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a b s t r a c t

CO2 flooding  in light-oil reservoirs can induce compositional redistribution and heavy-fraction depo
sition, leading to pore-structure deterioration, permeability reduction, and limited oil recovery. 
Although tributyl citrate (TBC) is a promising solvent-type additive for improving oil fluidity and CO2–oil 
compatibility, its role in remobilizing residual oil affected by deposition remains insufficiently under
stood. This study integrates visual interfacial observations and PVT measurements with core-flooding 
tests and multiscale characterization to elucidate CO2–oil interaction-driven deposition and the TBC- 
assisted remobilization process. Results show that CO2 preferentially extracts light hydrocarbons 
(C1–C9) while enriching intermediate (C10–C29) and heavy components (C30+), thereby destabilizing 
crude-oil colloidal structures and promoting irreversible deposition. In homogeneous cores, miscible 
CO2 flooding at 20 MPa achieves a high recovery of 77.08% but also induces 15.28% heavy-component 
deposition and up to 38.23% permeability reduction. In contrast, fractured cores exhibit less deposi
tion but markedly lower sweep efficiency. The addition of TBC mitigates these adverse effects by sup
pressing viscosity growth, enhancing CO2 solubility and oil swelling, and improving CO2–oil 
compatibility. These synergistic effects strengthen interfacial mass transfer and provide an additional 
13%–18% recovery enhancement beyond CO2 flooding alone. Multiscale observations suggest that TBC 
reduces the aggregation tendency of deposited heavy components and improves pore-scale flow con
tinuity. These findings provide insight into the remobilization of deposition-affected residual oil after 
CO2 flooding and demonstrate the potential of TBC to mitigate formation damage and enhance CO2-EOR 
performance in light-oil reservoirs.
© 2026 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 license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

CO2 flooding  has been widely recognized as one of the most 
promising technologies for enhanced oil recovery (EOR) and car
bon capture, utilization, and storage (CCUS), playing a crucial role 
in achieving global carbon neutrality goals (Hu et al., 2019; Jiang 
and Ashworth, 2021; Wang et al., 2023). Through mechanisms 
such as oil swelling, viscosity reduction, and interfacial tension 

minimization, CO2 injection significantly  improves microscopic 
displacement efficiency  in both mature and low-permeability 
reservoirs (Holm and Josendal, 1974; Kumar et al., 2022; Martin 
and Taber, 1992). Nevertheless, both field practice and laboratory 
studies have demonstrated that CO2 flooding can also induce the 
precipitation of asphaltene and resin fractions, resulting in pore 
blockage, reduced permeability, and decreased recovery efficiency 
(Alizadeh et al., 2011; Cheshkova et al., 2019).

This behavior is closely related to CO2–oil mass transfer and 
compositional redistribution during contact. Within the oil phase, 
light hydrocarbons can be extracted into the CO2-rich phase, while 
intermediate components undergo redistribution and relative 
enrichment in the residual oil, continuously depleting stabilizing 
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species and promoting asphaltene–resin aggregation (Choiri and 
Hamouda, 2011; Mousavi et al., 2016; Zuo et al., 2023). Such 
deposition not only increases the viscosity of the retained oil but 
may also alter pore-throat connectivity and fluid  flow  behavior, 
thereby aggravating formation damage (Ding et al., 2013; Huang 
et al., 2022; Li et al., 2021b). Notably, CO2 can induce substantial 
asphaltene and resin precipitation even in light oils with low 
asphaltene content (Sarma, 2003).

CO2-induced precipitation of asphaltenes and resins enriches 
the retained oil in polar heavy fractions, which increases viscosity 
and reduces mobility (Li et al., 2020; Yu et al., 2022; Zhao et al., 
2025). Consequently, recovering this deposition-affected residual 
oil becomes challenging. Conventional approaches mainly include 
physical methods (e.g., thermal recovery and dilution) and 
additive-assisted methods (e.g., surfactant-based agents, solvent- 
type additives, and polymeric dispersants) (El-Hoshoudy et al., 
2021; Yuan et al., 2018). Although physical methods can tempo
rarily reduce oil viscosity, they are energy-intensive, costly, and 
generally unsuitable for CO2-flooding  environments. In contrast, 
additive-assisted methods have emerged as an efficient  and 
economical alternative (Hou et al., 2019; Ke et al., 2018; 
Mehrabianfar et al., 2021; Wang et al., 2016; Zhong et al., 2021). 
Among them, surfactant-based agents mainly improve displace
ment by regulating interfacial properties, whereas solvent-type 
additives primarily enhance solvation and colloidal stability, 
thereby weakening intermolecular associations and suppressing 
heavy-component re-aggregation (Chen et al., 2023; Jia et al., 
2020). Because CO2 flooding in light oils mainly causes composi
tional redistribution and destabilization of heavy organic fractions. 
Thus, solvent-type additives are particularly relevant for remobi
lizing deposition-affected residual oil by restoring solvation and 
suppressing re-aggregation.

