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A B S T R A C T

The increasing demand for cleaner and more efficient refining processes has driven the development of advanced 
upgrading technologies for heavy crude residues. This study investigates a novel Visbreaking-Supercritical Fluid 
Extraction (SFE) approach to upgrade the Merey vacuum residue (VR), integrating experimental analysis with 
molecular dynamics (MD) simulations for atomic-level mechanism exploration. The Visbreaking process is 
optimized at 400 ◦C for 40 min, achieving a viscosity reduction of 89.0 % while minimizing coke formation. The 
SFE process fractionates the visbroken VR, with total extraction yields ranging from 70.1 wt% to 70.7 wt%, 
demonstrating remarkable efficiency. Higher extraction pressures enhance deasphalted oil (DAO) yield but 
compromise its quality with higher metal and sulfur contents, while lower temperatures improve extraction 
selectivity. The integrated process effectively removes Fe, Ni, V, and Na, with demetalization efficiencies 
exceeding 62 %, 75 %, and 95 %, respectively. Molecular dynamics simulations provide atomic-scale insights 
into solubility mechanisms, revealing that higher pressures and lower temperatures enhance solvent compati
bility with lighter visbroken VR fractions. The extracted DAO meets marine fuel oil blending specifications, while 
raffinates show potential for bitumen production and modification. These findings highlight the Visbreaking-SFE 
combination as a promising and sustainable upgrading strategy for heavy crude residues.

1. Introduction

The global petroleum refining industry faces the dual challenge of 
processing increasingly heavier crude oils while meeting stricter product 
quality and environmental regulations. To produce high-quality fuel 
oils, it is essential to efficiently process heavy crude oils and residues, 
particularly those with high metal and impurity content. Conventional 
upgrading technologies for heavy oils include delayed coking, catalytic 
cracking, and hydrogenation [1]. Visbreaking, as a mild thermal 
cracking process, offers distinct advantages, including a 20–30 % 
reduction in capital investment compared to other refining processes, 
operational efficiency improvements of up to 15–20 %, and a simplified 
process flow that reduces the number of required units by 30–40 % [2]. 
Visbreaking reduces the viscosity of residual oils while modifying metal 
distribution, enabling partial removal of metal contaminants [3]. 

Compared to catalytic hydroprocessing, which also removes metals but 
suffers from catalyst deactivation due to metal deposition, Visbreaking 
provides a cost-effective alternative by eliminating the need for expen
sive catalysts.

Traditional heavy oil upgrading processes treat the entire feedstock 
without selectively removing harmful components, leading to lower fuel 
quality and inefficient resource utilization. To improve conversion ef
ficiency, an effective separation technique is necessary. Supercritical 
fluid extraction (SFE) has emerged as a promising, environmentally 
friendly method for selectively separating heavy oil fractions [4]. Con
ventional separation techniques, such as distillation, solvent extraction, 
and liquid chromatography, rely on differences in boiling points, solu
bility, and polarity, respectively, but each has limitations [5]. Distilla
tion struggles with high-boiling fractions due to thermal decomposition 
risks, while traditional solvent extraction methods have limited 
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separation capacity and yield fewer distinct fractions.
In contrast, SFE utilizes pressure-dependent variations in solvent 

density to selectively extract targeted components. This approach offers 
several advantages, including high yields, superior product quality, 
minimal thermal degradation, low energy consumption, and strong 
economic benefits [6]. With fraction yields ranging from 70 % to 95 % 
by weight, SFE significantly enhances the recovery of valuable lighter 
fractions [7,8]. It is widely applied in the separation of liquid coke, 
petroleum residues, and fuel fractions [9–11], as well as in detailed 
heavy oil characterization due to its high precision [12,13]. Moreover, 
SFE is gaining attention for its potential in upgrading heavy feedstocks 
[14–16]. Despite its widespread application, there is limited research on 
the use of SFE-based hybrid processes in conjunction with other thermal 
methods, such as Visbreaking, for the demetalization of heavy oils and 
residues. [17,18].

While optimizing the thermal processing of vacuum residue is crucial 
for enhancing deasphalted oil (DAO) yield and purifying chemical 
components through decarbonization and demetalization, the funda
mental interaction mechanisms between vacuum residue components 
and solvents remain poorly understood [19]. Molecular dynamics (MD) 
simulations provide a powerful computational framework for unravel
ling these complex molecular interactions during Visbreaking and su
percritical fluid extraction [20]. MD simulations allow for a detailed 
investigation of the thermodynamic and kinetic behaviors of heavy 
hydrocarbons in the presence of supercritical solvents, offering insights 
into key mechanisms such as molecular diffusion [21], solvent pene
tration [22], and asphaltene aggregation [23]. By offering atomic-scale 
insights, MD simulations aid in optimizing reaction conditions, 
improving solvent selection, and enhancing overall process efficiency 
[24]. However, the challenge lies in defining, studying, and measuring 
these molecular interactions experimentally, which complicates the 
development of more effective upgrading strategies for heavy crude 
residues.

This study investigates a combined Visbreaking-supercritical fluid 
extraction (SFE) process for the removal of metals from vacuum residue. 
The feedstock used is the Merey vacuum residue, an ultra-heavy oil 
characterized by high viscosity, elevated metal content, and significant 

asphaltene concentration, making it particularly difficult to process 
[25]. The integration of Visbreaking with SFE offers several advantages 
over standalone SFE. First, the Visbreaking step reduces the viscosity of 
the feedstock, facilitating its transport into the extraction column and 
enhancing mass transfer efficiency, which improves the yield of 
extracted fractions compared to SFE alone. Additionally, metals and 
high-carbon components predominantly accumulate in asphaltenes and 
coke rather than in the extracted fractions, reducing their contamination 
in the final product. Compared to conventional solvent deasphalting 
(SDA), SFE provides lower energy consumption and more efficient sol
vent recycling [26,27]. Furthermore, this integrated approach is ex
pected to yield higher quantities of light oil and provide improved 
economic benefits. Therefore, the research will address the following 
questions: (i) How does the integrated approach enhance light oil pro
duction compared to traditional methods? (ii) How the key factors affect 
the Visbreaking-SFE products? (iii) What are the molecular-scale inter
action mechanisms driving the high extraction efficiency during the SFE 
process?

2. Research objective and methodology

To enhance the utilization efficiency of vacuum residue, this study 
aims to introduce a novel approach for decarbonization and demetali
zation through a Visbreaking-supercritical fluid extraction (SFE) com
bination process. Meanwhile, the atomic-level understanding of the 
interaction mechanisms between solvent and vacuum residue molecules 
will provide valuable insights for optimizing SFE process conditions and 
selecting highly efficient solvents. The research methodology in this 
study shown in Fig. 1 integrates experimental and computational ap
proaches to investigate the Visbreaking-supercritical fluid extraction 
process for upgrading vacuum residue. The experimental section con
sists of thermal Visbreaking and SFE applied to the Merey VR using n- 
pentane as the solvent. Visbreaking experiments are conducted at vari
able temperatures and reaction times, while SFE is performed at 
different pressures and temperatures condition. Key product character
istics, such as density, viscosity, Conradson carbon residue, sulfur con
tent, and metal composition, are analysed to assess process efficiency. In 

Fig. 1. Research objective and methodology.
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parallel, molecular dynamics (MD) simulations are employed to gain 
fundamental insights into the molecular interactions between visbroken 
VR components and the solvent. The thermodynamic and kinetic 
behavior of the system at different pressures and temperatures are 
elucidated through the key properties of density, solubility parameters, 
binding energy, mean square displacement, and diffusion coefficient. 
This comprehensive approach enables a deeper understanding of the 
Visbreaking-SFE process and provides critical insights into optimizing 
vacuum residue upgrading for industrial applications.

