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a b s t r a c t

CO2 miscible flooding  is a key method to improve oil recovery. However, under most petroleum 
reservoir conditions, CO2 cannot achieve miscibility with crude oil. Therefore, reducing the minimum 
miscible pressure (MMP) between CO2 and crude oil has become a critical objective. This study 
investigated MMP reduction and CO2 displacement efficiency  of miscibility-enhancing agent (MEA) 
using low-permeability artificial  cores and reservoir oil samples from the Xinjiang Oilfield.  A core 
displacement method was established to determine the MMP and, in parallel, to screen four candidate 
MEAs. Nuclear magnetic resonance (NMR) technology was employed to probe the pore-scale mecha
nisms by which MEAs reduce the MMP between crude oil and CO2. Results showed that, before adding 
an MEA, the baseline MMP of CO2–crude oil system was 21.38 MPa. Among the four MEAs, tributyl 
citrate (TC) exhibited the strongest effect, lowering the MMP by 1.61 MPa. TC concurrently improved 
CO2 conformance efficiency  in both large pores and small pores, improving oil recovery during CO2 

flooding.  These results demonstrated that TC-enabled miscibility tuning offers a practical pathway to 
reduce MMP and improve CO2 conformance in low-permeability reservoirs. It provided a foundation for 
pilot-scale conformance control implementation in the Xinjiang Oilfield  and analogous CO2 flooding 
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-NC-ND license (http://creativecommons.org/licenses/by-nc- 

nd/4.0/).

1. Introduction

Low-permeability petroleum reservoirs have small pore 
structures, fine  flow channels, and strong capillary confinement. 
Conventional waterflooding  and gas flooding  cannot achieve 
effective development, and oil recovery enhancement faces sig
nificant bottlenecks (Bai et al., 2025; Zhu et al., 2026). CO2 miscible 
flooding can reduce oil–gas interfacial tension, cause swelling, and 
extract intermediate fractions. Therefore, it significantly  lowers 
residual oil saturation, decreases mobility ratio and improves CO2 
conformance performance, and is an important technical approach 

to improve oil recovery in low-permeability reservoirs (Fu et al., 
2024; Gandomkar et al., 2025; Wang et al., 2023; Zhu, 2025). For 
low-permeability and tight reservoirs, developing CO2 miscible or 
near-miscible technologies adapted to reservoir temperature and 
pressure and crude oil composition is of important engineering 
significance and economic value (Zhu, 2022).

Although CO2 miscible flooding  has clear mechanistic advan
tages, many low-permeability reservoirs have heavier crude oil 
components, higher polarity, and higher contents of resins and 
asphaltenes. These factors make it difficult for CO2 and crude oil to 
achieve totally miscibility under reservoir conditions (Cao and Gu, 
2013b; Sennaoui et al., 2022; Wang and Gu, 2011). The minimum 
miscible pressure (MMP) is generally higher than the attainable 
reservoir pressure, and actual reservoir development often stays in 
non-miscible or near-miscible states (Cao and Gu, 2013a; Luo et al., 
2024). Therefore, it is necessary to add miscibility enhancing 
agents (MEA) to regulate phase behavior and interfacial properties. 
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MEA can reduce MMP, improves mobility ratio, and delays gas 
channeling. It achieves higher oil recovery under near-miscible or 
miscible conditions (Almobarak et al., 2021; Li et al., 2024). 
Compared with simply increasing injection pressure or changing 
process parameters, MEA matches crude oil composition and 
reservoir characteristics through flexible chemical means. (Guan 
et al., 2025; Guo et al., 2017). Therefore, screening MEA and 
elucidating mechanisms has significant research value and urgent 
engineering demand.