Tributyl citrate (TBC) has recently attracted attention as a po
tential solvent-type additive because of its mixed polar–nonpolar 
molecular structure, compatibility with crude oil and CO2, and 
favorable environmental properties (Bao et al., 2023; Cao, 2023; 
Cao and Li, 2022; Gao et al., 2023; Yuan et al., 2024). Previous 
studies have shown that TBC can enhance CO2 solubility and 
modify the phase behavior and fluid properties of crude oil sys
tems (Al-Azani et al., 2020, 2021; Xue et al., 2024). These features 
suggest that TBC may help alleviate deposition-related flow 
impairment during CO2 flooding. However, current understanding 
of TBC in CO2–oil systems remains limited. Most previous studies 
have focused on its bulk-phase effects, such as viscosity modifi
cation or miscibility enhancement, while its role in the coupled 
processes of compositional redistribution, organic deposition, and 
residual-oil remobilization has received much less attention.

This issue is particularly important for light crude oils, whose 
molecular composition, phase behavior, and CO2 solubility differ 
markedly from those of heavy oils (Li et al., 2021a; Wei et al., 
2020). As a result, the mechanisms controlling deposition forma
tion and post-deposition remobilization in light oil systems may 
also be distinct. A clearer understanding of how TBC influences 
these coupled processes is therefore essential for improving CO2- 

EOR performance and mitigating formation damage in light oil 
reservoirs (Shen and Sheng, 2018; Zhang et al., 2022).

As a result, this study investigates the CO2-induced deposition 
of heavy fractions and the TBC-assisted mobilization of residual oil 
in light oil reservoirs. Through a combination of visual PVT ex
periments, core-scale CO2 flooding  tests, and microscopic char
acterization techniques—including nuclear magnetic resonance 
(NMR), scanning electron microscopy (SEM), and atomic force 
microscopy (AFM)—this study elucidates the coupled effects of 
CO2–oil interactions, deposition behavior, and additive regulation. 
The findings provide new insights into the mechanisms governing 
heavy-component mobilization and offer a scientific  basis for 
mitigating CO2-induced formation damage and improving recov
ery efficiency in light oil reservoirs.

2. Experimental section

2.1. Materials

The cores and crude oil used in this study were collected from a 
representative block of the Changqing Oilfield. The basic param
eters of the core samples are listed in Table 1. The crude oil has a 
viscosity of 7.79 mPa⋅s and a density of 0.835 g/cm3 at room 
temperature. It contains 1.62 wt% resins and 0.57 wt% asphaltenes. 
The carbon number distribution of the crude oil, determined by 
gas chromatography, is shown in Table 2, indicating that the oil is 
dominated by light and mid-range components, which is charac
teristic of light crude oil. TBC was purchased from Macklin 
Biochemical Co., Ltd. CO2 with a purity of 99.9% was supplied by 
Yantai Deyi Gas Co., Ltd. The n-heptane and toluene were provided 
by the China National Pharmaceutical Group Corporation (Sino
pharm). All chemicals were used as received without further 
purification.

2.2. Experimental methods

2.2.1. Measurements of the MMP
The minimum miscibility pressure (MMP) between CO2 and 

crude oil was determined using the interfacial tension disappear
ance method (Yang et al., 2019). Experiments were performed with 
a high-temperature and high-pressure interfacial tensiometer 
(Fig. 1(a)) at 55, 65, and 75 ◦C, respectively. During each test, the 
crude oil droplet was formed within the high-pressure chamber, 
and CO2 was incrementally injected to reach a series of target 
pressures. At each equilibrium state, the interfacial tension (IFT) 
between CO2 and crude oil was recorded. The IFT–pressure data 
were then linearly extrapolated to zero, and the corresponding 
pressure was identified as the MMP.