3. Materials and methods

3.1. Raw materials

The feedstock used in this study is vacuum residue (VR) derived from 
Venezuela Merey heavy crude oil, with its key properties summarized in 
Table 1. The solvent selected for supercritical fluid extraction (SFE) is 
commercially pure n-pentane, with a purity exceeding 98 %, as verified 
by gas chromatography. The fundamental properties of n-pentane are 
provided in Table 2. Experimental analysis reveals that Merey VR is of 
low quality, characterized by high density, high viscosity, elevated 
sulfur content, and significant metal concentrations, particularly sodium 
(Na) and vanadium (V). Furthermore, the high asphaltene content in 
Merey VR suggests a high propensity for coking reactions during thermal 
cracking, posing challenges for upgrading and refining processes. The n- 
pentane is chosen as the supercritical solvent due to its superior solvency 
for heavy hydrocarbon fractions compared to supercritical carbon di
oxide (Sc-CO2). While Sc-CO2 offers advantages in energy efficiency and 
safety, its lower solubility parameter and significant density drop at high 
temperatures limit its effectiveness for extracting polarizable and 
aromatic-rich components from visbroken vacuum residue. The critical 
temperature, critical pressure, and critical density of n-pentane is re
ported as 196.4 ◦C, 3.37 MPa, and 0.232 g/cm3. These values are 
essential reference points for defining the supercritical region of n- 
pentane, beyond which it exhibits unique solvent power with enhanced 
diffusivity. In this study, all SFE experiments are conducted at pressures 
and temperatures exceeding these critical thresholds to ensure operation 
within the supercritical regime.

3.2. Visbreaking procedure

All Visbreaking experiments are conducted using a high-pressure 
reactor equipped with a 500 mL stainless steel vessel. A 250 mL sam
ple of Merey VR is introduced into the reactor. To ensure proper sealing, 
a pressure test is performed using nitrogen injection, followed by 
purging to eliminate any residue air. The system is then pressurized to a 
constant 2.0 MPa before initiating the reaction. This pressure is selected 
to reflect typical industrial visbreaking conditions and to maintain 
operational safety and reproductivity in the laboratory setting. The re
action temperature is varied between 390 ◦C and 410 ◦C, which repre
sents a moderate thermal severity commonly used to minimize coke 

formation while enabling effective cracking of heavy components in 
vacuum residue [2]. The batch time ranges from 40 to 90 min. Upon 
completion of the reaction, the reactor is immediately quenched using 
cooling water to halt further thermal cracking. Once the temperature 
returns to ambient conditions, the visbroken products are collected and 
the visbreaking rate at different thermal conditions are calculated as 
Eq.1. In addition, the physical and chemical properties of visbroken 
products are measured, including density, kinematic viscosity, sulfur 
content and Conradson Carbon Residue (CCR) content. 

Visbreakingrate(%) =

(
Wfeed − Wresidue

Wfeed

)

× 100 (1) 

where Wfeed and Wresidue are the weight of vacuum residue feedstock and 
unconverted residue after visbreaking (g), respectively.

3.3. Supercritical fluid extraction and fractionation process

Fig. 2 presents schematic diagram of the supercritical fluid extraction 
and fractionation (SFEF) apparatus. In the extraction process, the feed
stock is introduced from the top of the extraction column, while the 
solvent (n-pentane) is fed from the bottom. Within the extractor, the 
vacuum residue (VR) dissolves into the supercritical pentane, and a 
packed bed in the filling section ensures intimate contact between the 
feedstock and the solvent, facilitating efficient extraction. A temperature 
gradient is maintained across the SFEF apparatus, with the top tem
perature consistently higher than the bottom temperature. The extrac
tion process is regulated by adjusting the extraction pressure, ensuring 
optimal separation of fractions. Upon completion of the supercritical 
extraction, the deasphalted oil (DAO) fractions and raffinates are 
collected for further property analysis. The operating conditions of the 
SFE process are as follows [35]: (i) Solvent flow rate: 90 mL/min; (ii) 
Temperature gradient (top > bottom of extractor): 10 ◦C; (iii) Pressure 
rise rate: 0.067 MPa/min; (iv) Feedstock quantity: 1000 g. Various SFE 
pressures and temperatures are adopted to evaluate their effects on 
extraction efficiency and deasphalted oil (DAO) quality, as summarized 
in Table 3. Each marked point in this table represents a separate SFE run 
conducted under one specific pressure and temperature condition. This 
experimental design allows for the evaluation of the individual and 
combined effects of pressure and temperature on the SFE extraction 
process. The visbroken products and fractions obtained from extraction 
are characterized based on the specifications outlined in Table 1. To 
ensure accuracy and minimize deviations, each sample is measured 
three times.

4. Experimental results and discussion

4.1. Evaluation on visbroken products

The Visbreaking process of Merey VR is conducted to evaluate the 
effects of reaction temperature and reaction time on visbroken product 
properties. The results, presented in Table 4 and 5, indicate that the 
density of visbroken products decreases slightly with increasing tem
perature and prolonged reaction time. However, the sulfur content and 
Conradson carbon residue (CCR) remain relatively unchanged across 

Table 1 
Physical and chemical properties of Merey vacuum residue.

Properties Measured value Test Standard

Density at 20 ◦C (kg⋅m− 3) 1025.5 ASTM D1480 [28]
Kinematic viscosity at 100 ◦C (mm2⋅s− 1) 2734 ASTM D445 [29]
Sulfur content (wt %) 3.77 ASTM D7679 [30]
CCR (wt %) 19.23 ASTM D189 [31]
Toluene insoluble (wt%) 0.012 ASTM D4072 [32]
n-pentane soluble (wt%) 68.4 ASTM D4055 [33]
n-pentane insoluble (wt%) 31.6 ​
Vitriol (V, mg⋅kg− 1) 234.4 STP11992S [34]
Nickel (Ni, mg⋅kg− 1) 54.5
Sodium (Na, mg⋅kg− 1) 109.8
Aluminium + Silicon (Al + Si, mg⋅kg− 1) 15.22

Table 2 
Chemical and physical properties of n-pentane solvent.

Items Result Items Result

Chemical formula C5H12 Boiling point (◦C) 36.1
Molecular weight 72.15 Critical temperature 

(◦C)
196.4

Appearance Colourless 
liquid

Critical pressure 
(MPa)

3.37

n-pentane mass percentage 
(wt%)

99.169 Critical density (g/ 
cm3)

0.232
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different reaction conditions. To assess coking tendency, toluene insol
uble (TI), n-pentane soluble (NPS), and n-pentane insoluble (NPI) frac
tions are used as key indicators. As shown in Table 4, higher reaction 
temperatures and extended reaction times result in a gradual decrease in 
n-pentane soluble and a corresponding increase in n-pentane insoluble, 
indicating coke formation [36]. At 400 ◦C for 40 min, the toluene 
insoluble fraction of visbroken Merey VR is 0.012 wt%, closely matching 
that of the original Merey VR, suggesting minimal coke formation under 
these conditions. However, when the reaction time is further extended at 
400 ◦C, or when the temperature is increased to 410 ◦C for 40, 60, and 
90 min, severe coking occurs, indicating that these conditions exceed the 
thermal stability limit of the feedstock.

