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China possesses abundant heavy oil resources, yet faces challenges such as high viscosity, underdevel-
oped production technologies, and elevated development cost. Although the in-situ catalytic viscosity-
reduction technology can address certain technical, environmental, and cost problems during the
extraction process, the catalysts often suffer from poor stability and low catalytic efficiency. In this study,
a green and simple room-temperature stirring method was employed to synthesize a class of highly
efficient and stable 2D MOF catalysts, which possess the capability to conduct in-situ catalytic pyrolysis
of heavy oil and reduce the viscosity. Under the condition of 160 °C, a catalyst concentration of 0.5 wt%,
and a hydrogen donor (tetralin) concentration of 2 wt%, the viscosity-reduction rate of Fe-MOF is as high

Edited by Min Li

Keywords: as 89.09%, and it can decrease the asphaltene content by 8.42%. In addition, through the structural
2D MOF identification and analysis of crude oil asphaltenes, the causes for the high viscosity of heavy oil are
In-situ catalytic technology explained at the molecular level. Through the analysis of catalytic products and molecular dynamics
Heavy oil simulation, the catalytic mechanism is studied. It is discovered that Fe-MOF can interact with heavy oil

Catalytic upgrading

h macromolecules via coordination and pore-channel effects, facilitating their cracking and dispersal.
Molecular dynamics

Furthermore, synergistic interactions between Fe-MOF and the hydrogen donor facilitates hydrogenation

reactions and enhances the viscosity-reducing effect. This study provides a novel strategy for boosting

heavy oil recovery and underscores the potential of 2D MOFs in catalytic pyrolysis applications.

© 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 technologies, overcoming their inherent limitations. By introducing

specific catalysts into oil reservoirs, this technology initiates

With the growing global energy demand, petroleum remains a
primary energy source, playing a vital role in the global economy
and energy security due to its supply dynamics and advancements
in extraction technologies. As conventional petroleum resources
become increasingly depleted, research and industrial efforts have
shifted toward unconventional resources, particularly heavy and
extra-heavy oil, which have emerged as key targets for global pe-
troleum development (Guo et al., 2024; Khorasani et al., 2022; Xue
et al., 2022). However, the inherently low mobility of heavy oil
poses substantial technical barriers to its extraction and trans-
portation. Advanced in-situ catalytic pyrolysis has gained promi-
nence as a viable alternative to conventional extraction
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chemical reactions that significantly reduce the apparent viscosity
of heavy oil and enhance its recovery rate. It offers a promising
strategy for the efficient development and utilization of heavy oil
resources, which can maximize energy conservation and environ-
mental sustainability (Elahi et al., 2019; Scheele-Ferreira et al.,
2017).

Conventional catalysts widely used in heavy oil pyrolysis
include transition metal salts (Zhou et al., 2024), supported cata-
lysts (Li et al., 2021), zeolites (Goshayeshi et al., 2024), and metal
oxides (Mukhamatdinov et al., 2023). Despite their widespread use,
these catalysts are often limited by issues such as poor stability,
susceptibility to deactivation, and the requirement for stringent
reaction conditions. These challenges highlight the urgent need for
developing catalysts that exhibit high activity, enhanced stability,
and reliable performance under practical operating conditions
(Karnjanakom et al., 2017; Lin et al., 2019; Zhang et al., 2022). Li
et al. (2024) proposed that nanocatalysts, due to their ability to
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migrate through oil reservoir microchannels and disperse effi-
ciently in heavy oil, exhibit superior catalytic efficiency for in-situ
upgrading. Liang et al. (2023) suggested that merely modulating
the metal active centers of catalysts is insufficient to meet practical
requirements. Instead, nanoscale multifunctional ordered assembly
and coordination offer a more effective approach. Compared to
conventional catalysts for heavy oil pyrolysis, 2D metal-organic
frameworks (MOFs) exhibit higher specific surface areas, tailor-
able pore architectures, and multifunctional active sites (Lin et al.,
2021; Wang et al, 2023; Wang and Astruc, 2020; Xue et al.,
2021). Currently, research into MOF catalysts for heavy oil viscos-
ity reduction remains relatively limited. L. Wang et al. (2024) syn-
thesized Co-MOF and Ni-MOF catalysts and performed viscosity
reduction experiments with crude oil from Shengli Oilfield. The
results demonstrated that the Ni-MOF catalyst achieved a viscosity
reduction rate of 91.97% after reacting at 280 °C for 24 h, along with
significant reductions in asphaltene and resin contents. In another
study, Razavian and Fatemi (2021) applied Mo-doped MAF-6 MOF
to reduce the viscosity of crude oil from Tehran Petroleum Refinery
Corporation, achieving a 37% viscosity reduction after reaction at
350 °C for 210 min. These studies indicate that MOF catalysts show
significant potential for the in-situ catalytic pyrolysis of heavy oil.
Future research should focus on improving catalyst stability and
reducing the required reaction temperature to enhance practical
applications.