2.2.2. CO2–oil interaction experiments
CO2–oil interaction experiments were conducted in a high- 

pressure visual PVT cell (Fig. 1(b)) to examine the compositional 
evolution and deposition of heavy components under CO2 expo
sure. For each experiment, the entire system was thoroughly 

Table 1 
Core sample parameters.

Number Core type Length, cm Diameter, cm Permeability, mD Porosity, %

1 Homogeneous core 6.80 2.50 8.78 14.83
2 7.06 2.55 8.43 10.99
3 7.13 2.53 8.01 10.86
4 Fractured core 7.05 2.45 9.57 11.63
5 7.00 2.48 9.65 11.43
6 7.04 2.55 9.32 10.57
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cleaned, dried, and purged with nitrogen to ensure cleanliness and 
airtight sealing. A measured amount of crude oil was injected into 
the cell, after which CO2 was introduced to reach the designated 
pressure. The temperature was maintained at 75 ◦C, and the 
mixture was intermittently stirred for 12 h to promote mass 
transfer and achieve phase equilibrium.

Following equilibration, oil samples were collected and 
analyzed to determine the contents of saturates, aromatics, resins, 
and asphaltenes (SARA fractions), as well as the carbon number 
distribution. These analyses were used to characterize CO2- 
induced extraction behavior and heavy-component precipitation, 
and to quantify the degree of deposition during CO2 exposure. To 
ensure data reliability, the SARA analyses were performed on 
repeated samples, and the average values were used for analysis.

2.2.3. Physical parameters of the crude oil
The changes in crude oil physical parameters after CO2 disso

lution and TBC addition were examined using a high-pressure vi
sual PVT cell (Fig. 1(b)). Before each experiment, the PVT cell and 
connecting lines were thoroughly cleaned, dried, and purged with 
nitrogen. A mixture of crude oil and a predetermined amount of 
TBC was injected into the cell, followed by CO2 injection until the 
system pressure reached 20 MPa. The temperature was main
tained at 75 ◦C to simulate reservoir conditions.

At 75 ◦C, constant composition expansion experiments were 
performed to determine the bubble-point pressure and assess the 
volumetric expansion behavior of the oil–CO2–TBC system during 
depressurization. The bubble point was identified as the transition 
from a single-phase liquid to a gas–liquid two-phase state. After 
equilibrium was established, stepwise degassing tests were con
ducted to release dissolved CO2 and to record changes in oil vol
ume and density. The resulting PVT data were used to evaluate the 
effects of TBC on CO2 solubility, oil swelling, and phase-transition 
behavior, thereby elucidating its role in improving the fluidity and 
compositional stability of light crude oil.

2.2.4. Microscopic deposition morphology scanning of heavy 
components

The microscopic deposition morphology of heavy components 
after CO2 exposure was analyzed using AFM. An NCHV probe was 
used, and the scanning area was set to 40 μm × 40 μm. Following 
the CO2–oil interaction, asphaltene–resin aggregates were sepa
rated from the oil phase using the standard n-heptane precipita
tion method. A measured amount of the extracted heavy 
components was dissolved in 20 mL of toluene and left to stand for 
24 h to ensure complete dissolution. The resulting solution was 
then spin-coated onto a clean glass substrate to form a uniform 
thin film, followed by nitrogen drying to remove residual solvent.

The prepared samples were examined in tapping mode to 
characterize the surface morphology and aggregation behavior of 
the heavy components. To improve statistical reliability, each 
sample was analyzed at multiple independently selected regions 
under the same scanning conditions. The characteristic surface 

parameters were statistically evaluated. The reported values were 
expressed as average values with standard deviations. The AFM 
images were used to provide detailed information on the size, 
distribution, and three-dimensional microstructure of the de
posits, enabling microscopic evaluation of CO2-induced heavy- 
component aggregation and deposition.

2.2.5. Core flooding experiments
Core flooding experiments were conducted to evaluate the ef

fect of TBC on the mobilization of residual oil after CO2 flooding 
(Fig. 1(c)). Natural sandstone cores were cleaned, dried at 105 ◦C 
for 72 h, and then measured for porosity and permeability. For 
fractured-core experiments, artificial  fractures were created in 
selected sandstone cores using the Brazilian splitting method 
(Bian et al., 2022; Guo et al., 2024). Specifically, diametrical 
compressive loading was applied to the core until tensile failure 
occurred, generating a single longitudinal fracture along the core 
axis. The induced fracture had an aperture of approximately 
0.05 mm and served as a preferential flow path during the sub
sequent flooding  experiments. All cores were then vacuum- 
saturated with crude oil for 48 h to ensure complete saturation, 
followed by NMR characterization to obtain the initial pore- 
structure distribution. Before the flooding experiments, the frac
tured cores were reassembled, wrapped with a heat-shrink sleeve, 
and mounted in the core holder under confining  pressure. The 
cores were subsequently stabilized at 75 ◦C to simulate reservoir 
conditions.