The correlation curves between reaction time and the physical 
properties of visbroken products, including density, kinematic viscosity, 
sulfur content, and Conradson carbon residue CCR, are presented in 
Fig. 3 to explore the visbreaking kinetics of vacuum residue. As reaction 
time increases, most physical properties (density, viscosity, CCR) exhibit 
an exponential decline. However, their rates of decrease vary signifi
cantly depending on reaction temperature. In contrast, sulfur content 
initially decreases sharply but stabilizes at approximately 1.25 wt% 
beyond 40 min of reaction time, likely due to the limited formation of 
sulfur-containing gases during the thermal visbreaking process [37]. 
Correlation equations indicate that higher temperatures accelerate the 
reduction rates of density, viscosity, and CCR in visbroken products as a 
function of reaction time, demonstrating that elevated temperatures 
enhance visbreaking efficiency for vacuum residue. Notably, the rate of 
CCR reduction exceeds that of kinematic viscosity, followed by density, 
suggesting that thermal visbreaking is more effective at lowering CCR 
and viscosity than density. Furthermore, when the reaction time extends 
beyond 60 min, the reduction of all these physical properties reaches a 
plateau, even at high temperatures, indicating a diminishing effect of 
prolonged Visbreaking. Lastly, it is important to note that the physical 
properties of visbroken products at different reaction times and 

Fig. 2. Schematic diagram of SFE apparatus. (1) extraction section, (2) filling section, (3) electrothermal reflux heater, (4) raw material bucket, (5) raw material 
pump, (6), (9) condenser, (7) pressure gage, (8) pressure control system, (10) pressure-regulating valve, (11) observation window, (12) fractional condenser, (13) 
sampling bottle, (14) electronic balance, (15) solvent preheating furnace, (16) solvent pump, (17) filter, (18) solvent furnace, (19) discharge chute.

Table 3 
Supercritical Fluid Extraction (SFE) temperatures and pressures used in this 
study.

P 
T

3.0 
MPa

3.5 
MPa

4.0 
MPa

4.5 
MPa

5.0 
MPa

5.5 
MPa

6.0 
MPa

200 ◦C ​ ​ ​

205 ◦C ​ ​

210 ◦C ​

220 ◦C

230 ◦C ​ ​

Table 4 
Visbreaking conditions and properties of visbroken Merey VR.

No. Reaction 
temperature 
(◦C)

Reaction 
time 
(min)

20 ◦C 
Density 
(kg⋅m− 3)

100 ◦C 
Kinematic 
viscosity 
(mm2⋅s− 1)

Sulfur 
content 
(wt %)

CCR 
(wt 
%)

1 390 40 1021.3 460.5 1.07 14.77
2 390 60 1018.0 347.0 1.23 14.56
3 390 90 1015.3 205.7 1.24 14.48
4 400 40 1012.2 301.6 1.26 14.32
5 400 60 1010.6 187.2 1.33 14.28
6 400 90 1009.2 162.9 1.27 14.23
7 410 40 1007.4 190.4 1.29 13.95
8 410 60 1005.8 157.6 1.24 13.91
9 410 90 1004.1 152.3 1.20 13.84
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temperatures can be accurately predicted using kinetic correlation 
models.

At a constant reaction temperature, kinematic viscosity decreases, 
and the Visbreaking rate increases with prolonged reaction time. Simi
larly, at a fixed reaction time, increasing the reaction temperature leads 
to a further reduction in viscosity. These findings indicate that higher 
temperatures and longer reaction times accelerate the thermal cracking 
reaction, enhancing the viscosity reduction effect. As shown in Table 5, 
at 400 ◦C, the Visbreaking rate improves with an extended reaction time 
of 90 min, but the improvement is marginal compared to 40 min and 60 
min. Additionally, longer reaction times result in higher energy con
sumption and an increase in toluene-insoluble content, signalling the 
onset of coke formation. The objective of the Visbreaking process is to 
lower the viscosity of Merey VR while preventing excessive coke for
mation. A comprehensive analysis suggests that mild thermal cracking 
conditions yield higher-quality visbroken products with improved uti
lization efficiency before thermodynamic limitations. The results show 
that Sample No.4 exhibits no coke formation during the Visbreaking 
process and achieved a high Visbreaking rate of 89.0 %. This indicates 
that the optimal conditions for deep thermal cracking of Merey VR 
without coke formation are 400 ◦C for 40 min, achieving a maximum 
visbreaking rate of approximately 89.0 %. It is important to note that the 
feedstock used for the Supercritical Fluid Extraction (SFE) process is 

visbroken Merey VR obtained under the optimized thermal visbreaking 
conditions of 400 ◦C, 2.0 MPa, and 40 min.

Fig. 4 illustrates the variation trends of Toluene insoluble (TI), n- 
pentane insoluble (NPI), n-pentane soluble (NPS), and Visbreaking rate 
(VR) in visbroken products as a function of reaction time. As reaction 
time increases, TI, NPI, and VR exhibit an exponential rise, while NPS 
follows an exponential decline. Higher Visbreaking temperatures lead to 
a pronounced increase in TI, NPI, and VR, accompanied by a corre
sponding decrease in NPS. Similar to the trends observed in physical 
properties, the rate of change in these chemical properties and the Vis
breaking rate strongly depend on reaction temperature. Specifically, as 
the reaction temperature increases from 390 ◦C to 410 ◦C, the growth 
rates of TI and NPI accelerate, while the decline rate of NPS reaches its 
peak at 410 ◦C. Additionally, at elevated temperatures, the Visbreaking 
rate increases at a slower rate, suggesting that higher reaction temper
atures enhance the overall Visbreaking efficiency but reduce its sensi
tivity to reaction time. These findings highlight the critical role of 
temperature in optimizing Visbreaking performance and controlling the 
chemical composition of the final visbroken products.

4.2. Evaluation on DAO fractions

The Supercritical Fluid Extraction (SFE) process of visbroken Merey 

Table 5 
Visbreaking conditions and the evaluation of coking tendency.

No Reaction temperature (◦C) Reaction time (min) Toluene insoluble (wt %) n-pentane soluble (wt%) n-pentane insoluble (wt%) Visbreaking rate (%)

1 390 40 0.016 81.59 18.41 83.2
2 390 60 0.042 79.68 20.32 87.3
3 390 90 0.091 78.99 21.01 92.5
4 400 40 0.042 80.03 19.97 89.0
5 400 60 1.047 77.13 22.87 93.2
6 400 90 4.492 74.49 25.51 94.0
7 410 40 1.066 76.10 23.90 93.0
8 410 60 6.245 69.11 30.89 94.2
9 410 90 11.62 66.46 33.54 94.4

Fig. 3. The correlations between the density, viscosity, sulfur content, and CCR with reaction time.
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VR is conducted to evaluate the effects of reaction temperature and 
pressure on extraction efficiency. The results, presented in Fig. 5, Fig. 6, 
and Fig. 7, provide insights into the influence of these parameters on the 
separation performance. In this study, visbroken Merey VR product No.7 
is selected as the feedstock for the SFE process. The cumulative yield of 
deasphalted oil (DAO) from the SFE process of vacuum residue is 
calculated using Eq.2. 

Cummulativeyield(wt%) =

(
WDAO

Wfeed

)

× 100 (2) 

where Wfeed and WDAO are the initial mass of vacuum residue feed to SFE 
process and total mass of deasphalted oil (g), respectively.

As illustrated in Fig. 5, the cumulative deasphalted oil (DAO) yield 
exceeds 70 wt%, demonstrating the efficiency of the extraction process. 
At a constant temperature, the DAO yield increases with rising pressure, 

particularly at lower pressures where a rapid increase is observed. 
However, once the pressure reaches a certain threshold, the yield growth 
slows, and further pressure increase has minimal impact. Additionally, 
at a fixed DAO yield, achieving higher extraction temperatures requires 
higher operating pressures. Conversely, at a constant pressure, the DAO 
yield increases as the temperature decreases. These findings suggest that 
n-pentane exhibits enhanced dissolving capacity when the temperature 
is lowered and pressure is increased to an optimal level, leading to an 
improved DAO yield.

The exponential relationship between the cumulative yield (CY) and 
pressure (P) are observed and described using Eq.3 to quantitatively 
explore the effect of SFE pressure on the DAO yield. 