To promote the design and development of heavy oil pyrolysis
catalysts, researchers have been exploring the mechanisms of vis-
cosity reduction catalyzed by heavy oil (Li et al., 2024). Using mo-
lecular dynamics simulations, C.H. Wang et al. (2024) thoroughly
investigated the viscosity reduction mechanism of surface-
functionalized Fe3O4 nanoparticles in heavy oil. Their findings
revealed that this catalyst primarily disrupts the aggregation
structures of asphaltenes, thereby influencing their aggregate size
and diffusion properties. Additionally, it reduces the interaction
energy between asphaltenes, as well as the number and strength of
hydrogen bonds. Zhou et al. (2025) conducted a comprehensive
review of the viscosity reduction mechanisms of heavy oil, cate-
gorized three dominant pathways: the carbocation reaction
mechanism, dominant at lower temperatures; the free-radical re-
action mechanism, dominant at higher temperatures; and the
coexistence of both mechanisms. with the type of mechanism
largely determined by the catalyst. Owing to the compositional
complexity of heavy oil components, elucidating the viscosity
reduction mechanisms remains challenging. Future research
should focus on further analyzing multi-component complex
structures. Furthermore, the mechanism of action of hydrogen
donors remains controversial and requires further investigation.

In this study, 2D Fe-MOF and Cu-MOF were synthesized, and
their catalytic performance in heavy oil pyrolysis and resultant
viscosity reduction effects were systematically evaluated. Through
kinetic analysis, the mechanism by which MOF catalysts influence
heavy oil pyrolysis was thoroughly investigated. Based on the re-
sults of catalytic pyrolysis experiments, the potential action
mechanisms of these catalysts were proposed. This study offers
innovative technical approaches and practical pathways for the
efficient and environmentally sustainable extraction of heavy oil.

2. Experiments and methodology
2.1. Materials and reagents

All reagents employed in the investigation were of analytical
quality. Including Cupric nitrate hexahydrate (Cu(NOs3)-6H0),

ferric nitrate nonahydrate (Fe(NO3)3-9H,0), N,N-
Dimethylformamide (DMF), terephthalic acid (H;BDC), trimesic
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acid (H3BTC), triethanolamine (TEA), acetone (C3HgO) and anhy-
drous ethanol (C;H50H) purchased from Aladdin Chemical Reagent
Company. In addition, deionized water was used in the experiment.

Heavy oil samples were taken from Tahe Oilfield, China. The
basic properties of heavy oil are shown in Table 1.

2.2. Characterization

The morphology and structure of the MOF catalyst were inves-
tigated by using scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). The functional groups and
structures of the MOF catalyst and heavy oil asphaltene were
characterized by using Fourier transform infrared spectroscopy
(FTIR) and X-ray diffraction (XRD). The bonding mode and
elemental valence state of the MOF catalyst were characterized by
using X-ray photoelectron spectroscopy (XPS). The thermal stability
of the MOF catalyst was assessed by using thermogravimetric
analysis (TG).

2.3. Identification of the structure of asphaltene in crude oil

The composition of different types of heteroatomic compounds
in heavy oil was analyzed by employing Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR MS) and Electro-
spray ionization (ESI) technique. Under the +ESI mode, nitrogen-
containing compounds (such as amines, alkaloids, etc.) and
hydroxyl-containing compounds (such as alcohols, phenols, etc.) in
crude oil are mainly detected. Under the —ESI mode, acidic com-
pounds containing carboxyl groups, sulfonic acid groups, etc. in
crude oil are mainly detected. Based on the double-bond equivalent
(DBE) and relative abundance, the asphaltene structures of
different heteroatom types in heavy oil are mainly deduced (Zhang
et al., 2023).

2.4. Preparation and synthesis of catalyst

In this study, a 2D MOF catalyst was synthesized through a
simple and green method of stirring at room temperature (Ge et al.,
2021). The preparation process is illustrated in Fig. 1. Firstly, 0.48 g
of Cu(NOs3),-3H,0 and 0.24 g of H3BTC were dissolved in 60 mL of a
mixed solvent composed of deionized water, ethanol, and DMF in a
volume ratio of 1:1:1, and then received ultrasonic treatment for
30 min to ensure full dissolution and mixing. Subsequently, 10 mL
of TEA was added, and the mixture was stirred at room temperature
for 24 h. After centrifugal sedimentation, it was continuously stir-
red in acetone for 5 h. After the product was collected by centri-
fugation, it was washed several times with ethanol and dried to
obtain the 2D Cu-MOF. Meanwhile, Fe-MOF was synthesized by a
similar approach.