Centered on lowering the CO2–crude oil minimum miscible 
pressure (MMP) and improving oil recovery under near-miscible 
conditions, academia and industry explore multiple types of 
miscibility enhancing agents (MEA) (Al-Hakami et al., 2025a, 
2025b; Kuang et al., 2021; Liu et al., 2019; Sarbu et al., 2000; 
Wang et al., 2024; Yang et al., 2019; Zhao et al., 2025a). First, 
fluorinated MEAs, such as fluorinated surfactants and fluorinated 
ether/fluorinated  compound co-solvents, have CO2 affinity  and 
tunable hydrophobic and oleophobic properties. They form stable 
micro-aggregates and diffusion layers in the CO2 phase, effectively 
lowering interfacial tension, and improving mutual solubility 
(Costa Gomes and P�adua, 2003; Du et al., 2009; Eastoe et al., 2003). 
However, they face constraints of higher cost and the need for 
prudent evaluation of reservoir compatibility (Enick et al., 1998; 
Song et al., 2025).

Second, peracetylated glucose ester MEAs have multiple 
functional groups and strong polarity. They can form a degree of 
co-solubility with CO2 and interact with middle distillates, aro
matic, and polar components in crude oil. They help break 
interfacial films  and lower MMP (Zhou et al., 2022). Their po
tential lies in relatively broad sources and designable molecular 
structures, but their adsorption and transport behavior in high- 
salinity and high-wax reservoirs require systematic evaluation 
(Song et al., 2024).

Third, multi-branched ester MEAs have strong hydrogen- 
bonding action, with representative molecules containing multi
ple carboxylic ester groups and hydroxyl sites. They interact with 
polar components in crude oil (such as resins and asphaltenes) 
through hydrogen bonding and dipole interactions. They disrupt 
stable interfacial film  structures and lower oil–gas interfacial 
tension and capillary forces (Voon and Awang, 2014). They also 
serve as co-solvents in the CO2 phase. They can improve CO2 
swelling and extraction of medium-to-heavy components under 
near-miscible regimes (Almobarak et al., 2021). Zhao et al. (2025b)
used molecular simulation and core displacement to compare 
several MEAs (triisobutyl citrate, butyl benzoate, and ethylene 
glycol butyl ether). They found that triisobutyl citrate reduces the 
CO2–oil interfacial tension by lowering crude oil viscosity and 
enhancing CO2 extraction capability. Core experiments showed 
that injecting 0.07 PV triisobutyl citrate as a preflush slug increases 
CO2 displacement recovery from 47.8% to 59.9%. Zhao et al. (2021)
compared two MEAs, citric acid isobutyl ester and citric acid iso
pentyl ester. At an injection of 0.003 PV, MMP decreased by 20.61% 
(i.e., 6.1 MPa) and 18.58% (i.e., 5.5 MPa), respectively, and the 
former achieved 6.5–11.6 percentage points higher oil recovery. Liu 
et al., 2025 compared ether surfactants (i.e., fatty alcohol poly
oxyethylene ether and fatty alcohol polyoxypropylene ether) and 
ester surfactants (i.e., tri-n-butyl citrate and triacetin) for MMP 
reduction. For ether surfactant additives, increasing the degree of 
polymerization (CO2-philic groups) weakens the MMP-lowering 
effect. Oxygen atoms in functional groups contribute more to 
increasing miscibility than carbon atoms. Among ester surfactants, 
triacetin produces the best MMP reduction (i.e., an 11.82% decrease 
at 3.0 wt%), which is attributed to its symmetric short side-chain 
structure and ester groups. Notably, its use concentration was as 
high as 3.0%, and no core displacement experiments were 

conducted to verify recovery (Gao et al., 2010). Therefore, previous 
studies and field trials showed that different types of MEAs ach
ieved certain effects in increasing oil recovery and delaying gas 
channeling.

In this study, we conducted systematic research on lowering 
MMP and improving oil recovery during CO2 flooding  in low- 
permeability reservoirs. A core-displacement-based method was 
established for MMP determination and MEA screening. The 
method was characterized by a short testing period and high 
reliability. We screened and compared four MEAs, such as petro
leum ether (PE), Tween 80, tri-n-butyl citrate (TC), and lauryl 
alcohol polyether-4 (LAP-4), for oil recovery improvement and gas 
conformance control. Under controlled pressure, slug size, and 
formulation, we evaluated oil recovery increases, gas channeling 
delay, and the pressure difference response between the two ends. 
This can help understanding of the mechanism of action of the 
MEA at the core scale. NMR was also used to resolve T2 signal (i.e., 
oil saturation) changes in large and small pores. The study eluci
dated how multi-branched esters (i.e., TC) reduced the CO2 
displacement MMP and increased miscibility. The results provided 
a replicable evaluation framework and optimized formulations for 
CO2 (near-)miscible displacement development in low- 
permeability reservoirs.