CY = a*exp(k*P)+b (3) 

where a is a scaling factor that determines the initial magnitude of the 
exponential term, and k denotes the exponential growth (or delay) rate 
and dictates the sensitivity of CY to changes in P. Moreover, b is a 
constant offset that shifts the entire function up or down, representing a 
baseline value of CY when P = 0.

The correlation curves and equations of CY as a function of pressure 
(P) for DAO at different supercritical fluid extraction (SFE) temperatures 
are presented in Fig. 6(a). The results indicate that SFE temperature has 
a negative impact on DAO yield, whereas pressure exerts a positive in
fluence. Furthermore, temperature significantly affects the pressure 
sensitivity of DAO yield, as evidenced by the gradual decline in the CY 
index’s rate of increase with pressure at higher temperatures. This 
suggests that elevated temperatures not only reduce DAO yield but also 
weaken the positive effect of pressure on cumulative DAO yield. To 
describe the SFE temperature effect on the pressure sensitivity param
eter (k) in a convenient mathematical form, one empirical equation 
(shown below) is employed. 

Lnk =
Ea

R
•

1
T
+ Ln(A) (4) 

where Ea represents the activation energy (J/mol), R is the universal gas 
constant (8.314 J/mol·K− 1), and A is the pre-exponential factor. The In 

Fig. 4. The correlations between the TI, NPS, NPI, and VR values with the reaction time.

Fig. 5. Supercritical extraction yields of the visbroken Merey VR under 
different temperatures.
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(k) versus 1/T curve is plotted in Fig. 6(b), showing a linear increase in 
Ink with increasing 1/T. Furthermore, the calculated values of Ea and A 
in this study are 71550.4 J/mol AND 1.764E-8, respectively. Using the 
established correlation equation, the k values at different temperatures 
can be accurately predicted.

The properties of Supercritical Fluid Extracted Fractions (SFEF) 
under varying extraction conditions are presented in Fig. 7. The results 
indicate that at a constant temperature, kinematic viscosity, density, 
sulfur content, and Conradson Carbon Residue (CCR) increase with 

rising extraction pressure. The observed trends can be categorized into 
two distinct phases based on the yield growth rate: a rapid growth 
period followed by a steady growth period. Furthermore, it is observed 
that higher extraction temperatures necessitate greater pressures to 
transition from the rapid growth phase to the steady phase. This suggests 
that temperature and pressure are interdependent factors in controlling 
the composition and properties of the extracted fractions, emphasizing 
the need for optimized extraction conditions to achieve the desired 
product characteristics.

Fig. 6. The correlation curves of cumulative yield-pressure and Ink-1/T.

Fig. 7. Properties of SFEF narrow fractions under different extraction conditions. (a) Kinematic viscosity, (b) Density, (c) Sulfur content and (d) CCR content.
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The metal content in Supercritical Fluid Extracted Fractions (SFEF) 
extracted from visbroken vacuum residue is illustrated in Fig. 8. It in
dicates that metal concentration in extracted fractions increases with 
rising extraction yield, following the order: Cu < (Al + Si) < Na < Fe <
Ni < V. This is due to the increased extraction of heavier fractions 
containing metal elements in the DAO phase. Notably, the vanadium (V) 
content remains below 65 mg⋅kg− 1, while other metals are below 15 
mg⋅kg− 1 in the deasphalted oil (DAO). The concentrations of V and Na in 
DAO are reduced by an order of magnitude compared to the original 
Merey VR, demonstrating the strong demetalization efficiency of the 
Visbreaking-SFE process. Additionally, the extracted DAO fractions 
exhibit significantly lower density, viscosity, Conradson Carbon Residue 
(CCR), sulfur, and metal content than the feedstock. These findings 
confirm that the Visbreaking-SFE combination process produces higher- 
quality products compared to conventional Visbreaking alone, making it 
a more effective upgrading strategy for heavy crude residues.

4.3. Evaluation on decarbonization and demetalization

To compare the single Supercritical Fluid Extraction (SFE) process 
with the Visbreaking-SFE combination process, SFE is conducted sepa
rately on both Merey VR and visbroken Merey VR under identical 
operating conditions. In this study, the bottom and top temperatures of 
the extraction column are set at 220◦C and 230 ◦C, respectively, while 
the increase rate of initial pressure, terminal pressure, and pressure 
remain consistent for both feedstocks. During the SFE process, seven 
narrow fractions and the raffinates are collected and analysed. The re
sults show that the total liquid yield extracted from Merey VR is 68.4 wt 
%, with raffinate yield at 31.6 wt%, whereas for visbroken Merey VR, 
the total liquid yield increases to 70.1 wt%, and raffinate yield decreases 
to 29.9 wt%. These findings indicate that the SFE process achieves better 
decarbonization efficiency when applied to visbroken Merey VR 
compared to untreated Merey VR. The improved decarbonization effect 
of the Visbreaking-SFE combination process can be attributed to the 
thermal cracking reactions during Visbreaking, while facilitate the 
conversion of heavy components into extractable fractions [38]. As 
demonstrated in this study, visbroken Merey VR contains a higher pro
portion of heavy components that cannot be extracted by n-pentane, 
suggesting that condensation reactions occurring during Visbreaking 
enhance the efficiency of the subsequent SFE process.

As shown in Fig. 9, under identical extraction conditions and at the 
same cumulative yield, the metal content in extracted fractions from 
visbroken Merey VR is significantly lower than that from untreated 
Merey VR. This demonstrates the strong demetalization efficiency of the 
Visbreaking-SFE combination process. A comparison between Merey VR 

and its corresponding deasphalted oil (DAO) fractions reveals that the 
demetalization rates for Fe, Ni, V, and Na exceed 62 wt%, 75 wt%, and 
95 wt%, respectively. Furthermore, when comparing the single SFE 
process with the Visbreaking-SFE combination process, it is evident that 
the mild thermal cracking in Visbreaking enhances the yield of light 
components, while condensation reactions contribute to a reduction in 
metal content within the DAO fractions. The DAO products derived from 
the Visbreaking-SFE process exhibit high quality, optimized product 
distribution, and increased target product yield. Notably, only trace 
amounts of metals and impurities are extracted from visbroken Merey 
VR, making the DAO fractions highly suitable as blending components 
for marine fuel oils, which impose strict limits on metal content.

According to the latest marine fuel specifications outlined in ISO 
8217:2017 [39], specific limits are imposed on the concentrations of 
vanadium (V), sodium (Na), and aluminium + silicon (AI + Si). The 
metal content requirements for various grades of residue marine fuels 
are summarized in Table 6, highlighting the differing metal limits across 
fuel types. As shown in Fig. 9, when the cumulative DAO yield is below 
32.1 wt%, the V content is less than 50 mg/kg. Additionally, across all 
cumulative yield levels examined in this study, the Na and AI + Si 
contents in DAO meet the marine fuel requirements. Based on these 
findings, the DAO fractions obtained in this work demonstrate sufficient 
low metal content, making them a suitable blending component for 
marine fuel oils.

Related research has demonstrated that raffinates can be effectively 
utilized as blending components for bitumen production, particularly in 
the formulation of hard bitumen [40]. Additionally, they can serve as 
bitumen modifiers, anti-rutting agents, and potential substitutes for lake 
bitumen, enhancing the performance and durability of bituminous ma
terials. Furthermore, the results of this study confirm that the 
Visbreaking-SFE combination process is highly suitable for processing 
low-quality residues with high metal content and elevated asphaltene 
concentrations. This integrated approach not only offers significant 
economic benefits but also aligns with stringent environmental regula
tions, reinforcing its potential for widespread industrial application.