2.5. Catalytic experiment of heavy oil
Heavy oil and water were mixed in a ratio of 7:3 and then added

into a high-temperature and high-pressure reactor equipped with a
stirring device to simulate the actual reservoir conditions.

Table 1

Basic properties of heavy oil.
Property Value Property Value
Density, g-cm > 1.05 Fe, ppm 28
Saturated, % 19.87 Ni, ppm 35
Aromatic, % 21.77 V, ppm 218
Resin, % 13.28 Na, ppm 67
Asphaltene, % 45.08 Ca, ppm 20
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Fig. 1. Synthetic schematic diagram of MOF catalyst.

Subsequently, 0.5% by mass of MOF catalyst and 2% by mass of
tetralin were added to it. Before the start of the reaction, nitrogen
was introduced into the high-temperature and high-pressure
reactor at a flow rate of 100 mL/min for 15 min for purging and
evacuation treatment to prevent oxygen from influencing the
experimental results. Meanwhile, nitrogen was continuously
introduced throughout the reaction process to maintain the
required pressure. The temperature was raised to 160 °C, and the
reaction was conducted for 24 h. After the reaction was completed,
it was naturally cooled to room temperature to obtain the catalyt-
ically pyrolyzed heavy oil. Subsequently, the resulting mixture was
subjected to dehydration treatment after sedimentation and
centrifugation.

Then, the viscosity of the heavy oil before and after the reaction
was measured and compared by using a HAAKE MARS Ill rheometer
(HAAKE, Germany). The shear rate was 7.2 s~L. The viscosity
reduction rate (VRR) after the catalytic reaction was calculated
based on the viscosity results as follows Eq. (1):

_Mo =M, 100% (1)

VRR(%) =10
0

In this context, 79 (mPa-s) is the initial viscosity of the heavy oil;
and n; (mPa-s) is the viscosity of the heavy oil after catalytic vis-
cosity reduction.

In addition, the composition of saturates, aromatics, resins and
asphaltenes (SARA) of heavy oil before and after the catalytic re-
action was determined respectively by employing the method
based on thin-layer chromatography, and the changes in the con-
tents of the four components before and after catalytic pyrolysis
were quantitatively analyzed. Meanwhile, elemental analysis, Gas
Chromatography-Mass Spectrometry (GC-MS) and other analyses
were also performed on the crude oil before and after catalysis.

(a) -ESI

2.6. Pyrolysis kinetics

A study from a kinetic perspective can lead to a better under-
standing of the reaction process and an evaluation of the catalyst's
performance. For this purpose, the relevant kinetic parameter cal-
culations for the pyrolysis process were carried out. Common
models used to describe the viscosity-temperature relationship of
crude oil encompass the Arrhenius-type model, the Williams-
Landel-Ferry (WLF) equation, etc. In this study, the Arrhenius
equation Eq. (2) was employed to fit the viscosity-temperature
data, and the fitted equation is presented as Eq. (3):

k=A-ex (2)

n:B-e% (3)

In the equation, k is the reaction rate constant; A is the pre-
exponential factor; n is the viscosity of crude oil, mPa-s; B is a
constant associated with the properties of crude oil; R is the gas
constant, 8.314 J/(mol-K); E is the activation energy, J/mol; T is the
temperature, K.

3. Results and discussion
3.1. Derivation of the structure of asphaltene in crude oil

It is crucial to investigate the catalytic viscosity reduction
mechanism of the catalyst on heavy oil at the molecular level and
acquire a profound understanding of the main asphaltene molec-
ular structures in heavy oil. Therefore, in this study, FT-ICR MS and
ESI were employed to analyze the crude oil. As shown in Fig. 2, the
relative molecular mass distribution ranges in the negative (—ESI)

(b) +ES|
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Fig. 2. FT-ICR MS of Crude Oil in —ESI (a) and +ESI (b) conditions.
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and positive (+ESI) modes are 150—500 Da and 200—720 Da
respectively. Among them, in the —ESI mode, it is mainly concen-
trated around 300 Da, while in the +ESI mode, it is mainly
concentrated around 500 Da, indicating that the overall carbon
number of basic nitrogen compounds in the Tahe heavy oil utilized

in this study is higher than that of acidic substances, and the
relative molecular mass is larger.

The relative abundances of acidic compounds and basic nitrogen
compounds in crude oil are shown in Fig. 3. Compounds are clas-
sified into different types (such as N1, N101, N102, N1S1, N2, 01,
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Fig. 4. DBE value-carbon number distribution of different heteroatomic compounds under + ESI (a)—(d) and —ESI (e)—(i) conditions.
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and 02) according to the types and numbers of heteroatoms.
Different color blocks represent different DBE. Among these, in
the —ESI mode, N1 and N2 compounds are mainly neutral nitrogen-
containing substances. For example, indole and carbazole sub-
stances appear in the negative ion FT-ICR mass spectrum together
with acidic components through deprotonation. N101 and N102
compounds are their corresponding oxides. N1S1 compounds are
mainly thiazole or thiophene-pyrrole compounds. O1 compounds
are mainly phenolic substances, and 02 compounds are mainly
fatty acids or naphthenic acids. In the +ESI mode, N-containing
compounds are mainly substances with pyridine rings, such as
quinoline, acridine, and their oxides. N1S1 compounds are mainly
thiophene-pyridine compounds.