CO2 flooding was carried out at an injection rate of 0.1 mL/min 
until no further oil production was observed at the outlet. 
Throughout the process, the injection pressure, oil production 
volume, and differential pressure were continuously monitored. 
After CO2 flooding, NMR scanning was performed to quantify the 
distribution of residual oil and the extent of heavy-component 
deposition.

Following primary CO2 flooding, 0.5 pore volumes (PV) of pure 
TBC were injected into the core as a post-flooding solvent slug. The 
core was subsequently shut in for 1 h to ensure sufficient contact 
between TBC and the residual crude oil. Thereafter, secondary CO2 
flooding  was conducted under the same temperature, pressure, 
and flow rate. The contents of heavy components (asphaltenes and 
resins) were determined according to the NB/SH/T 0509–2010 
standard (test method for separation of asphalt into four frac
tions), and the heavy-component deposition rate was calculated 
using Eq. (1): 

w=
ma − mb

ma
× 100% (1) 

where ma represents the total mass of asphaltenes and resins 
entering the core, and mb represents the mass recovered in the 
effluent oil.

The heavy-component deposition rate defined by Eq. (1) rep
resents the retained fraction of asphaltenes and resins relative to 

Table 2 
Compositional analysis of the oil sample used.

Component Stabilized condensate, mol% Component Stabilized condensate, mol% Component Stabilized condensate, mol%

≤C6 0.99 C15 3.27 C24 2.20
C7 4.81 C16 2.80 C25 2.51
C8 3.69 C17 3.29 C26 2.52
C9 3.14 C18 3.08 C27 2.75
C10 3.13 C19 2.76 C28 2.62
C11 2.88 C20 2.73 C29 2.40
C12 2.91 C21 2.52 C30+ 31.35
C13 3.13 C22 2.60
C14 3.71 C23 2.20
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Fig. 1. Experimental apparatus used to evaluate the effect of TBC on CO2–oil system: (a) high-pressure pendant-drop interfacial tensiometer; (b) visual PVT apparatus; (c) 
experimental apparatus for CO2 flooding.
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the total mass entering the core. In addition, the porosity damage 
rate and permeability damage rate in this work are expressed as 
the relative reductions after flooding  with respect to the initial 
porosity and permeability, respectively. Each deposition mea
surement was repeated, and the average value was used for sub
sequent analysis.

3. Results and discussion

3.1. Equilibrium IFT and MMP

A lower MMP indicates stronger CO2–oil miscibility and a 
greater ability of CO2 to extract light and intermediate hydrocar
bons from crude oil (Lashkarbolooki and Ayatollahi, 2018). MMP 
can be evaluated by several experimental methods, including slim- 
tube, rising-bubble, multiple-contact, and vanishing interfacial 
tension (VIT/IFT) tests. Among these, the slim-tube test is generally 
regarded as the most representative method for multi-contact 
miscibility in porous media, whereas the VIT/IFT method is more 
efficient  for laboratory screening and requires less experimental 
time. However, the MMP estimated from IFT extrapolation may be 
influenced by the selected pressure range, the extrapolation pro
cedure, and the compositional complexity of the CO2–oil system. 
Therefore, in this study, the equilibrium IFT between CO2 and light 
crude oil was measured using a high-temperature and high- 
pressure interfacial tensiometer over a series of pressures at 
fixed temperatures, and the IFT–pressure relationship was 
extrapolated to zero to obtain an experimentally supported esti
mate of MMP.

As illustrated in Fig. 2, the IFT decreases with increasing pres
sure, indicating progressive dissolution of CO2 into the oil phase 
and a gradual approach to miscibility. At lower pressures, the oil 
droplet maintains a distinct and well-defined  interface, whereas 
near the miscibility condition the boundary becomes blurred and a 
fog-like CO2 phase appears around the droplet. These visual 
changes reflect the evolution of the CO2–oil system as it transitions 
toward the miscible state. Linear extrapolation of the IFT–pressure 
relationship yields an MMP of 18.03 MPa at 75 ◦C.