5. Molecular dynamics (MD) simulations

Based on the experimental results, it is observed that supercritical 
extraction conditions, specifically temperature and pressure, have a 
significant impact on the cumulative yield, physical properties (kine
matic viscosity and density), and chemical composition (sulfur content, 
Conradson carbon residue (CCR), and metal content) of the DAO frac
tion. Notably, no chemical reaction occurs among vacuum residue 
components during the SFE process. However, atomic-scale thermody
namic and solubility interactions between visbroken vacuum residue 
components and the solvent under varying temperature and pressure 
conditions play a crucial role in determining SFE efficiency and the 
distribution of components between the DAO and raffinate fractions. 
These factors, in turn, influence the quality of marine fuels and bitu
minous materials. Hence, a fundamental understanding of the molecular 
interactions and solubility mechanisms governing the SFE process is 
essential. To achieve this, molecular dynamics (MD) simulations are 
employed to elucidate and predict solubility behavior of visbroken 
vacuum residue and solvent molecules under different temperature and 
pressure conditions during the SFE process.

5.1. Molecular models of SARA fractions in visbroken vacuum residue

The chemical composition of visbroken vacuum residue is catego
rized into distinct groups based on molecular weight and polarity, 
namely saturate (S), aromatic (A), resin (R), and asphaltene (As). Using 
thin-layer chromatography with flame ionization detection (TLC-FID), 
the SARA fractions of visbroken Merey vacuum residue obtained under 
the optimized thermal visbreaking conditions of 400 ◦C, 2.0 MPa, and 
40 min were determined as follows: 14.44 wt% saturate, 46.28 wt% 

Fig. 8. Metal content in SFE narrow fractions extracted from visbroken vac
uum residue.
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aromatic, 26.08 wt% resin, and 13.20 wt% asphaltene. To construct a 
molecular model of the visbroken vacuum residue, the 12-component 
model for SARA fractions proposed by Li and Greenfield was adopted 
as the foundation, as illustrated in Fig. 10 [41].

This model has been reported to successfully predict the thermody
namic behavior of heavy oils and bituminous materials based on their 
elemental composition, functional group distribution, and molecular 
size. Furthermore, molecular structures of the SARA fractions were 
developed for different levels of oxidative aging [42]. To distinguish 

Fig. 9. Metal content in SFEF fractions extracted from VR and visbroken VR. (a) V, (b) Ni, (c) Na content.

Table 6 
Residual marine fuels [39].

Characteristics Unit Limit Category ISO-F-

RMD80 RME180 RMG180 RMG380

V mg/kg Max 150 150 350 350
Na mg/kg Max 100 50 100 100
Al + Si mg/kg Max 40 50 60 60

Fig. 10. The molecular structures of SARA fractions in visbroken vacuum residue [41].
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between fresh and aged structures, the superscript “0″ is assigned to the 
fresh components. Based on the experimental SARA results, the molec
ular quantities and chemical formulas of the various SARA components 
in visbroken vacuum residue are determined and presented in Table 7. 
The SARA fractions in the molecular model closely align with the 
experimentally measured values, with minor discrepancies attributed to 
the rounding of molecular numbers to whole integers.

5.2. MD simulation procedure and validation

To construct the SFE model, n-pentane solvent molecules are 
randomly introduced into the visbroken vacuum residue model. During 
the SFE process, the solvent is injected at a rate of 90 mL/min with a 
density of 0.629 g/cm3, resulting in a mass injection rate of approxi
mately 56.61 g/min. Given that the total mass of visbroken vacuum 
residue (visbroken VR) is 1000 g, the solvent accounts for 5.36wt% per 
minute. Consequently, the number of solvent molecules involved into 
the solvent-visbroken VR model per minute is determined to be 30. 
Additionally, molecular models for the solvent (n-pentane), saturate, 
aromatic, resin, and asphaltene are developed to evaluate their solubi
lity parameters and investigate their compatibility with the solvent in 
the SFE process.

The molecular distributions of the solvent and SARA fraction models 
are summarized in Table 8. It is important to ensure that the molecular 
ratio of different components within the SARA models remains consis
tent with that in the visbroken VR model to maintain an accurate rep
resentation of the system. For all models, the molecular dynamics (MD) 
simulation process for initializing the system consists of two key stages: 
energy minimization and pre-equilibration. Initially, geometry optimi
zation is performed for each molecule to identify the most stable 
configuration with minimal energy. Following this, molecular models of 
visbroken VR, solvent-visbroken VR, solvent, and SARA fractions are 
constructed using the COMPASSII force field. This force filed is widely 
recognized for accurately representing the molecular interactions of 
heavy oil and is particularly effective in predicting the thermodynamic 
properties of bituminous materials. The detailed interaction terms 
governing the COMPASSII force field can be found in previous studies 
[42,43]. To generate the initial models, all molecules are randomly 
placed within a cubic simulation box at an initial density of 0.1 g/cm3. 
Subsequently, energy minimization is applied to eliminate atomic 
overlaps and stabilize the system.

After initialization, molecular dynamics simulations are carried out 
to achieve pre-equilibrated molecular models. These simulations are 
conducted under both the isothermal-isobaric (NPT) and canonical 
(NVT) ensembles for 200 picoseconds (ps), with a time step of 1 fs (fs). 
The Andersen barostat and Nose thermostat are employed to regulate 
pressure and temperature conditions. Different MD simulations on all 

models will run at different temperatures (473 K, 503 K, and 533 K) and 
pressures (4 MPa, 20 MPa, and 40 MPa). For non-bonded molecular 
interactions, both Van der Waals and electrostatic forces are considered. 
The calculations of these interactions are performed using an atom- 
based approach with a cut-off distance of 12.5Å for Van der Waals 
forces, while the Ewald simulation method is applied to compute elec
trostatic interactions. Fig. 11 illustrates the final equilibrium configu
rations of the molecular models for solvent-visbroken VR, solvent, 
saturate, aromatic, resin, and asphaltene at a temperature of 503 K and a 
pressure of 40 MPa. These configurations are obtained through molec
ular dynamics simulations conducted under both NPT and NVT 
ensembles.

The density variations of visbroken vacuum residue (at 293 K and 
atmospheric pressure) and n-pentane (at 469.7 K and 3.37 MPa) during 
molecular dynamics (MD) simulations are plotted in Fig. 12(a). The 
visbroken vacuum residue reaches equilibrium more rapidly (approxi
mately 40 ps) compared to n-pentane (70 ps), This faster stabilization is 
attributed to the heavier molecular weight and lower simulation tem
perature of the visbroken vacuum residue. Additionally, these factors 
contribute to its higher density relative to n-pentane. The predicted 
density of visbroken vacuum residue is approximately 1.00 g/cm3, 
which closely matches the experimental value of 1.01 g/cm3. Similarly, 
the simulated density of n-pentane at 469.7 K (196.5 ◦C) is around 0.45 
g/cm3, in good agreement with the measured value of 0.432 g/cm3 [44].

The solubility parameter (δ) components of visbroken vacuum res
idue and n-pentane at equilibrium are calculated using Eq.5 and shown 
in Fig. 12(b). The δ index consists of Van der Waals (Vdw) and elec
trostatic (Elec) contributions, with the majority arising from Vdw in
teractions. The predicted δ values for visbroken vacuum residue and n- 
pentane are 17.74 and 9.15 (J·cm3)0.5, respectively, which align well 
with the corresponding measured values [44,45]. These results confirm 
the reliability of the molecular model of visbroken vacuum residue and 
the MD simulation setup employed in this study. 

Table 7 
The SARA fractions in a molecular model of visbroken vacuum residue.

Chemical fractions Molecular structure Chemical formula Molecule number Fraction weight (in the model) Fraction weight (in visbroken vacuum residue)

Saturate Squalane C30H62 6 14.40 % 14.44 %
Hopane C35H62 6

Aromatic PHPN C35H44 20 46.10 % 46.28 %
DOCHN C30H46 20

Resin Quinolinohopane C40H59N 3 26.40 % 26.08 %
Thioisorenieratane C40H60SO 3
Benzobisbenzothiophene C18H10S2O 11
Pyridinohopane C36H57N 3
Trimethylbenzeneoxane C29H50O 4

Asphaltene Asphaltene-phenol C42H54O 3 13.10 % 13.20 %
Asphaltene-pyrrole C66H81N 2
Asphaltene-thiophene C51H62S 2

Table 8 
The molecular distribution of solvent and SARA fraction models.