To further elucidate the structures of asphaltenes containing
various heteroatoms, this study conducted a DBE value—carbon
number distribution analysis on several types of compounds with
relatively high abundances in both + ESI and —ESI electrospray
ionization modes. The results are shown in Fig. 4, where the size of
the points represents the relative abundance of the compounds for
a given carbon number and DBE. The larger the point, the higher

500 nm
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the relative abundance. By selecting points with relatively high
relative abundances for structural deduction, it was found that the
molecular structures in both + ESI and —ESI modes conform to the
“island-type” asphaltene structure reported in previous studies
(Schuler et al., 2015, 2020). This complex and compact asphaltene
structure is a primary factor contributing to the high viscosity of
heavy oil. On one hand, the large conjugated system in the mole-
cule enhances ©-7 interactions, promoting molecular aggregation.
On the other hand, although the island structure is relatively reg-
ular, its compact form creates significant steric hindrance between
molecular side chains and functional groups, limiting molecular
mobility. Macroscopically, this results in decreased crude oil
fluidity and increased viscosity.

3.2. Characterization of MOF catalysts

In this study, the morphology and structure of the synthesized
MOF catalysts were observed and characterized. Both the SEM and
TEM images revealed the thin and flat 2D structure of the MOF
catalysts. As shown in Fig. 5, SEM images (Fig. 5(a1), (a2), (b1), and

Cnts Element Intensity, c/s Atomic, %
C 93.64 44.98
40K (o} 134.88 43.12
Fe 177.26 11.90
Fe
SEtom - '\
4 6 8 10 ke
Element Intensity, c/s Atomic, %
C 140.69 62.05
(e} 87.73 30.03
Cu 85.29 6.12

Fig. 5. SEM, TEM, EDS elemental mapping and SAED patterns of Fe-MOF ((a), (c)) and Cu-MOF ((b), (d)) catalysts.
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Fig. 6. XRD spectra (a), FT-IR (b), TG curves (c), XPS diagram (d)—(f) of MOF catalysts.

(b2)) demonstrate that the particle size of the synthesized Fe-MOF
is approximately 30 nm, and that of Cu-MOF is approximately
600 nm. Both exhibit an obvious layered porous structure. Among
them, Fe-MOF appears as microspheres, while Cu-MOF has a reg-
ular octahedral structure. Elemental contents of C, O, and Fe/Cu
were obtained from the EDS spectra (Fig. 5(a3) and (b3)). To further
investigate the internal structure of the catalysts, TEM analysis was
performed. As shown in Fig. 5(c1), (c2), and (d1), intact and uni-
formly distributed nanoparticles of Cu-MOF and Fe-MOF were
observed. Fig. 5(d2) displays the EDS spectrum of the Cu-MOF

3439

catalyst, with elemental mapping showing uniform distributions
of C, O, N, and Cu (Xu et al., 2024). The diffraction rings in the
selected-area electron diffraction (SAED) pattern indicate good
crystallinity of the catalyst. Fig. 5(c3) and (d3) reveal the presence
of the (011), (222), (001), and (002) planes, which are consistent
with the XRD results (Nguyen Sorenson et al., 2020; Zhao et al.,
2017). Furthermore, the diffraction rings confirm that the synthe-
sized catalyst is polycrystalline. Compared to single-crystal cata-
lysts, polycrystalline catalysts possess a larger specific surface area
and greater corrosion resistance, demonstrating higher efficiency
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and longer service life when used for in-situ catalysis of heavy oil
(Yang et al., 2023).

