthalene in ST-2 (Aro) is only 0.7 times compared
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Fig. 8. GC-MS extracted ion chromatograms of naphthalene compounds in aromatics.
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with the feedstock and the RC of 2-methylnaphthalene is 0.72 
times. Given the temperature of TP, this section of the converted 
aromatics was difficult to undergo cracking reaction, which also

reacted with the radicals of polycyclic aromatic hydrocarbons in 
asphaltene. Fig. 8 displays other types of naphthalene compounds. 
We have calculated the RC of the same series of naphthalene

RC: 0.98

RC: 0.96
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Fig. 9. GC-MS extracted ion chromatograms of methylphenanthrene and methylchrysene.
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compounds with different structures. The RC of dimethylnaph-
thalene and trimethylnaphthalene in ST-2 (Aro) are also lower 
than the feedstock. And the RC of tetramethylnaphthalene in ST-2 
(Aro) is consistent with the feedstock. Pentamethylnaphthalene 
was not detected in both feedstock and processed samples. The 
conversion efficiency of naphthalene compounds was decreased 
with the increase of methyl substituent in the process of TP.

In contrast, the RC of naphthalene compounds has been 
significantly enhanced in the process of SPH. The RC of 1-
methylnaphthalene in ST-3 (Aro) is 3.13 times higher than ST-1 
(Aro) and the RC of 2-methylnaphthalene is 3.85 times, which 
are significantly greater than other types of naphthalene com-
pounds. According to the result of SARA separation, the content of 
ST-3 (Aro) is greater than that of ST-1 (Aro), while the content of 
ST-3(Asp) is lower than that of ST-1(Asp). This shows that the 
asphaltene aggregation can undergo hydrocracking to produce 
small molecular aromatic hydrocarbons at 390 ◦ C in the process of 
SPH. Methylnaphthalene is the principal compound class gener-
ated by dissociation process. In which, the proportion of 2-
methylnaphthalene is larger than that of 1-methylnaphthalene. 
They may be the main structural unit of the outer layer for 
asphaltene aggregation and pentamethylnaphthalene is the 
structural boundary. Furthermore, as previously discussed, the 
dissociation process of asphaltene was achieved by the breakage of 
–S– bonds. One end of –S– bonds is also connected to naphthalene 
compounds (including 1-methylnaphthalene, 2-methylnaphtha 
lene and other naphthalene compounds, etc.).

Fig. 9 shows the variation trend of phenanthrene and chrysene 
compounds. The influence of the TP and SPH treatments for them 

appears to be minimal. Compared with the feedstock, the RC of

methylphenanthrene and methylchrysene in ST-2 (Aro) are 1.02 
and 0.98 times, respectively. Phenanthrene and chrysene com-
pounds can remain stable when heated. It is noteworthy that the 
RC of methylphenanthrene and methylchrysene in ST-3 (Aro) 
exhibit a considerable discrepancy. The RC of methylchrysene is 
0.96 times that of the feedstock. This means that compounds with 
four aromatic rings seem to be a boundary for the structure of 
dissociation products of asphaltene aggregation. For the SPH 
treatment, the potential reasons for above phenomenon are as 
follows: 1) The current hydrogenation conditions (390 ◦ C, oil-
soluble MoS 2 catalyst) are inadequate for the deep disassembly 
of asphaltene. Chrysene compounds are located at a greater depth 
within the asphaltene aggregation than naphthalene compounds.
2) The aromatic hydrocarbon structural units connected in the 
form of –S– bonds in asphaltene aggregation are dominated by 
naphthalene compounds.

4.4. Composition and conversion of heteroatom compounds

1) Sulfur compounds

Positive-ion ESI Orbitrap mass spectra and the relative abun-
dance histogram of compound classes for the feedstock and pro-
cessed samples are shown in Fig. 10. The main type of sulfur 
compound is S1 species (compounds with one sulfur atom). The 
distribution of sulfur compounds by the TP treatment is consistent 
with the feedstock, demonstrating its weak desulfurization per-
formance. For the process of SPH, the relative abundance of sulfur 
compounds decreased significantly. This is affected by the matrix 
effect, which is caused by the content change of sulfur compounds.
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In addition, the mass distribution center of ST-3 shifted to the 
right. It shows that the removal efficiency of small molecular 
sulfur compounds is higher than that of large molecular. Fig. 11 
shows that the DBE versus carbon number distributions of S1 and 
S2 species. The relative abundance of S1 species with low DBE (<6) 
decreased in ST-3 but the opposite was true for high DBE (>6). The 
data indicates that the sulfur compounds with low DBE 
(mercaptan, thioether and thiophene) are easier to be removed 
than those with high DBE (benzothiophene, dibenzothiophene). 
The relative abundance plots of DBE versus carbon number for S2 
species (compounds with two sulfur atom) are shown in Fig. 11. 
We can see that the degree of conversion of S2 species is signifi-
cantly higher than that of S1 species. This shows that the desul-
furization reactivity of S2 species is stronger. And the DBE value 
distribution of S2 species shows an upward trend in ST-3. And The 
DBE value of 11 was significantly transformed. The removal effect 
of S2 species is weaker with the increase of DBE value.

The sulfur compounds in asphaltene were analyzed by ESI 
Orbitrap MS. The positive-ion ESI mass spectra can be found in 
Supporting Information. As shown in Fig. 11, the overall relative

abundance of sulfide compounds in asphaltene shows an upward 
trend in ST-3 (Asp) and the sulfur content shows the same char-
acteristics. This phenomenon demonstrates that the existence of 
–S– bonds in asphaltene and which had a breakage reaction. The 
content of ionizable sulfur compounds in asphaltene was 
increased by the process of SPH. The breakage of side chain and the 
decrease of aromatic ring lamellae can weaken the shielding effect 
of asphaltene aggregation. Therefore, more detectable sulfur 
compounds were characterized. In addition, SPH can also act on 
hydrogen bonds and π–π stacking to achieve the disassembly of 
asphaltene aggregation, thereby reducing the steric effects and 
promoting the ionization efficiency of sulfur compounds in ESI.