Solvent model Aromatic model

n-pentane 300 PHPN 30
Saturate model DOCHN 30
Squalane 30 Resin model
Hopane 30 Quinolinohopane 7
Asphaltene model Thioisorenieratane 7
Phenol 15 Benzobisbenzothiophene 26
Pyrrole 10 Pyridinohopane 7
Thiophene 10 Trimethylbenzeneoxane 10
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δ = (ECED)
1/2

= (
Ecoh

V
)

1/2
= (Evdw + Eele)

1/2 (5) 

where ECED represents the cohesive energy density (J/cm3), which 
quantifies the overall molecular interactions within a unit volume. Ecoh 
(J) denotes the total cohesive energy, while V (cm3) is the total system 
volume. Moreover, Evdw and Eele correspond to the cohesive energy 
density components attributed to van der Waals and electrostatic in
teractions, respectively.

5.3. Compatibility potential between visbroken vacuum residue and 
solvent

According to Flory-Huggins theory, materials with similar solubility 
parameter values are more likely to be miscible. The solubility param
eter difference plays a crucial role in determining the compatibility 
between different components in a compound system [42]. To evaluate 
the compatibility between different components in a composite system, 
the solubility parameter difference (Δδ) serves as an effective index. 
However, Δδ is influenced by external factors such as temperature and 

pressure. To enhance the compatibility between visbroken vacuum 
residue and n-pentane, the effects of pressure and temperature on their 
solubility parameters are investigated using molecular dynamics (MD) 
simulations. The resulting solubility parameter (δ) values are presented 
in Fig. 13. Across all temperature and pressure conditions, the δ values of 
visbroken vacuum residue (VR) remain higher than those of the solvent 
due to its heavier molecular composition. For both visbroken VR and n- 
pentane, δ values decrease with increasing temperature, primarily due 
to weakened intermolecular interactions at elevated temperatures. In 
contrast, increasing pressure has a positive effect on δ values, with the 
enhancement being more pronounced for n-pentane than for visbroken 
VR.

As illustrated in Fig. 13(c), higher pressure significantly reduces Δδ 
values, indicating improved compatibility and intermolecular in
teractions between visbroken vacuum residue and n-pentane under su
percritical conditions. However, in most cases, Δδ gradually increases 
with rising temperature. These findings suggest that maintaining a low 
extraction temperature (above the supercritical threshold) and applying 
high pressure (within a safe operational range) are beneficial for 
improving the compatibility and solubility of visbroken vacuum residue 

Fig. 11. Molecular models of visbroken vacuum residue and its SARA fractions in the presence of solvent.

Fig. 12. Density variation and solubility parameter distribution of visbroken vacuum reside and solvent.
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in n-pentane, ultimately enhancing extraction yields.
Table 9 summarizes the solubility parameter (δ) values of the satu

rate (S), aromatic (A), resin (R), and asphaltene (As) fractions in 
visbroken vacuum residue under various supercritical temperature and 
pressure. The results indicate that the heavier components, namely resin 
and asphaltene, exhibit higher δ values than the lighter fractions, such as 
aromatic and saturate, across all conditions studied. This suggests that 
chemical composition significantly influences solubility parameters. For 
all SARA fractions, δ values decrease with increasing supercritical 
temperature but increase with rising pressure. However, their sensitiv
ities to temperature and pressure variations differ. To further illustrate 
these differences, the Δδ values between the SARA fractions and the 
solvent are depicted in Fig. 14. Due to the molecular similarities be
tween n-pentane and saturate, the corresponding Δδ values are the 
smallest, followed by aromatic, resin, and asphaltene. This indicates that 
saturate has the highest dissolution potential in the supercritical solvent. 
Increasing temperature leads to a rise in Δδ, reducing compatibility, 
whereas higher pressure enhances the interaction between the solvent 
and SARA fractions in visbroken vacuum residue. Notably, even under 
high-pressure conditions (e.g., 40 MPa), the Δδ values of heavy com
ponents such as resin and asphaltene remain larger than those of lighter 
components (saturate and aromatic) under low-pressure conditions (e. 
g., 4 MPa). It suggests that molecular characteristics, including varia
tions in molecular weight and polarity, have a more significant impact 
on solubility in the SFE solvent than external conditions such as 
pressure.

Additionally, the negative impact of temperature on the solubility 
potential of SARA molecules in the SFE solvent becomes more pro
nounced under low-pressure conditions. At a high pressure of 40 MPa, 
the optimal temperature for minimizing Δδ values between the solvent 
and saturate, aromatic, and resin is observed at 503 K. However, even at 
elevated pressures, increasing temperature continues to have a detri
mental effect on the solubility of asphaltene molecules in the solvent. 
Thus, to maximize the extraction of light components (saturate and ar
omatic) while minimizing heavy fractions (resin and asphaltene) in 
DAO, the optimal SFE conditions within the selected parameter range 

are 503 K and 40 MPa.

5.4. Binding energy analysis

At the atomic level, solubility is primarily determined by the strength 
of intermolecular interactions. Binding energy serves as a key indicator 
of these interactions within a solution system, with higher binding en
ergy corresponding to stronger intermolecular forces [46]. The binding 
energy Ebinding is calculated as follows. 

Ebinding = EA +EB − EA+B (6) 

where EA and EB denotes the potential energy of molecules A and B, 
and the EA+B refers to the total potential energy of the solution system.

The binding energy values between the solvent, visbroken vacuum 
residue, and SARA fractions under varying temperatures and pressures 
are presented in Fig. 15. The results indicate that SFE pressure and 
temperature have a significant impact on the binding energy between 
the solvent and visbroken vacuum residue. Specifically, binding energy 
increases linearly with pressure, while higher temperatures lead to a 
reduction in binding energy. This suggests that intermolecular in
teractions between visbroken vacuum residue and the solvent are 
stronger at higher SFE pressures and lower temperatures. Furthermore, 
temperature also influences the rate at which binding energy changes 
with pressure. As the temperature increases from 473 K to 503 K and 
533 K, the slope of the correlation between binding energy and pressure 
decreases from 0.815 to 0.624 and 0.389, respectively. This trend im
plies that the positive effect of pressure on intermolecular interactions 
between the solvent and visbroken vacuum residue weakens as tem
perature rises.

Fig. 15(b) and (c) illustrate the binding energy between the solvent 
and SARA fractions under varying SFE pressure and temperature con
ditions. Regardless of the operating conditions, the aromatic fraction 
exhibits the highest binding energy, indicating the strongest intermo
lecular interactions with the solvent. Additionally, the binding energy 
between the solvent and resin is higher than that of saturate and 
asphaltene. Notably, the effects of SFE pressure and temperature on 
different SARA fractions vary. For aromatic molecules, binding energy 
increases with rising pressure but decreases with increasing tempera
ture, a trend consistent with that observed for visbroken vacuum res
idue. However, the resin fraction exhibits the opposite trend, where low 
pressure and high temperature enhance its binding energy with the 
solvent. For saturate molecules, the optimal condition for maximum 
binding energy is observed at 20 MPa and 533 K. In contrast, asphaltene 
molecules exhibit the weakest binding energy, reaching their peak value 
at 4 MPa and 473 K. Thus, the aromatic fraction plays a pivotal role in 
determining the intermolecular interactions between the solvent and 
visbroken vacuum residue, while the binding energy index serves as a 
valuable guide for selecting high-efficiency solvents.