The XRD results are presented in Fig. 6(a). For Cu-MOF, char-
acteristic peaks at 6.7°, 11.6°, 13.4°, and 20.1° correspond to the
(011), (222), (022), and (033) crystal planes, respectively. Similarly,
Fe-MOF exhibits peaks at 8.3°, 16.6°, 25°, and 33.6°, attributed to
the (001), (002), (022), and (004) crystal planes. These findings are
consistent with previously reported results and align closely with
standard reference patterns (Liu et al., 2022; Venu et al., 2020;
Zhang et al., 2022). The FT-IR characterization of the MOF catalysts,
shown in Fig. 6(b), indicates that the spectra of Fe-MOF and Cu-
MOF are generally similar, suggesting that both materials have
comparable functional group structures. The peaks at 527 and
490 cm™! are attributed to the stretching vibrations of the Fe—O
and Cu—O0 bonds, respectively. This confirms the successful coor-
dination of Fe and Cu elements with oxygen during the synthesis
process, which causes the corresponding C—O infrared absorption
peak to shift towards the lower frequency region. The peaks at
1387, 1373, 1562, and 1643 cm™! are attributed to the symmetric
and asymmetric vibrations of the carboxyl group (—COO—) on the
benzene ring of the ligand (Zhang et al., 2024), respectively. The TG
of the MOF is shown in Fig. 6(c). The samples were analyzed at a
heating rate of 5 °C/min. In the first stage, when the temperature
was raised to 150 °C, the catalyst exhibited a weight loss of 4.69%,
mainly due to the evaporation of crystallization water and volatile
impurities. In the second stage, as the temperature increased
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further, the MOF framework began to collapse and degrade. Com-
plete decomposition of Cu-MOF and Fe-MOF occurred at 380 and
500 °C, respectively, with final weight loss rates of 72.11% and
35.04%, respectively. These results suggest that the synthesized
MOF catalysts possess good thermal stability and a stable frame-
work structure. Furthermore, Fe-MOF demonstrates superior
thermal stability compared to Cu-MOF. XPS analysis was performed
to investigate the chemical composition and elemental valence
states of the catalyst. The XPS full spectrum in Fig. 6(d) confirms the
presence of C, O, Fe, or Cu elements, with no other impurities
detected. The O 1s spectrum shown in Fig. 6(e) displays the O—C
peak, the O—Fe coordination peak, and the O—Cu coordination
peak. The presence of these coordination peaks indicates successful
bonding of Fe/Cu elements with the ligand, further confirming the
successful preparation of the catalyst. Fig. 6(f) shows the Fe 2p and
Cu 2p spectra. The peaks at 711.61 eV and 724.20 eV correspond to
Fe 2p3); and Fe 2pq;, respectively, with their corresponding satel-
lite peaks at 718.72 eV and 733.12 eV, confirming the existence of
Fe>*. The peaks at 933.66 and 953.57 eV correspond to Cu 2p3jz2 and
Cu 2py, respectively, indicating the divalent structure of Cu-MOF.

3.3. Evaluation of catalyst performance

Under specific conditions, catalytic pyrolysis experiments on
heavy oil were conducted using a high-temperature, high-pressure
reactor. The catalytic effects and performance of the catalyst were

I viscosity (50 °C)
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Fig. 7. (@) Viscosity-temperature curve; (b) Viscosity and viscosity reduction at 50 °C; (c)—(d) SARA content of super heavy oil under different conditions.

Table 2

Comparison of Catalyst for this work with other heavy oil pyrolysis catalysts in recent years.
Catalyst Extra hydrogen donor Temperature, °C Time, h Viscosity reduction rate, % Reference
Mo0s-ZrO,/HZSM-5 tetralin 280 24 82.56 Liu et al. (2023)
Zr0,-MoOs3 tetralin 200 24 86.1 Y.Y. Wang et al. (2024)
Ni/N-C-6.0 tetralin 240 24 82.21 Xiong et al. (2022)
NaOH and CuSOg4 / 300 8 81.43 Zhou et al. (2023)
Cu/BC / 260 1/3 78.55 Tang et al. (2022)
Fe-MOF tetralin 160 24 89.09 this work
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Fig. 8. XRD and FT-IR spectra of asphaltenes and elemental analysis of super heavy oil
before and after catalyst action.

subsequently evaluated through viscosity-temperature tests, SARA
analysis, elemental analysis, and GC-MS.

In this study, water and a hydrogen donor were used as blank
controls. Catalytic experiments were conducted both with and
without a hydrogen donor, and the corresponding viscosity-
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Table 3
Element content and H/C value of super heavy oil before and after catalysis.
C% H, % 0, % N, % S, % H/C
Crude oil 84.14 11.06 4.16 0.47 0.48 1.58
Cu-MOF 83.15 11.87 413 0.44 0.41 1.71
Fe-MOF 82.56 13.06 3.68 0.29 0.18 1.90