A pronounced temperature dependence was observed. As 
temperature increases, CO2 solubility in the oil phase decreases, 
resulting in higher MMP values. Specifically, the measured MMPs 
were 14.01 MPa at 55 ◦C, 16.14 MPa at 65 ◦C, and 18.03 MPa at 
75 ◦C. These results confirm  that lower temperatures facilitate 
miscibility by promoting CO2 dissolution and improving CO2–oil 
interactions.

3.2. CO2–oil interactions

The interaction between CO2 and crude oil plays a decisive role 
in controlling miscibility behavior and heavy-component 

deposition during CO2 flooding. In this study, the CO2–oil interface 
was visualized under reservoir conditions (75 ◦C, 20 MPa) using a 
high-pressure PVT system to examine compositional redistribu
tion and phase evolution. Crude-oil samples collected before and 
after CO2 exposure were analyzed for SARA fractions and carbon 
number distribution to quantify extraction and aggregation 
behavior.

As shown in Fig. 3(a), when crude oil is exposed to CO2, the oil 
phase undergoes noticeable volumetric expansion, indicating 
enhanced mass transfer and component exchange. With pro
longed CO2 exposure, black particulates gradually appear in the oil 
phase, indicating heavy-component deposition. Quantitative 
compositional analysis (Fig. 3(b) and (c)) reveals that after CO2 
dissolution, light components (C10 and below) decrease by 6.96%, 
heavy components (C30+) increase by 3.40%, and intermediate 
fractions (C10–C29) exhibit a relative increase, reflecting  redistri
bution within the oil phase. These results indicate that CO2 ex
tracts light hydrocarbons and destabilizes the asphaltene–resin 
network, thereby promoting heavy-component aggregation.

To further elucidate the microscopic process of compositional 
redistribution during CO2–oil contact, the molecular-interaction 
mechanism is illustrated in Fig. 4. CO2 molecules preferentially 
dissolve into the oil phase and interact with light hydrocarbons, 
promoting their extraction and vaporization. As contact proceeds, 
intermediate components (C10–C29) undergo chain stretching and 
rearrangement, enhancing their interaction with CO2 and facili
tating gradual stripping into the gas phase (Seyyedsar et al., 2016; 
Rezk and Foroozesh, 2019). In contrast, heavy components such as 
asphaltenes and resins, dominated by strong self-association and 
polar interactions, resist CO2 penetration and tend to aggregate.

This extraction process results in a distinct compositional 
redistribution. Light components are continuously removed, while 
intermediate components become elongated and dispersed. 
Meanwhile, heavy components may aggregate through a combi
nation of interactions, including π–π interactions between aro
matic moieties, hydrogen bonding/acid–base interactions 
involving heteroatoms, as well as other polar and van der Waals 
interactions (Tan et al., 2023). The imbalance among these pro
cesses governs heavy-component deposition and the formation of 
viscous network structures within the oil phase, providing a 
molecular-level explanation for the experimentally observed 
compositional evolution during CO2 flooding (Zuo et al., 2023).

3.3. CO2 flooding performance and heavy-component deposition

Core-flooding experiments were conducted on both homoge
neous and fractured sandstone cores at various injection pressures 
during CO2 flooding.  The analysis was guided by the MMP 

Fig. 2. Equilibrium IFT and MMP of the CO2–oil system at different temperatures: (a) 75 ◦C; (b) 65 ◦C; (c) 55 ◦C.
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determination and PVT results to evaluate the relationship be
tween oil recovery and heavy-component deposition.

As shown in Fig. 5(a), in homogeneous cores, both recovery and 
heavy-component deposition increase with injection pressure. 

With the pressure increasing, recovery improves markedly, from 
39.41% at 14 MPa to 68.65% at 18 MPa and 77.08% at 20 MPa, 
respectively, while heavy-component deposition increases from 
7.37% to 13.97% and 15.28%. This trend indicates that higher- 

Fig. 4. Schematic diagram of molecular interactions in the CO2–oil system during CO2 exposure.