The effects of pressure and temperature on the binding energy 

Fig. 13. The solubility parameters of visbroken VR (a) and solvent (b) and their Δδ values (c).

Table 9 
Solubility parameter variations of SARA fractions in visbroken vacuum residue.

Pressure 473 K 503 K 533 K 473 K 503 K 533 K

Saturate Aromatic
4 MPa 13.69 12.99 12.65 15.38 15.47 15.07
20 MPa 13.92 13.38 13.18 15.93 15.37 15.27
40 MPa 14.35 13.89 13.59 16.51 15.73 15.22

Resin Asphaltene
4 MPa 17.26 17.25 16.90 16.03 15.95 15.75
20 MPa 17.90 17.06 16.86 16.30 15.98 15.53
40 MPa 18.11 17.31 17.00 16.27 16.43 15.88
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between SARA molecules are shown in Fig. 15(d) and (e), respectively. 
Under all SFE pressure and temperature conditions, the binding energy 
between the aromatic (A) and the resin-asphaltene (RAs) is the highest. 
This indicates that separating the aromatic fraction from the resin- 
asphaltene system is challenging due to the strong adsorption of the 
aromatic molecules within the colloidal structure. During the SFE pro
cess, the binding energy between the resin (R) and asphaltene (As) is the 
lowest, followed by the interaction between aromatic-resin (AR) and 
asphaltene (As). This suggests that asphaltene molecules have the 
highest separation potential under high pressure and temperature con
ditions, which is consistent with findings of asphaltene molecules 
tending to agglomerate and undergo phase separation [47]. Further
more, the binding energy values between the saturate (S) and aromatic- 
resin-asphaltene (ARAs) fractions, as well as between aromatic (A) and 
resin (R), are similar, both approaching 600 kcal/mol. Pressure and 
temperature have minimal impact on the binding energy between SARA 
fractions. As pressure increases, the binding energy between S-(ARAs) 
and A-(RAs) shows a slight increase, while the binding energy between 
R-As and (AR)-As decreases. This suggests that higher SFE pressure fa
vours the separation of aromatic and resin fractions from the colloidal 
structure. Conversely, as temperature rises, the binding energy of S- 
(ARAs) decreases, while the binding energy of A-R and A-(RAs) in
creases. This implies that high temperatures facilitate the separation of 
the saturate fraction from the others, while enhancing the interaction of 
the aromatic fraction with resin and asphaltene. Consequently, high 
temperatures negatively affect the separation of the aromatic fraction 

and the solubility of the vacuum residue in the solvent. For both the R-As 
and (AR)-As systems, the binding energy reaches its peak at 503 K, with 
higher or lower temperatures promoting the separation of asphaltene 
from the colloidal structure of the visbroken vacuum residue. In 
conclusion, high pressure enhances the separation of aromatic and resin 
fractions from the colloidal structure, while high temperature promotes 
the separation of the saturate fraction, although it negatively affects the 
solubility and separation of the aromatic fraction from the resin and 
asphaltene components.

5.5. Diffusion behavior of solvent and visbroken vacuum residue 
components

In addition to solubility potential and intermolecular interactions, 
the molecular motion of both the solvent and visbroken vacuum residue 
molecules can significantly influence the SFE extraction rate [42]. 
Therefore, the diffusion behavior of the solvent within visbroken vac
uum residue is investigated at the atomic level. The equilibrium mo
lecular models are further subjected to the MD simulation with the NVT 
ensemble for 200 ps, and the mean square displacement (MSD) values 
variation of solvent-visbroken VR models at different temperatures (473 
K, 503 K, 533 K) and pressures (4 MPa, 20 MPa, and 40 MPa) are 
recorded as the function of simulation time, shown as Eq.7. Meanwhile, 
the self-diffusion coefficient D can be calculated using Eq.8. 

MSD(t) = < Δri(t)2
> = < [ri(t) − ri(0)]2 > (7) 

Fig. 14. Solubility parameter difference between solvent and SARA fractions in visbroken vacuum residue. (a) Saturate, (b) Aromatic, (c) Resin, (d) Asphaltene.
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D =
1

6N
lim
t→∞

d
dt

∑
MSD(t) =

a
6

(8) 

where MSD(t) represents the mean square displacement of molecules 
over time t, and ri(0) and ri(t) denote the initial and final coordinates of a 
molecule at time t, respectively. N is the total number of molecules in the 
system, and the parameter a corresponds to the slope of correlation 
curve between MSD and simulation time.

Fig. 16 illustrates the MSD and diffusion coefficient (D) results for the 

visbroken vacuum residue (VR), its SARA fractions, and the solvent (n- 
pentane). As anticipated, the MSD values of all molecules increase lin
early with simulation time, reflecting the continuous dynamic motion of 
the molecules. The MSD-t correlation equations for the total system, 
visbroken vacuum residue, and solvent are shown in Fig. 16(a). Notably, 
the MSD values of the solvent are significantly higher than those of the 
visbroken vacuum residue, which can be attributed to the lower mo
lecular weight and non-polar nature of the n-pentane molecules. The 
large slope of the MSD-t curve indicates the high diffusion capacity of 

Fig. 15. Binding energy between the solvent and visbroken vacuum residue (SARA fractions).

Fig. 16. MSD and D values of visbroken vacuum residue, SARA fractions and solvent. (a) MSD of blend, visbroken VR and n-pentane; (b) MSD of SARA fractions in 
visbroken VR; (c) D of solvent-visbroken VR; (d) D-T curve of solvent-visbroken VR; (e) D of visbroken VR; (f) D of solvent.
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the solvent molecules. Fig. 16(b) compares the MSD-t curves for the 
SARA fractions in visbroken vacuum residue within the solvent envi
ronment. The saturate molecules exhibit the highest MSD values, fol
lowed by aromatic and resin fractions, while the asphaltene fraction 
shows the lowest MSD values. This indicates that the diffusion capacity 
of the SARA fractions follows the order: saturate > aromatic > resin >
asphaltene. Additionally, the saturate molecules diffuse more slowly 
than the solvent. The diffusion capacity of solvent-visbroken VR mole
cules is significantly influenced by temperature and pressure. As the 
temperature (T) increases, the self-diffusion coefficient (D) values for all 
molecules rise due to the additional energy gained. A linear relationship 
between Ln(D) and 1/T for the SFE model is observed, which is also 
affected by the pressure. As pressure increases, the temperature sensi
tivity of the D parameter initially decreases then increases.

However, the effect of pressure on the self-diffusion coefficient (D) of 
SFE molecules varies with temperature. At lower temperatures (473 K 
and 503 K), increasing pressure leads to a decline in D values, including 
that high pressure reduces the diffusion rate of SFE molecules, providing 
them with more time to interact with visbroken vacuum residue mole
cules, thereby enhancing the extraction yield. At higher temperature 
(533 K), D values decrease as pressure increases from 4 MPa to 20 MPa 
but then rise when pressure further increases to 40 MPa. A similar trend 
is observed for visbroken vacuum residue, as shown in Fig. 16(e). In 
contrast, for the solvent, increasing pressure consistently results in a 
decrease in D values, suggesting a general suppression of solvent 

diffusion under high-pressure conditions.
To further investigate the impact of pressure on the diffusion 

behaviour of visbroken vacuum residue components, the self-diffusion 
coefficient (D) results of saturate, aromatic, resin, and asphaltene mol
ecules are plotted in Fig. 17. Across all SARA fractions, the D values 
progressively decrease with increasing pressure under all temperature 
conditions, indicating that elevated pressure impairs the molecular 
diffusively of visbroken vacuum residue components. Additionally, a 
linear correlation is observed between the D parameter and the loga
rithmic value of pressure for all SARA molecules, with the corresponding 
correlation equations provided. The sensitivity of D values for SARA 
fractions varies with temperature. As temperature increases, the pres
sure sensitivity of the D index for aromatic molecules gradually de
creases, suggesting that the negative impact of pressure of their 
diffusivity diminishes at higher temperatures. Similarly, the pressure 
sensitivity trends for saturate and resin fractions follow a pattern of 
initial increase followed by a decline. In contrast, the asphaltene fraction 
exhibits the opposite behavior, indicating a distinct response to pressure 
and temperature variations.