2. Experimental materials and methods

2.1. Experimental materials

Potassium chloride (KCl), sodium chloride (NaCl), calcium 
chloride (CaCl2), magnesium chloride hexahydrate (MgCl2⋅6H2O), 
sodium sulfate (Na2SO4), and sodium bicarbonate (NaHCO3) were 
analytical grade. Lauryl alcohol polyether-4 (LAP-4), petroleum 
ether (PE, boiling range 60–90 ◦C), Tween 80, and tri-n-butyl cit
rate (TC) were used, as shown in Fig. 1. These reagents were pur
chased from Shanghai Macklin Biochemical Co., Ltd. High-purity 
CO2 (analytical grade, 99.9%) was purchased from Karamay 
Zhongke Gas Co., Ltd. Deionized water had a resistivity of 
18.2 MΩ cm. The simulated formation water formulation was 
shown in Table 1. The water type was NaHCO3-type. The total 
salinity was 12,932 mg/L.

The crude oil (density at 80 ◦C in the reservoir of 0.733 g/cm3, 
viscosity 2.9 mPa⋅s, wax content 5.5%, pour point 16.8 ◦C) was 
taken from Zone 530 of the Xinjiang Oilfield,  China. The experi
mental core samples were synthetic conglomerate core samples. 
The gravel content was 10%, and the quartz sand content was 90%. 
The cylindrical cores had a diameter of 2.5 cm and a length of 7 cm. 
The gas-measured permeability was around 50 × 10− 3 μm2. The 
detailed specifications were shown in Table 2.

2.2. Core-displacement method to determine the MMP of CO2 

flooding

Core-displacement method to determine the MMP of CO2 
flooding was as followed.

(1) The constant-temperature oven was set to the reservoir 
temperature of 80 ◦C. After reaching 80 ◦C, the temperature 
was stabilized for at least 2 h. The dried core was placed in 

Table 1 
Ion composition of simulated formation water.

Ion composition CO3
2− HCO3

− SO4
2− Cl− Mg2+ Ca2+ Na+&K+

Concentration, mg/L 538 756 73 6594 170 15 4786
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the core holder. A vacuum pump was connected, and a 
vacuum was applied for at least 8 h.

(2) Formation water was prepared. Required inorganic salts 
were weighed and added to deionized water with stirring 
until being dissolved.

(3) After evacuation, the core was saturated with formation 
water using the ISCO pump. A constant injection pressure of 
6 MPa was maintained until the pressure no longer changed. 
The volume of injected synthetic formation water was 
recorded to determine pore volume (PV) and porosity.

(4) The experimental apparatus was connected as shown in 
Fig. 2, and the leak-tightness of the system was checked. 
Reservoir crude oil was injected with an ISCO pump at a 
constant rate of 0.1 mL/min. Injection was stopped when no 
more water was produced at the outlet of the core holder, 
completing oil saturation of the core. The volume of pro
duced water during oil saturation was recorded as the 
saturation volume, and then the initial oil saturation was 
calculated.

(5) Aging was conducted in the 80 ◦C oven for 3 days to ensure 
full contact between the core and the crude oil.

(6) Backpressure was adjusted with a hand pump to the 
required pressure (8–24 MPa) and was stabilized.

(7) The pressure of the CO2 container was maintained with an 
ISCO pump at slightly above or equal to the required 

displacement pressure. The inlet and outlet valves of the 
core holder were opened to start the displacement test.

(8) Injection pressure at the core inlet, produced oil volume, 
and produced gas volume at the outlet were recorded every 
minute. The total injected CO2 was set to 1.6 PV, and the final 
CO2 displacement recovery was calculated.

(9) The core was replaced, and steps (1) to (8) were repeated to 
obtain CO2 displacement recovery at different displacement 
pressures.