Fig. 3. Compositional evolution and heavy-component deposition in crude oil pre- and post-CO2 exposure: (a) heavy-component deposition; (b) SARA fractions; (c) carbon 
number distribution (pre- and post-CO2 injection) and component changes.
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Fig. 5. CO2 flooding  performance and heavy-component deposition in both homogeneous and fractured cores: (a, b) ultimate recovery and heavy-component deposition in 
homogeneous and fractured cores at different pressures; (c) direct comparison of recovery and heavy-component deposition between homogeneous and fractured cores at 
different pressures; (d) dynamic evolution of heavy-component deposition with injection volume in homogeneous and fractured cores at 20 MPa; (e) porosity damage and 
permeability damage rates at different pressures in homogeneous cores; (f) SEM images showing heavy-component deposition on homogeneous-core surfaces; (g) fractured core 
samples.
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pressure CO2 flooding not only improves displacement efficiency 
but also intensifies compositional redistribution and the deposi
tion of heavy fractions.

In fractured cores (Fig. 5(b) and (g)), the oil recovery increases 
with pressure, reaching 25.66%, 40.04%, and 46.04% at 14, 18, and 
20 MPa, respectively. However, the corresponding heavy- 
component deposition remains consistently lower than that in 
homogeneous cores, at 3.37%, 9.66%, and 11.71%. This reduced 
deposition is attributed to gas channeling through fractures, which 
causes early breakthrough and matrix bypassing, thereby weak
ening effective CO2–oil contact and reducing the extraction in
tensity responsible for heavy-component accumulation.

The contrast between the two types of cores is more clearly 
illustrated in Fig. 5(c). At the same pressure, fractured cores 
consistently exhibit both lower recovery and reduced heavy- 
component deposition compared to homogeneous cores. For 
example, at 20 MPa, the recovery decreases from 77.08% in the 
homogeneous core to 46.04% in the fractured core, while the 
corresponding heavy-component deposition decreases from 
15.28% to 11.71%. Similar trends are observed at 14 and 18 MPa. 
These quantitative differences indicate that the lower heavy- 
component deposition in fractured cores does not reflect a more 
favorable displacement process. Instead, it is mainly attributable 
to fracture-induced preferential flow and the associated reduction 
in effective CO2–oil contact time and contact volume within the 
matrix. As a result, the buildup of deposited heavy components is 
suppressed, but the sweep efficiency of the matrix is also signifi
cantly reduced.

To further illustrate the dynamic differences in deposition 
behavior, Fig. 5(d) presents the cumulative heavy-component 
deposition at 20 MPa as a representative miscible condition. In 
both core types, deposition increases with injection volume. 
However, the deposition in fractured cores remains lower 
throughout the flooding process than that in homogeneous cores. 
This result confirms  that fracture-induced channeling weakens 
CO2–oil contact and suppresses the progressive buildup of 
deposited heavy components in the matrix.

Reservoir property analysis (Fig. 5(e)) shows that the porosity 
damage rate increases slightly, from 9.87% to 12.37%, as the CO2 
pressure rises from 14 to 20 MPa. In contrast, the permeability 
damage rate increases significantly, from 13.91% to 38.23%. SEM 
images (Fig. 5(f)) reveal organic deposits on pore surfaces after 
high-pressure CO2 flooding. Flow pathways within the pore net
work—pores and microfractures—are partially or completely 
blocked by heavy-component aggregates, which reduces pore 
connectivity and leads to permeability reduction. Therefore, 
miscible flooding  intensifies  deposition-related permeability 
damage relative to immiscible operations.

Overall, miscible CO2 flooding in homogeneous cores achieves 
high recovery (77.08% at 20 MPa) but is accompanied by severe 
formation damage (15.28% deposition and a 38.23% reduction in 
permeability). In fractured cores, deposition is lower, however 
displacement efficiency  is reduced, with recovery reaching only 
46.04% at 20 MPa. The presence of more than 30% unswept oil in 
the matrix blocks underscores the need for subsequent mobiliza
tion using solvent-type additives to further enhance recovery.

3.4. Effect of TBC on the physical properties of crude oil

Fig. 6 shows the influence of TBC on the physical properties of 
crude oil under different CO2 concentrations. Without TBC, both 
the density and viscosity of the CO2–oil system decrease as the CO2 
concentration increases (Fig. 6(a) and (b)), reflecting the dilution 
and swelling effects caused by dissolved CO2. After the addition of 
TBC, the density and viscosity are consistently lower than those of 

the untreated system at the same CO2 concentration, indicating 
that TBC further modifies  CO2–oil interactions and improves the 
fluidity of the CO2–oil system. In addition, Fig. 6(c) shows that CO2 
solubility increases with CO2 concentration; at the same CO2 
concentration, the solubility is consistently higher in the presence 
of TBC than in the untreated system. Fig. 6(d) further shows a 
larger expansion coefficient  after TBC addition, consistent with 
enhanced CO2 dissolution and stronger oil swelling.