On the other hand, the temperature sensitivity of D values at 
different pressure levels for visbroken vacuum residue, solvent, and 
SARA fractions is also investigated, and the results are depicted in 
Fig. 18. The Arrhenius equation is adopted to quantitatively investigate 
the pressure level on the relationship between diffusion coefficient and 
temperature as shown below: 

Fig. 17. D variations of SARA fractions under different temperature and pressure conditions.
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D = D0exp
(
− ED

RT

)

(9) 

where R denotes the universal gas constant (8.314 J/mol·K− 1), ED is the 
experimental activation energy per mol, and Do is the frequency factor 
and is taken as practically independent of temperature T.

The linear correlations between Ln(D) and 1/T for all models confirm 
that the diffusivity of visbroken VR, solvent, and SARA fractions de
creases with increasing pressure. Additionally, a lower temperature 
(higher 1/T) further reduces D values. Thus, high temperatures and low 
pressures enhance the diffusion rates of solvent and visbroken vacuum 
residue molecules, increasing their collision probability [40]. Moreover, 
pressure significantly influences the decreasing rate in Ln(D) versus 1/T. 
Based on the absolute slope values of the correlation equations, higher 
pressure increases the temperature sensitivity of solvent molecules but 
reduces that of asphaltene molecules. At 20 MPa, visbroken vacuum 
residue and aromatic fraction exhibit the lowest temperature sensitivity, 
whereas the resin fraction shows the highest sensitivity. For saturate 
molecules, the effect of pressure on temperature sensitivity remains 
minimal because of its sufficient diffusive capacity.

The activation energy ED and pre-exponential factor D0 of visbroken 
vacuum residue, solvent, and SARA fractions are calculated using Eq.9 
and summarized in Table 10. The results indicate that ED values 
generally decrease with increasing pressure for most components, 

suggesting that higher pressures hinder molecular diffusion by reducing 
the energy required for molecular movement. Among the SARA frac
tions, the saturate fraction exhibits the highest ED values across all 
pressures, implying greater sensitivity to temperature variations, while 
asphaltene shows the lowest values, indicating a relatively stable 
diffusion behavior. The solvent (n-pentane) has the lowest ED among all 
components, reinforcing its superior diffusivity. Additionally, D0 values 
decrease significantly with increasing pressure, particularly for visbro
ken vacuum residue and solvent, confirming that elevated pressure re
stricts molecular mobility. Notably, the resin fraction displays an 
anomaly, with its ED peaking at 20 MPa before decreasing at 40 MPa, 
suggesting a complex interaction with pressure. These findings empha
size that pressure exerts a substantial influence on diffusion behavior, 
with a pronounced restrictive effect at higher pressures, particularly for 
lighter fractions like solvent and saturate.

6. Conclusions and recommendations

This study investigated the Visbreaking-Supercritical Fluid Extrac
tion (SFE) combination process for the removal of high-carbon com
pounds and metals from vacuum residue (VR). Comprehensive physical 
and chemical characterizations were performed on both the feedstock 
and the resulting fractions to evaluate the effectiveness of this novel 
chemical extraction process. The efficiency of decarbonization and 

Fig. 18. Effect of temperature on self-diffusion capacity of visbroken vacuum residue (a), solvent (b), saturate (c), aromatic (d), resin (e), and asphaltene (f).

Table 10 
ED and Do parameters of visbroken VR, solvent, and SARA fractions under variable pressures.

Visbroken VR 4 MPa 20 MPa 40 MPa Solvent 4 MPa 20 MPa 40 MPa

ED (J/mol) 22,546 14,717 19,988 ED (J/mol) 10,861 13,585 28,403
Do (cm2/s) 2.038E-3 2.310E-4 7.701E-4 Do (cm2/s) 3.886E-4 6.471E-4 1.541E-2
Saturate 4 MPa 20 MPa 40 MPa Aromatic 4 MPa 20 MPa 40 MPa
ED (J/mol) 29,483 32,904 31,785 ED (J/mol) 26,060 17,835 18,249
Do (cm2/s) 1.150E-2 2.260E-2 1.297E-2 Do (cm2/s) 4.454E-3 4.652E-4 4.930E-4
Resin 4 MPa 20 MPa 40 MPa Asphaltene 4 MPa 20 MPa 40 MPa
ED (J/mol) 14,293 18,995 15,360 ED (J/mol) 26,181 7027 4935
Do (cm2/s) 3.020E-4 6.582E-4 2.390E-4 Do (cm2/s) 3.170E-3 2.145E-5 1.097E-5
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demetallizaion was analysed in detail. Additionally, molecular dy
namics (MD) simulations provided fundamental insights into the 
atomic-scale thermodynamic and solubility mechanisms governing the 
SFE process. The key findings of this work are summarized as follows: 

(1) Compared to standalone Visbreaking and SFE processes, the 
Visbreaking-SFE combination significantly enhances both decar
bonization and demetalization. This integrated approach ach
ieves a total liquid yield of up to 70.1 % while effectively 
removing metals such as Fe, Ni, V, and Na, with removal effi
ciencies exceeding 62 %, 75 %, and 95 %, respectively.

(2) To produce high-quality DAO products, Visbreaking should 
operate under mild thermal cracking conditions at relatively low 
temperatures to prevent premature coke formation. In this study, 
the optimal Visbreaking conditions for processing Merey VR were 
identified as a reaction temperature of 400 ◦C and a reaction time 
of 40 min. Higher extraction pressures and low extraction tem
peratures improve DAO recovery but increase metal and sulfur 
content, requiring a balance between DAO yield and quality.

(3) Molecular dynamics simulations provide atomic-scale insights 
into interactions between solvent and visbroken vacuum residue 
fractions, confirming that high pressure and moderate tempera
tures optimize solubility, diffusion, and binding energy between 
visbroken vacuum residue components and the supercritical 
solvent. The binding energy analysis confirms that aromatic 
fractions have the strongest interaction with the solvent, influ
encing the yield and selectivity of the SFE process. These insights 
offer a fundamental understanding of the thermodynamic and 
kinetic behavior governing the upgrading process, guiding future 
optimization efforts.

(4) From an industrial and environmental perspective, the extracted 
DAO meets marine fuel specifications, ensuring compliance with 
stringent sulfur and metal content regulations. Meanwhile, the 
raffinates can be repurposed for bitumen production, either as 
modifiers or substitutes for traditional bitumen, expanding their 
application in sustainable construction materials. The 
Visbreaking-SFE approach offers a scalable, cost-effective, and 
environmentally friendly solution for upgrading low-quality 
heavy residues, aligning with the petroleum industry’s shift to
ward cleaner, more sustainable refining technologies.

Future research should focus on optimizing solvent selection and 
process conditions to maximize DAO yield while minimizing energy 
consumption and solvent losses. Investigating alternative solvents or 
solvent mixtures with improved selectivity for different VR fractions 
could further refine the extraction process. Additionally, another future 
work will explore phase separation behavior of solvent-visbroken VR 
system under supercritical conditions through an integrated approach 
combining extended MD simulations with continuum-scale COMSOL 
modelling, to provide a direct comparison with SFE experimental data. 
Lastly, exploring the potential of the extracted fractions beyond marine 
fuel and bitumen applications, such as in petrochemical feedstocks or 
advanced carbon materials, could further enhance the economic 
viability and sustainability of this Visbreaking-SFE process during the 
industrial applications.
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