(10) A plot of CO2 displacement pressure versus oil recovery was 
constructed. The pressure corresponding to the inflection 
point of the curve was taken as the minimum miscible 
pressure (MMP) (Li et al., 2015, 2022). Compared with the 
traditional slim-tube method, this method featured a 
shorter experimental cycle and higher repeatability (Song 
et al., 2024; Yellig and Metcalfe, 1980).

2.3. Experimental method for evaluating core CO2 displacement 
with MEAs

The CO2 displacement method in Section 2.2 was used. All other 
steps were identical. Before step (7), 0.02 PV of different types of 
MEAs (i.e., petroleum ether, Tween 80, tributyl citrate, and lauryl 
alcohol polyether-4) were injected into the core. Immediately af
terward, 1.6 PV CO2 was injected continuously to conduct oil 
displacement. Injection of the MEA as a slug prior to CO2 was 
selected mainly for simplicity of oilfield operations.

2.4. Core nuclear magnetic resonance analysis method

A low-field nuclear magnetic resonance analyzer (SPEC-RC035, 
Beijing SPEC) was used to measure T2 spectra of cores at different 
CO2 displacement stages. The test stages mainly included the oil- 
saturated stage and the CO2 displacement stage (including the 
MEA injection stage). Changes in T2 spectra between stages were 
analyzed to assess, at the microscopic scale, the extent of CO2 
conformance in different pores and to examine the microscopic 
mechanism of miscibility enhancement. During T2 testing, pulse 
spacing (TAU) was 100 μs, sampling interval (DW) was 4 μs, 
number of scans (SCAN) was 32, and receiver gain (RG) was 20 dB.

Table 2 
Parameters of synthetic core samples for oil-displacement experiments.

Core No. Length, cm Diameter, cm Water-measured 
permeability, 
× 10− 3 μm2

Porosity, 
%

50-15 7.060 2.531 35.18 15.81
50-13 7.064 2.531 39.02 14.35
50-7 7.069 2.534 46.75 14.31
50-16 7.065 2.532 33.42 14.84
50-11 7.057 2.530 37.75 14.76
50-25 7.062 2.521 44.68 9.94
50-37 7.052 2.502 29.51 10.67
50-29 7.033 2.520 42.32 10.02
50-21 7.042 2.521 39.47 10.16
50-27 7.078 2.518 44.89 9.57
50-38 7.055 2.502 30.28 10.36

(a) Lauryl alcohol polyether-4
(LAP-4)
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Fig. 1. Chemical structures of different types of MEAs.
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3. Results and discussions

3.1. Measurement of CO2–oil MMP in low-permeability reservoirs

Different experimental displacement pressures in the range of 
8–24 MPa were set. A series of recovery factors under CO2 
displacement at these pressures was obtained. The reservoir 
pressure before CO2 displacement process in the Xinjiang Oilfield 
was 18.7 MPa. The relationship between recovery factor and 
displacement pressure is shown in Fig. 3.

From Fig. 3, a turning point appeared between 20 and 22 MPa. 
Two fitted straight lines could be constructed. According to the 
principle of the core displacement method, the turning point was 
the minimum miscible pressure. Therefore, the MMP between the 
crude oil and CO2 under these experimental conditions was 
20.94 MPa. In addition, the reservoir pressure of the target for
mation for the CO2 displacement pilot test was 18.7 MPa. At this 
pressure, the oil recovery under CO2 displacement was only 70.4%. 
This value was 13.5 percentage points lower than at MMP. 
Therefore, screening of MEAs for CO2 displacement was necessary.

3.2. Evaluation of CO2 displacement performance with different 
MEAs

3.2.1. Analysis of displacement dynamics
The initial MEAs in this study were petroleum ether (PE), 

Tween 80, tributyl citrate (TC), and lauryl alcohol polyether-4 

(LAP-4). Before CO2 displacement, slugs of 0.02 PV of the above 
MEAs were injected. The experimental temperature was the 
reservoir temperature of 80 ◦C. The experimental pressure was 
18.7 MPa, controlled by a backpressure device. For uniform com
parison, the CO2 injection volume during CO2 displacement was 
set to 1.6 PV. The results were shown in Fig. 4.