Overall, the increased CO2 solubility and swelling, together 
with the further reduction in density and viscosity after TBC 
addition, indicate that TBC can improve the fluidity  and phase 
behavior of the CO2–oil system, which is favorable for flow  and 
displacement during CO2 flooding.

3.5. Effect of TBC on CO2 flooding performance

Heavy-component deposition during CO2 flooding  changes 
pore structures and impairs oil mobility, leading to a significant 
decline in displacement efficiency (Wei et al., 2021). To mitigate 
these adverse effects, TBC was injected following CO2 flooding to 
enhance recovery and restore permeability. The experimental re
sults at different pressures are shown in Fig. 7.

During the initial CO2 flooding  stage (Fig. 7(a)), recovery in
creases rapidly with gas injection and gradually stabilizes after 
breakthrough. The final  recovery reaches 39.41%, 68.65%, and 
77.08% at 14, 18, and 20 MPa, respectively. After TBC injection, a 
distinct increase in recovery is observed, particularly at higher 
pressures. The final  recovery increases to 57.34%, 81.95%, and 
90.41%, representing incremental improvements of 17.93%, 
13.30%, and 13.33%, respectively, as shown in Fig. 7(b). These re
sults indicate that TBC is effective in further mobilizing residual 
oil after CO2 flooding  under both immiscible and miscible 
conditions.

The role of TBC, however, appears to differ with flooding con
dition. At immiscible pressure (14 MPa), where CO2–oil interaction 
is relatively limited and deposition is less severe, the recovery 
improvement is mainly associated with enhanced oil fluidity after 
TBC treatment. Under miscible conditions (18–20 MPa), where CO2 
extraction and deposition are more pronounced, the substantial 
incremental recovery suggests that TBC contributes more effec
tively to the mobilization of deposition-affected residual oil. The 
stronger response at higher pressures also indicates that the per
formance of TBC is closely related to the severity of CO2-induced 
compositional redistribution and deposition.

3.6. Mobilization mechanism of heavy component by TBC

The pore-scale behavior associated with TBC-induced mobili
zation of heavy components is shown in Fig. 8(a) and (b). At the 
initial oil-saturation stage, the NMR T2 spectrum exhibits a 
continuous bimodal distribution (Fig. 8(a)). The left peak, associ
ated with small pores, is higher than the right peak for large pores, 
suggesting abundant small pores and good pore connectivity. After 
CO2 flooding at 20 MPa, both peaks decrease markedly, indicating 
miscible extraction and displacement across pores of different 
sizes. Magnetic resonance imaging (MRI) profiles show intensified 
oil signals near the inlet and a high-intensity gas channel along the 
upper part of the core, indicating preferential deposition of heavy 
components and early CO2 breakthrough (Fig. 8(b)). Following TBC 
injection, the inlet-end deposition weakens, the displacement 
front becomes more uniform, and both T2 peaks decrease syn
chronously, demonstrating simultaneous mobilization of fluids in 
both large and small pores.

The compositional variations in Fig. 8(c) and (d) further reflect 
hydrocarbon redistribution during CO2 flooding  and subsequent 
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Fig. 7. Effect of TBC on recovery during CO2 flooding: (a) recovery curves at different injection pressures; (b) contributions of primary CO2 flooding and TBC-induced incremental 
recovery at different pressures.

Fig. 6. Effect of TBC on crude–oil physical properties at different CO2 concentrations: (a) density; (b) viscosity; (c) solubility; (d) expansion coefficient.
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TBC treatment. After CO2 flooding,  the crude oil retained in the 
core contains relatively high proportions of aromatics, resins, and 
asphaltenes, indicating the retention of polar heavy components 
within the pore network (Fig. 8(c)). With TBC addition, the satu
rates fraction increases substantially (from 68.00% to 83.31%), 
while aromatics, resins, and asphaltenes decrease simultaneously. 
In the carbon number distribution (Fig. 8(d)), the C1–C9 fraction 
increases, whereas the C10–C19, C20–C29, and C30+ fractions 
decrease. These changes are consistent with the mobilization of 
long-chain and polar heavy components. It is indicated that TBC 
enhances their dispersion and mobilization within the pore 
system.