2) Nitrogen compounds and oxygen compounds

In addition to sulfur compounds, nitrogen compounds and 
oxygen compounds are also important components of petroleum. 
Fig. 12 shows that the DBE versus carbon number distributions of 
these two types of compounds in three samples. There are four 
class species of compounds, including N1, N2, O1 and O2. For

Fig. 12. DBE versus carbon number of nitrogen compounds and oxygen compounds of the different samples.
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single atom type of heteroatom compounds (N1, O1), no removal 
effect was observed in both TP and SPH treatments. Compared 
with the feedstock, the relative abundance of N1 and O1 in ST-2 
and ST-3 did not change. On the contrary, the multi-heteroatom 

compounds (N2, O2) exhibited different characteristics. In the 
process of TP, we can see that the maximum carbon number dis-
tribution of N2 species decreased from 57 to 53. And the O2 spe-
cies shows the same characteristics, the maximum carbon number 
distribution decreased from 54 to 45. This indicates that the ac-
tivity of multi-heteroatom compounds (N2, O2) is significantly 
higher than that of single heteroatom compounds (N1, O1). In 
addition, in the previous discussion, we can know that the distri-
bution of S2 species in the process of TP is consistent with the 
feedstock. It shows that the stability of S2 species is stronger than 
N2 species and O2 species. On the other hand, in the process of 
SPH, the multi-heteroatom compounds (N2, O2) were further 
removed. The maximum carbon number distribution of N2 species 
and O2 species are only 46 and 37, respectively. The hydrogenation 
reactivity of N2 species and O2 species with high carbon number is 
significantly stronger than that of low carbon number. The ability 
of SPH treatment to remove heteroatom compounds is signifi-
cantly stronger than that of TP treatment.

4.5. Molecular transformation of asphaltene in different processes

Combined with the above analysis results, the molecular 
transformation of asphaltene was summarized in Fig. 13. Some n-
alkanes and aromatic hydrocarbons underwent condensation re-
action with original asphaltene in the process of TP treatment, 
which led to an increase in the content of asphaltene component. 
This is something that we do not want to happen in the process of 
crude oil processing. SPH can not only resolve the above issues but 
also facilitate further upgrading of crude oil, improving the yield of 
light components while removing heteroatom compounds. This 
fully illustrates the necessity of SPH pretreatment for crude oil in 
refining process. At present, we have obtained a preliminary un-
derstanding of the crude oil transform in the process of SPH. Under 
the conditions of 390 ◦ C and oil-soluble MoS 2 catalyst, the –S–

bonds in original asphaltene were broken and small molecular n-
alkanes, aromatic hydrocarbons and sulfur compounds were 
generated. Among them, the content of methylnaphthalene 
changed most obviously. It indicates that methylnaphthalene may 
be a significant structural unit of asphaltene in Arabian heavy 
crude oil.

In the next work, we will focus on the upgrading of crude oil 
processing technology, the design of new catalysts and the in-
depth understanding of molecular transformation on this basis. 
It is our intention to conduct a systematic investigation into the 
process of crude oil hydrogenation, with a view to providing a 
practical benefit for actual production.

5. Conclusion

Arabian heavy crude oil was investigated for its TP and SPH 
pretreatment indicating the superiority of SPH. Combined with a 
variety of precision analysis methods, the detailed molecular 
composition of the feedstock and processed samples were char-
acterized. According to the results of basic properties and 
composition, the understanding of crude oil pretreatment process 
is as follows:

1) The process of SPH has an excellent lightweight effect for crude 
oil. While TP increased the asphaltene content of crude oil by 
about 13.2 wt% compared to the original crude oil, that in the 
SPH pre-treated crude oil dropped by about 19.8 wt%. 
Furthermore, SPH provided a much higher yield of distillate 
fractions than TP. The dissociation of asphaltene is the main 
factor for crude oil upgrading.

2) Hydroupgrading process mainly generated small molecular n-
alkanes (≤C 12 H 26 ) and aromatics (naphthalene and phenan-
threne compounds), which are connected to asphaltene by –S– 
bonds. During the thermal process, not only were the afore-
mentioned compounds not generated, but it also facilitated the 
condensation between the small molecular hydrocarbons 
originally present in the crude oil and the asphaltene. The 
breakage of –S– bonds is the key factor to affect asphaltene
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Fig. 13. Schematic of the molecular transformation of asphaltene in Arabian heavy crude oil.
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dissociation and methylnaphthalene may be the principal 
structural units of the outer layer of asphaltene association. 

3) For heteroatom compounds, the removal effect of SPH treat-
ment is significantly higher than that of TP treatment. 
Compared with the single heteroatom compounds (S1, N1 and 
O1), multi-heteroatom compounds (S2, N2 and O2) exhibited 
enhanced hydrogenation reactivity. The sulfur compounds (S1, 
S2) with high DBE are more difficult to remove than those with 
low DBE; N2 species and O2 species with low carbon number 
are more difficult to remove than those with high carbon 
number.

This work systematically investigated the molecular conversion 
behavior of different processes for crude oil pretreatment. We 
believe that these detailed characterization result lay an important 
foundation for in-depth understanding of the key mechanism for 
improving crude oil utilization efficiency.
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