From Fig. 4(a), when no MEA was used, CO2-only displacement 
did not reach the miscible pressure. The oil recovery was 70.4%. 
The oil recovery at (near) miscibility measured by the core 
displacement MMP method was 83.9%, which was 13.5 percentage 
points higher. Fig. 4(b)–(e) presents the displacement dynamics 
and recoveries after adding the four MEAs. With PE, Tween 80, 
LAP-4, and TC as MEAs, the recoveries at 18.7 MPa during subse
quent CO2 displacement were 80.8%, 82.7%, 84.6%, and 86.5%, 
respectively. Increases over the case without MEA were 10.4, 12.3, 
14.2, and 16.1 percentage points, respectively. The highest recov
ery was obtained with tributyl citrate as the MEA. This recovery 
was 2.6 percentage points higher than the recovery at (near) 
miscibility (83.9%). Therefore, the use of TC as the MEA effectively 
increased miscibility between CO2 and crude oil in porous media 
and improved oil recovery by CO2 displacement.

3.2.2. Effect of MEAs on delaying CO2 breakthrough
To further analyze the effect of MEAs, CO2 displacement dy

namics after MEA injection in Fig. 4 were used. In Fig. 5(a), CO2 
breakthrough times after different MEAs were compared. The 
outlet pressure of the core was maintained at 18.7 MPa to simulate 
reservoir pressure conditions. Relative to the case without MEA, 
CO2 breakthrough was significantly delayed by all MEA injection. 
The effective CO2 displacement time was extended.

The longest delay was obtained with tributyl citrate (TC). The 
order from high to low was Tween 80, PE, and LAP-4. Except for LAP- 
4, the delay in breakthrough time showed a strong correlation with 
oil recovery. Therefore, delaying breakthrough time was the first 
mechanism by which MEAs enhanced miscibility between CO2 and 
crude oil. The main reason was that the delayed CO2 breakthrough 
could increase mass transfer time between high-pressure CO2 and 
crude oil. The miscibility interaction lasted longer, and thus more oil 
was displaced. Because of page-length limitations, quantitative 
investigation of the effects of different types of MEAs on oil recovery 
and gas channeling remained for subsequent, more in-depth study 
(He et al., 2025). The optimal MEA was selected only through core 
displacement experiments in this study.

3.2.3. Analysis of the effect of MEAs on CO2 displacement pressure 
difference

Fig. 5(b) shows the displacement pressure difference during 
CO2 displacement after MEA addition. Except for the case with 
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Tween 80, the displacement pressure after adding MEAs changed 
little relative to CO2 displacement without MEA. The displace
ment pressure with Tween 80 increased markedly. The main 
reason was the relatively high viscosity of Tween 80. The 
displacement pressure difference with LAP-4 and PE became 
smaller. The main reason was their strong solubility with crude 
oil. The relationship between injection pressure difference and 

oil recovery was weak. For MEAs such as Tween 80, increasing the 
CO2 displacement pressure difference also enhanced miscibility 
between CO2 and crude oil. As shown in Fig. 4, the addition of 
Tween 80 increased oil recovery by 12.3 percentage points. 
Therefore, increasing the CO2 displacement pressure difference 
was the second mechanism by which MEAs enhanced miscibility 
between CO2 and crude oil.
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3.3. Microscopic mechanism analysis of CO2 displacement with 
MEAs based on NMR

To analyze the effect of different MEAs on improving oil re
covery during CO2 displacement and to further reveal their 
mechanism, a low-field NMR instrument was used. NMR T2 spectra 
were measured for core samples saturated with water, saturated 
with oil, and after CO2 displacement with MEAs. The experimental 
results are shown in Table 3. By analyzing changes in the peak 
areas of small and large pores and the cumulative signal amplitude 
in the T2 spectra, the microscopic action mechanisms of MEAs 
were analyzed. Fig. 6 compares the NMR T2 spectra at the end of 
CO2 displacement with different types of MEAs.

From Fig. 6 and Table 3, after oil saturation, clear fluid signals 
were present in both small and large pores in the core. The peak 
with a relaxation time of 0–10 ms corresponded to small pores. The 
peak with a relaxation time of 10–1000 ms corresponded to large 
pores.