temperature data were measured. The results are shown in
Fig. 7(a). In the absence of a hydrogen donor, the viscosity of the
heavy oil increased slightly, regardless of whether Fe-MOF or Cu-
MOF was used. This increase in viscosity can be attributed to the
nanoscale MOF catalysts, which possess a relatively large specific
surface area and strong adsorption capacity, causing some macro-
molecules in the heavy oil or intermediate catalytic products to
accumulate on the catalyst surface. The effects of adding only water
or only a hydrogen donor on viscosity reduction were minimal.
However, the combined effect of the catalyst and hydrogen donor
resulted in a significant reduction in the viscosity of the heavy oil.
This is because the addition of tetralin promotes the cracking re-
action, while the hydrogen radicals it generates facilitate reactions
such as hydrogenation saturation, hydrodesulfurization, and
hydrodenitrogenation in the presence of the catalyst. In addition,
the abundant hydrogen radicals provided by tetralin can quench
the free radicals generated during heavy oil pyrolysis, preventing
their recombination (Shi et al., 2023). Fig. 7(b) shows the viscosities
and viscosity reduction rates of each group at 50 °C. With the
addition of a hydrogen donor, the viscosity reduction rates of Fe-
MOF and Cu-MOF were 89.09% and 77.21%, respectively. Catalytic
pyrolysis also led to changes in the four components of heavy oil.
Fig. 7(c) presents the SARA analysis results of heavy oil after cata-
lytic pyrolysis under different conditions. Compared with the blank
group, with the addition of catalyst and hydrogen donor, asphal-
tene molecules in the crude oil became smaller and more dispersed,
reducing molecular entanglement and aggregation and thereby
significantly decreasing the asphaltene content. The final results
are shown in Fig. 7(d). After catalytic pyrolysis, Fe-MOF reduced the
asphaltene content by 8.42%, whereas Cu-MOF achieved a reduc-
tion of only 4.18%. This difference may be attributed to variations in
active sites and thermal stability, which allow Fe-MOF to interact
more effectively with asphaltene molecules.

Table 2 lists various catalysts used for heavy oil pyrolysis in
recent years. The 2D Fe-MOF synthesized in this study demon-
strates excellent viscosity reduction performance under low-
temperature conditions, enabling in-situ catalysis in oil reservoirs
without additional energy input. This finding highlights the sig-
nificant application potential of Fe-MOF and suggests its catalytic
performance is superior to other catalysts for pyrolysis viscosity
reduction.

3.4. Analysis of catalytic products

The asphaltene structure is complex, with strong intermolecular
interactions and a tendency to aggregate, contributing to the high
viscosity of crude oil (Nguyen et al., 2021). To analyze the asphal-
tene structure before and after catalysis, XRD and FT-IR were per-
formed on asphaltenes separated from the crude oil. Fig. 8(a)
presents a comparison of the XRD patterns of asphaltene before
and after catalysis. The patterns are largely similar, but the peaks at
260 = 24.99° and 26 = 21.37° exhibit noticeable shifts, and the peak
shapes have also changed. This suggests that the crystal structure of
asphaltene is disrupted after catalysis, affecting its aggregated
structure and thereby reducing the viscosity of heavy oil. Fig. 8(b)
presents the changes in the infrared spectra of asphaltene before
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Fig. 9. GC-MS analysis of crude oil and Fe-MOF after catalytic pyrolysis.

Table 4
Kinetic parameters of each sample fitted by Arrhenius model.
AE, KJ/mol A st Curve fitting R?
Crude oil 2.89 63.07 2885 0.9829
n =63.07-e RT
Cu-MOF 2.80 108.86 2796 0.9631
n = 108.86-e RT
Fe-MOF 2.81 91.65 2806 0.9723
n =91.65-e RT
Cu-MOF + H 2.72 19.58 2723 0.9873
n =19.58-e RT
Fe-MOF + H 2.62 12.13 2616 0.9906
n =12.13-e RT
Crude oll
3.0

2992.89

Cu-MOF+H Fe-MOF

Cu-MOF Fe-MOF+H

Fig. 10. Activation energy under different catalytic conditions.

and after catalysis. The intensities of the aliphatic stretching vi-
bration peaks of —CH3z and —CHj in the range of 3000—2800 cm ™!
are weakened. Indicates that the asphaltenes in the crude oil show
side chain breakage after catalyzing, and the broken side chains go
into the light components, suggesting that the catalyst promotes
the thermal decomposition of asphaltene components. The C=C
absorption peak of the aromatic compounds at 1519 cm™! is
significantly weakened after catalysis, indicating that the catalyst
promotes the cracking of the benzene ring. Additionally, the
weakening of characteristic peaks in the range of 1300—1500 cm ™!
indicates a reduction in aromatic compound content, suggesting
that the catalyst effectively interacts with the benzene ring. The

S=0 absorption peaks at 1027 and 740 cm~}, along with the C—S
absorption peak at 804 cm~!, almost completely disappear,
demonstrating that the catalyst promotes bond cleavage and fa-
cilitates desulfurization, which is consistent with the elemental
analysis results. As shown in Fig. 8(c) and Table 3, the contents of N
and S elements in heavy oil are significantly reduced after catalysis.
This suggests that metal ions in the MOF catalyst interact with N
and S atoms, altering their electron cloud densities and making the
chemical bonds containing S and N more prone to cleavage, thereby
facilitating the removal of N and S elements from heavy oil. Addi-
tionally, the results indicate that after catalysis, the H/C ratio in-
creases, the aromatic compound content in crude oil decreases, and
macromolecular compounds undergo decomposition and cleavage.
With the assistance of the hydrogen donor, the hydrogenation re-
action is further enhanced, leading to a reduction in heavy oil vis-
cosity and an improvement in oil product quality.