The microscopic morphology and deposition thickness of 
heavy components before and after TBC treatment were 
characterized by AFM, as shown in Fig. 8(e). Before TBC 
treatment, the surface of the deposit was covered with dense 
columnar aggregates, whereas after TBC treatment, the 

aggregates became smaller and more dispersed. Multi-region 
AFM analysis showed that the average thickness of the depo
sition decreased from 91.7 to 44.0 nm with an error margin of 
±0.5 nm after TBC treatment. These morphological changes 
suggest that TBC substantially reduces interparticle adhe sion 
and promotes disaggregation of heavy components.

At the molecular level, the observed reduction in aggregate size 
and deposition thickness after TBC treatment suggests that TBC 
may improve the dispersion of deposited heavy components 
(Campen et al., 2020; Zhu et al., 2024). Considering its oxygen- 
containing functional groups and amphiphilic molecular struc
ture, TBC may enhance the solvation of polar heavy fractions and 
weaken their aggregation tendency. As illustrated in Fig. 9, TBC 
may interact with heteroatom-containing sites in asphaltenic and 
resinous species, thereby reducing intermolecular associations 
within the aggregates (Horeh et al., 2023; Osei et al., 2024). 
Overall, these results suggest that TBC promotes the redispersion 

Fig. 8. Multi-scale characterization of TBC-induced heavy-component mobilization: (a, b) NMR T2 spectra and MRI fluid-distribution profiles; (c, d) SARA fractions and carbon 
number distributions pre- and post-TBC treatment; (e) AFM images of heavy-component aggregates before and after TBC treatment.

Fig. 9. Molecular mechanism of TBC-assisted disaggregation and mobilization of heavy components.
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and remobilization of deposited heavy components, thereby 
improving pore-scale flow  continuity during subsequent CO2 
flooding (Tirjoo et al., 2019).

4. Potential application of TBC

Although miscible CO2 flooding  can significantly  improve oil 
recovery, the experimental results show that it can aggravate 
heavy-component deposition and permeability damage under 
strong CO2–oil interaction. The remaining heavy-component oil 
after CO2 flooding is deposition-affected and difficult to remobilize 
by gas flooding  alone. In this work, TBC is more reasonably 
regarded as a targeted solvent-type additive for post-CO2-flooding 
treatment or deposition-damage remediation, rather than a uni
versal additive for all flooding  stages. Its potential application 
value lies in improving pore-scale flow continuity, enhancing the 
mobility of deposition-affected residual oil, and alleviating flow 
impairment caused by heavy-component accumulation. From an 
engineering perspective, TBC would be more reasonably deployed 
after substantial CO2 exposure, once deposition-related flow 
impairment has become evident. Alternating TBC and CO2 injec
tion may also be considered as a possible strategy, although it still 
requires further validation. Under carbon-neutrality and CCUS- 
oriented development scenarios, such a strategy may help bal
ance enhanced oil recovery with the need to maintain injectivity 
and reduce deposition-related damage. However, its actual effec
tiveness and economic viability will still depend on reservoir 
heterogeneity, injection design, and field-scale  operating 
conditions.

5. Conclusions

This study systematically investigated the compositional evo
lution, asphaltene/resin (heavy-fraction) deposition, and TBC- 
assisted mobilization behavior of light crude oil during CO2 
flooding.  By integrating visual PVT analysis, core-scale displace
ment experiments, and multi-scale characterization techniques 
(NMR, SEM, AFM), the following conclusions were drawn.

(1) CO2–oil interactions under reservoir conditions induce 
compositional redistribution, characterized by the extrac
tion of light hydrocarbons and the enrichment of heavy 
fractions in the residual oil. This process promotes deposi
tion of heavy components and causes formation damage. 
Although miscible CO2 flooding achieved a high recovery of 
77.08% at 20 MPa, it also resulted in permeability damage of 
up to 38.23%.

(2) TBC improves the physical properties and phase behavior of 
the CO2–oil system by suppressing viscosity increase, 
enhancing CO2 solubility and oil swelling, and improving 
CO2–oil compatibility. As a result, TBC provided an addi
tional 13%–18% recovery beyond CO2 flooding alone.

(3) Multiscale characterization results suggest that TBC facili
tates the redispersion and mobilization of deposited heavy 
components, thereby improving pore-scale flow continuity 
and enhancing the recovery of residual oil affected by 
deposition after CO2 flooding.
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