Compared with single CO2 displacement, the change ampli
tude of the large-pore peak area in the core increased after 
displacement with added MEAs. The largest change rate was 
obtained with TC, at 95.71%. In addition, without MEA, CO2 
displacement displaced 91.17% of the oil in large pores, leaving 
8.83% residual oil in large pores. Moreover, the oil in small pores 
increased under the action of CO2. The main reason was that the 
oil in large pores dissolved in CO2 and was pushed into small 
pores under pressure differential, which led to an increase of oil 
in small pores. Therefore, before the MMP was reached, CO2 
largely displaced oil in large pores, but the oil in small pores was 
almost not mobilized, and it could even increase. After adding 
MEAs (except PE), the oil in both large pores and small pores was 
mobilized to a great extent. The change rates of small-pore peak 

areas also increased markedly, except for PE. The largest increase 
was obtained with TC, at 18.97%. The magnitude of the change 
rate directly reflected the efficiency  of oil displacement from 
pores of that size. Therefore, the addition of MEAs allowed CO2 to 
contact more oil in small pores and displace it. This was the third 
mechanism of MEAs.

Compared with other MEAs, displacement with TC yielded the 
largest change rates of NMR signal amplitudes in both small and 
large pores, and the highest oil recovery (86.5%, Fig. 4). Therefore, 
by integrating the core displacement results and the microscopic 
pore mobilization effect, TC was selected as the optimal MEA.
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Fig. 5. Comparison of CO2 displacement breakthrough time and pressure difference with different MEAs. (a) Breakthrough time; (b) displacement pressure difference.

Table 3 
Change rates of NMR T2 peak areas during displacement with different agents.

Core No. MEA type Peak areas in the oil saturation stage, a.u. Peak areas in the CO2 displacement stage, a.u. Change rates, %

10 ms− 10 ms+ Total 10 ms− 10 ms+ Total 10 ms− 10 ms+ Total

50-15 / 250 37,738 37,988 262 3332 3594 − 4.80 91.17 90.54
50-13 LAP-4 266 35,227 35,493 245 1965 2210 7.89 94.42 93.77
50-7 Tween-80 242 37,417 37,659 212 3009 3221 12.40 91.96 91.45
50-16 TC 253 37,108 37,361 205 1591 1796 18.97 95.71 95.19
50-14 PE 244 31,219 31,463 270 1936 2206 − 10.66 93.80 92.99
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Fig. 6. NMR T2 curves after displacement with different MEAs at 18.7 MPa.
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3.4. Effect of TC on reducing the MMP

To further determine the MMP between CO2 and crude oil 
reduced by TC, core CO2 displacement experiments were con
ducted at the same pressure points as in Fig. 4. The gas-measured 
permeability of the core was 50 × 10− 3 μm2, and the experimental 
temperature was 80 ◦C, to simulate the target reservoir conditions. 
A series of oil recovery data with TC was obtained, and a rela
tionship curve between oil recovery and displacement pressure 
was plotted, as shown in Fig. 7.

After adding TC as a MEA, an inflection point appeared between 
18.7 and 20 MPa in the relationship curve between oil recovery 
and experimental displacement pressure. Under these experi
mental conditions, the MMP between crude oil and CO2 after 
adding TC was measured by core displacement to be 19.03 MPa, 
with a reduction of 1.91 MPa. Thus, miscibility between CO2 and 
crude oil was significantly improved by adding TC. More contact 
between crude oil and CO2 was achieved, and more crude oil was 
displaced.

Fig. 8 presented the gas channeling time and the injection 
pressure difference at different pressures when TC was used as an 
MEA. Compared with CO2 displacement without the MEA, CO2 
displacement with TC significantly  delayed the gas channeling 
time. When the displacement pressure was 18.7 MPa, the gas 
channeling time was extended by 12 min to 24 min. In addition, 
after adding TC, the pressure difference of CO2 displacement 
slightly changed. Therefore, by delaying gas channeling, the mass 
transfer time between CO2 and crude oil was increased, and more 
crude oil was displaced.