To elucidate the mechanism of catalytic viscosity reduction, GC-
MS was used to analyze the polar substances dissolved in water
following the catalytic pyrolysis of heavy oil. As shown in Fig. 9, a
substantial amount of organic compounds, including those con-
taining aromatic rings, were dissolved in water after pyrolysis. This
indicates that pyrolysis effectively facilitates bond cleavage and
enhances dispersion, thereby reducing the viscosity of heavy oil.
Secondly, by comparing the pyrolysis results with and without a
catalyst, it is evident that the tetralin peak at 24.2 min remains
unchanged, while the peak intensities at 21.85, 29.46, and
47.32 min are significantly reduced. Mass spectrometry analysis
reveals that, after the addition of the catalyst, macromolecules
undergo further cracking, including the detachment of aliphatic
hydrocarbon branches and localized groups of aromatic com-
pounds. Moreover, the peaks at 24.97 and 43.31 min almost
disappear in the presence of the catalyst, indicating that the cata-
lyst simplifies macromolecular structures, reduces the variety of
polar substances, lowers the aromatic compound content in heavy
oil, and improves crude oil fluidity (Ma et al., 2023).

3.5. Kinetic analysis

3.5.1. Pyrolysis kinetic analysis

The Arrhenius equation was employed to calculate the kinetic
parameters of the pyrolysis process, with the fitted results pre-
sented in Table 4 and Fig. 10. The findings indicate that the addition
of the catalyst lowers the activation energy of heavy oil. Moreover,
when both the catalyst and the hydrogen donor are introduced, the
activation energy decreases further. This suggests that, under
identical conditions, the synergistic effect of the catalyst and the
hydrogen donor alters the reaction pathway, significantly reduces
the transition state energy, and accelerates the reaction rate.

3442



C. Li, J.-X. Guo, L. Wang et al.

+N101

+N2

000000

C H O N S Fe

N101

N102 N1S1

Eiy, Kcal/mol

Fe MOF

Cu MOF

Petroleum Science 22 (2025) 3434—3446

N101

80 Interaction energy

60

e 4 ot

40

20

E,., Kcal/mol

200 ps

100 150 200 250

Simulation time, ps

100

N1S1

Interaction energy

80

60

40

Ei, Kcal/mol

150 200 300

Simulation time, ps

% Interaction energy

60

40

20

Eiy, Kcal/mol

200 ps

100 150 200 250 300

Simulation time, ps

Fig. 11. Molecular dynamics simulation and interaction energy.

3.5.2. Molecular dynamics simulation analysis

To further investigate the interaction mechanism between the
MOF catalyst and heavy oil, simulations and analyses were con-
ducted using Material Studio software. First, the Dmol3 module was
employed to calculate the charges and orbitals of the previously
deduced asphaltene molecules. As shown in Fig. 11(a), the energy
values of the Highest Occupied Molecular Orbital (HOMO) and
Lowest Unoccupied Molecular Orbital (LUMO) are provided in
Table 5. The charge calculation results indicate that the electron
cloud densities at the heteroatoms in various compounds are
generally low, suggesting a tendency to lose electrons. For instance,
the p orbital of the sp?-hybridized nitrogen atom in the pyridine
ring interacts with the p orbitals of the carbon atoms in the ring,
forming a conjugated system. This interaction modifies the electron
distribution within the molecule, resulting in a relatively lower
electron cloud density in the heteroatom region. This finding sup-
ports the “island-like” asphaltene molecular structure, which is
characterized by a strong conjugation effect. Furthermore, the
HOMO and LUMO calculation results reinforce the stability of this
structure and corroborate the molecular structure previously hy-
pothesized and deduced through FT-ICR MS analysis (Schuler et al.,
2015). Molecular dynamics simulations were performed for 300 ps
at 160 °C under NVT (constant volume and temperature) conditions
to examine the interactions between various asphaltene molecules