3.5. Microscopic mechanism analysis of TC increasing miscibility 
during CO2 displacement based on NMR technique

Core samples after CO2 displacement under different pressures 
with tributyl citrate added as a MEA were scanned by an NMR 
analyzer. Changes in peak areas of small and large pores and cu
mulative signal amplitudes on the T2 spectra were observed. Fig. 9
shows the T2 spectra after CO2 gas displacement with TC under 
different pressures. Table 4 lists the change rates of peak areas in 
small and large pores.

From Fig. 9, two distinct peaks were observed in the core. The 
peak with relaxation time of 0–10 ms corresponded to small pores. 
The peak with relaxation time of 10–1000 ms corresponded to 
large pores. After adding the MEA and performing CO2 displace
ment, the signal from large pores in the core decreased markedly. 
Since crude oil in large pores had good mobility, under the driving 
of injected CO2, it was preferentially displaced and flowed toward 
the outlet. Oil saturation in large pores dropped sharply, and the 
NMR T2 signal amplitude corresponding to large pores decreased 
significantly. With increasing displacement pressure, the large- 
pore peak-area change rates were increased from 76.98% to 
98.08%. The rate of signal decrease showed an increasing trend. 
However, with increasing displacement pressure, the signal in 
small pores first  increased and then decreased, indicating that 
crude oil in small pores was gradually displaced.

By comparing Fig. 8(a) with the data in Tables 4 and it was seen 
that when near-supercritical CO2 conditions were reached, the 
diffusion ability of CO2 was limited, the gas channeling time was 
long, and the miscibility with crude oil was limited. The oil re
covery was only 31.4%. When the CO2 displacement pressure 
became higher and reached 16.2 MPa, the gas channeling time was 
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shortened significantly. It was mainly because under supercritical 
and near-miscible conditions, the diffusion ability of CO2 in crude 
oil became stronger. At 20 MPa (near the MMP obtained by the 

core displacement method), the NMR T2 signal from small pores 
was minimal, indicating that CO2 displaced most of the crude oil in 
small pores at that time. By combining the results in Fig. 8 and 
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Fig. 9. NMR T2 curves for CO2 displacement with TC under different pressures. (a) 8 MPa, (b) 12 MPa, (c) 16 MPa, (d) 18.7 MPa, (e) 20 MPa, (f) 22 MPa.

Table 4 
Peak-area change rates during TC-assisted displacement at different CO2 flooding pressure.

Core No. Pressure, MPa Peak areas in the oil saturation stage, a.u. Peak areas in the CO2 displacement stage, a.u. Change rates, %

10 ms− 10 ms+ Total 10 ms− 10 ms+ Total 10 ms− 10 ms+ Total

50-25 8 214 24,462 24,676 231 5632 5863 − 7.94 76.98 76.24
50-37 12 240 23,801 24,041 266 3054 3320 − 10.83 87.17 86.19
50-29 16 231 24,908 25,139 257 2583 2840 − 11.26 89.63 88.70
50-21 18.7 212 24,485 24,697 189 1956 2145 10.85 92.01 91.31
50-27 20 194 20,428 20,622 162 1187 1349 16.49 94.19 93.46
50-38 22 228 22,550 22,778 196 433 629 14.03 98.08 97.24
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Tables 4 and it was concluded that under reservoir pressure (i.e., 
18.7 MPa), when TC was added as a MEA, appropriate gas chan
neling and displacement pressure were present, which led to high 
CO2 displacement recovery.

Fig. 10 presented a comparison of the peak areas of large- and 
small-pore signals on NMR T2 spectra during CO2 displacement 
before and after addition of the MEA. After TC was added, de
creases in large-pore signals in the core were observed during CO2 
displacement. The rate of signal change increased as displacement 
pressure increased. Thus, with increasing displacement pressure, 
CO2 displacement after injection of TC effectively increased the 
miscibility between CO2 and crude oil in large pores and increased 
oil recovery. When the displacement pressure approached the 
MMP, CO2 displacement after adding TC effectively increased the 
miscibility between CO2 and crude oil in the core's small pores. Oil 
saturation in small pores was significantly reduced, and the cor
responding NMR signal of small pores decreased.

Fig. 11 presents the mechanism by which TC enhanced CO2–oil 
miscibility. The effect was mainly attributed to delayed gas chan
neling and diffusion into small pores, by which more oil was dis
placed. Molecular-level interactions were proposed to require 
further study using molecular simulation.

Of course, unconventional oil and gas reservoirs such as shale 
reservoirs still existed. During development, hydraulic fracturing 
was usually used and dense fracture networks were generated. 
Analysis of the effectiveness of MEA in low-permeability 

reservoirs with fractures remained to be investigated in subse
quent studies. The modes of reducing MMP under fracture-matrix 
dual-media conditions and the influence  of reservoir facies on 
MEA effectiveness also remained to be investigated. In addition, 
CO2 reacted with shale and carbonate reservoir rocks. When NMR 
was applied to those reservoirs, the effect of changes in the pore- 
network structure needed to be considered. The cores in this study 
were sandstone samples. Changes in the pore network during CO2 
displacement could be neglected. Further study was warranted 
regarding the effects of MEA on rock pore-throat geometry and on 
the microscale mechanisms of fluid–rock interactions. Finally, 
further study was required on the potential environmental and 
operational implications of MEA, if the agent was selected for 
large-scale oilfield applications.

4. Conclusions

This study was based on the established displacement experi
ment for determining the MMP of CO2 displacement. Suitable MEAs 
were screened. The miscibility-enhancing mechanism of the MEA 
was analyzed with NMR. The following main results were obtained.

(1) A method based on core displacement experiments was 
established to determine the MMP of CO2 displacement. The 
MMP between CO2 and the crude oil was measured as 
20.94 MPa.

8 12 16 18.7 20 22
75

80

85

90

95

100

Injection pressure, MPa

CO2 flooding without EMA

CO2 flooding with TC

(a)

8 12 16 18.7 20 22
−15

−10

−5

0

5

10

15

20

T 2
 p

ea
k 

ar
ea

 c
ha

ng
es

 in
 s

m
al

l p
or

es
, %

T 2
 p

ea
k 

ar
ea

 c
ha

ng
es

 in
 s

m
al

l p
or

es
, %

Injection pressure, MPa

CO2 flooding without EMA

CO2 flooding with TC

(b)

Fig. 10. Comparison of NMR T2 spectral peak areas during CO2 displacement before and after adding TC as EMA. (a) Large pores; (b) small pores.

Adding TC

(a) CO2 flooding
(below MMP) 

(b) CO2 flooding with TC
(below MMP) TCCrude oil CO2

Fig. 11. Schematic of the miscibility-enhancing mechanism of TC as a miscibility-enhancing agent.

C.-J. Ren, Y.-L. Yang, H.-J. Zhang et al. Petroleum Science 23 (2026) 3710–3720

3718



(2) Compared with CO2 displacement without MEA, oil recov
ery during CO2 displacement after adding different MEAs 
was significantly increased. Lauryl alcohol polyether-4 (LAP- 
4) and tributyl citrate (TC) showed better recovery 
improvement, with increases exceeding 20%.

(3) After adding four different MEAs, gas channeling time was 
delayed. TC showed the best delay, with gas channeling time 
reaching 24 min.

(4) By the core displacement method, after adding TC, the MMP 
was reduced from 20.94 to 19.03 MPa. A significant 
enhancement of CO2–oil miscibility was indicated.

(5) After adding TC during CO2 displacement, NMR T2 spectra 
showed decreases in large-pore signals in the core. The 
magnitude of the signal decrease increased with displace
ment pressure. An effective increase in conformance in large 
pores within preferential channels was indicated.

(6) When displacement pressure approached the MMP, CO2 
entered small pores, but oil droplets were not effectively 
displaced and remained trapped. After adding TC, micro
scopic conformance in small pores was increased.

(7) Enhancement of CO2–oil miscibility by TC was mainly 
attributed to delayed gas channeling time and diffusion into 
small pores, which displaced more oil.

(8) An implementable chemical scheme to enhance CO2-EOR 
performance in the CCUS pilot in the XinJiang Oilfield was 
provided. A reference for other similar reservoirs was also 
provided.

(9) This study was mainly experimental and further research 
was required on the molecular interaction mechanisms 
among MEA, CO2, and crude oil, and on potential environ
mental issues.
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