Table 5
Energy of different types of asphaltene molecules HOMO and LUMO.
N1 N101 N1S1 N2
Enomo, eV —-0.1559 —0.1586 -0.1611 —-0.1532
Erumo, eV —0.0861 —0.0865 —0.0985 —0.0984
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and the surface of the MOF catalyst (Kim et al., 2017; Park and Lee,
2022). Conformations were recorded every 1000 steps. Fig. 11(b)
illustrates the interaction energies between Fe-MOF and Cu-MOF
with different asphaltene molecules. The results reveal that all
interaction energies are negative, indicating relatively strong in-
teractions between the MOF catalyst and asphaltene molecules.
Among these, the interaction energy between Fe-MOF and the
N102 type compound is the strongest, reaching —20.61 kcal/mol.
Notably, Fe-MOF demonstrates significantly stronger interactions
compared to Cu-MOF, aligning with previous findings from vis-
cosity measurements, SARA analysis, elemental analysis, and other
assessments. Based on this, the interaction process between Fe-
MOF and different asphaltene molecules was further calculated,
with the results presented in Fig. 11(c). The calculations reveal that
during the interaction process, the surface morphology of the
catalyst undergoes significant changes, transitioning from a regular
plane to an irregular conformation, accompanied by a notable
alteration in the O—Fe—O bond angle. Simultaneously, the spatial
structures of the asphaltene molecules also change, including the
deformation of six-membered rings and overall molecular distor-
tion. These structural transformations suggest the presence of
relatively strong interactions between the catalyst surface and the
asphaltene molecules.

4. Mechanism analysis

In this study, the possible catalytic mechanism of 2D Fe-MOF for
heavy oil was elucidated with the support of experimental char-
acterization and molecular dynamics simulation results, as illus-
trated in Fig. 12. Fe-MOF features a larger specific surface area on
the 2D plane, exposing more active sites and exhibiting higher
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electron mobility. This enhances the probability of its d orbitals
interacting with the m-electron system of large molecules of heavy
oil, thereby lowering the activation energy required for molecular
cracking. As a result, this interaction promotes branch breakage, the
transformation of long chains into short chains, and the gradual
decomposition of macromolecules in heavy oil asphaltene into
smaller molecules. Meanwhile, metal ions form coordination bonds
with heteroatoms such as N and S in heavy oil, facilitating the
adsorption of heavy oil molecules onto the catalyst surface in a
specific configuration. Additionally, the porous structure of the
MOF enhances adsorption, effectively improving reaction activity
and promoting the cleavage of bonds such as C—S and C—N.
Consequently, the complex molecules in heavy oil are converted
into simpler molecules, and the “island-like” structure transitions
from “large islands” and “archipelagos” to “small islands” and
“isolated islands”, thereby weakening interactions among asphal-
tene molecules and improving the fluidity of crude oil (Nie et al.,
2023; Zhang et al., 2020). Furthermore, the previous test results
indicate that the catalytic effect is significantly enhanced when a
hydrogen donor is used compared to when it is not. This is because
the hydrogen donor generates a substantial amount of hydrogen
radicals (H-) during the reaction, which cooperate with the MOF
catalyst to facilitate the hydrogenation reaction. On one hand, this
increases the content of saturated hydrocarbons and promotes re-
actions such as desulfurization, denitrification, and demetalization.
On the other hand, the hydrogen radicals provided by tetralin
quench the free radicals generated during the pyrolysis of heavy oil,
preventing their recombination. In summary, the Fe-MOF catalyst
demonstrates excellent performance in reducing the viscosity of
heavy oil, effectively facilitating its catalytic transformation.

5. Conclusion

In this study, 2D Fe-MOF and Cu-MOF were synthesized using a
simple, environmentally friendly stirring method at room tem-
perature, followed by comprehensive characterization analyses.
The catalytic effects of these catalysts on viscosity reduction in Tahe
heavy oil were systematically evaluated. Under conditions of
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160 °C, a catalyst concentration of 0.5 wt%, and a hydrogen donor
(tetralin) concentration of 2 wt%, both catalysts effectively facili-
tated in-situ catalytic pyrolysis, significantly reducing the viscosity
of heavy oil. Among them, Fe-MOF achieved a remarkable viscosity
reduction rate of 89.09% while simultaneously decreasing the
asphaltene content by 8.42%. The structural deduction of heavy oil
asphaltene indicates that different asphaltene molecules conform
to an “island-like” structure. This feature accounts for the high
viscosity of heavy oil at the molecular level and serves as a foun-
dational model for molecular dynamics simulations. The research
findings reveal that the d orbitals of metal ions in Fe-MOF interact
with the m-electron system of heavy oil macromolecules, reducing
the activation energy for molecular cracking and facilitating the
progressive decomposition of macromolecules in heavy oil
asphaltene into smaller molecules. Furthermore, the coordination
effect and pore structure of Fe-MOF enhance the cleavage of
chemical bonds such as C—S and C—N, efficiently transforming
complex heavy oil molecules into simpler ones. Most importantly,
the synergistic effect between the Fe-MOF catalyst and the
hydrogen donor significantly enhances the hydrogenation reaction,
further reducing the viscosity of heavy oil. In summary, the catalyst
synthesized in this study demonstrates high efficiency in in-situ
catalysis of heavy oil, providing a valuable basis for the exploita-
tion and utilization of heavy oil resources and exhibiting broad
application potential.
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