Petroleum Science 23 (2026) 777-790

KeAil

CHINESE ROOTS
GLOBAL IMPACT

journal homepage: www.keaipublishing.com/en/journals/petroleum-science

(2}

Petroleum
Science

Contents lists available at ScienceDirect

Petroleum Science

Original Paper

Study on the phase behavior and minimum miscible pressure of )
CO;-shale oil in nanopores with confinement effect e

Ying Xiong*"", Peng-Fei Chen®P, Wan-Fen Pu¢, Rui Jiang?, Qin Pang ¢

2 Research Institute of Natural Gas Technology, PetroChina Southwest Oil & Gas Field Company, Chengdu, 610500, Sichuan, China
b Shale Gas Geological Evaluation and Efficient Exploitation Key Laboratory of Sichuan Province, Chengdu, 610213, Sichuan, China
©State Key Laboratory of Oil and Gas Reservoir Geology and Exploitation, Southwest Petroleum University, Chengdu, 610500, Sichuan, China

ARTICLE INFO

Article history:

Received 18 April 2025

Received in revised form

17 November 2025

Accepted 19 November 2025
Available online 25 November 2025

Edited by Jia-Jia Fei

Keywords:

Nano-confinement effect
Phase equilibrium calculation
Minimum miscible pressure
Vanishing interfacial tension
CO,-EOR

ABSTRACT

CO; injection is a significant enhanced oil recovery method in shale oil reservoirs and facilitates the
mitigation of CO, emissions. However, the phase behavior and miscibility process of light shale oil and
CO, system in shale reservoirs with widely distributed nanopores remain uncertain. Based on the
thermodynamic equilibrium theory and the modified Peng-Robinson equation of state (PR-EOS), a
confined fluid model considering the effect of nanoconfinement (critical property shift and adsorption)
and capillarity was used to study the phase diagram and thermodynamic property of shale 0il-CO,
mixtures. The validity of the fluid model in bulk and in nanopores was verified with the pressure-
volume-temperature (PVT) experiments and literature data, respectively. The interfacial tension (IFT)
and minimum miscible pressure (MMP) were determined by the Parachor model and IFT vanishing
method (VIT), respectively. The effects of pore sizes, temperature and injected gas type and composi-
tions on the IFT and MMP was comprehensively investigated. The result shows that the nanoconfine-
ment effect causes the two-phase region in the phase diagram of reservoir fluids to contract and
enhances the ability of CO, and light components to enter smaller pores, thus reducing the bubble point
pressure, oil density, oil viscosity and IFT of shale 0il-CO, mixtures in nanopores. The nanoconfinement
effect is more pronounced in pore radius of less than 50 nm, with roughly 16% reduction in the MMP of
shale 0il-CO, mixtures. Temperature has a negative effect on the IFT and MMP of shale 0il-CO, mixtures
due to the decreased solubility of CO, under high temperature. The miscibility of CO, and shale oil is
improved by propane (CsHg) and ethane (CyHg), while decreased by methane (CHy).
© 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 license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

behavior and thermodynamic properties that deviates from the
bulk conditions (Dong et al., 2016; Pitakbunkate et al., 2016; Zhang

With global energy demand continuing to increase, uncon-
ventional oil resources such as tight oil and shale oil have received
widespread attention (Ju et al., 2019; Lee et al., 2020; Pang et al.,
2024). It was estimated that the total shale oil reserves in the
world reached to 6.9 trillion barrels, with oil production consti-
tuting roughly 10% of total global crude oil output (Jin et al., 2021).
Shale reservoirs are typically characterized with widely distrib-
uted nanoscale pores and some reported macroscale natural
fractures (Huang and Zhao, 2023; Wang D. et al., 2024). The mul-
tiscale pore structure of shale reservoirs leads to unique phase
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et al., 2019b). Therefore, a comprehensive understanding of the
phase behavior and thermodynamic properties of reservoir fluids
in shale nanopores is essential for efficient development of shale
oils.

The deviations of phase behavior and thermodynamic proper-
ties are primarily attributed to nano-confinement effect, which
intensify due to strong solid-fluid interactions especially when the
pore dimensions become comparable to fluid molecule sizes (Li
et al,, 2024; Song et al., 2020; Vishnyakov et al., 2001). In recent
years, a number of experimental, theoretical and molecular
simulation methods have been employed to investigate the fluid
phase behavior and thermodynamic property in nanoscale pores
(Song et al., 2024a; Sun et al., 2023; Wang Y. et al., 2024). Exper-
imental method refers to direct/indirect measurement of fluid
thermodynamic parameters to determine fluid phase transition

1995-8226/© 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 license (http://

creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:xiong_y@petrochina.com.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2025.11.039&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2025.11.039
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.petsci.2025.11.039

Y. Xiong, P.-F. Chen, W.-F. Pu et al.

process, which mainly includes adsorption-desorption method
(Liu and Zhang, 2019), differential scanning calorimetry (DSC)
method (Luo et al., 2016) and nanofluidic method (Bao et al., 2021;
Nguyen et al., 2015). Molecular simulations can provide microscale
insights into the surface-molecule interactions and calculate fluid
thermodynamic parameters (Wang et al., 2021; Zhou et al., 2016).
A key consensus has been reached that the critical temperature
and pressure of fluid component are suppressed in nanopores,
while the fluid density near pore surfaces significantly exceeds
that in pore centers, indicating the adsorption effect and capillary
pressure in nanopores is unneglectable (Tan et al., 2019; Tian et al.,
2021). However, both experimental process and molecular simu-
lation methods are time-consuming. Based on the experimental
and molecular simulation results, theoretical model incorporating
nanoconfinement effects is promising as it offers computationally
efficient approaches for exploring large amounts of fluid thermo-
dynamic and phase behavior parameters within nanopores. Song
et al. (2024a, 2020) proposed a modified PR-EOS accounting for
critical property shift, adsorption and capillarity and performed
multiple phase equilibrium calculations of CO-shale oil mixtures
considering the multi-scale distribution of shale nanopores.
Therefore, incorporating the nano-confinement effect into clas-
sical equation of state equation (EOS) is crucial to mimic fluid
phase behavior within nanopores.

Minimum miscible pressure (MMP) is the threshold pressure
for dynamic miscibility between CO, and crude oil at any ratios,
which is crucial for determining the efficiency of CO,-EOR in shale
reservoirs (Adekunle and Hoffman, 2016). When CO, is injected
into typical shale reservoirs, it changes to supercritical phases and
leads to oil volume expansion, reduced oil viscosity and interfacial
tension (IFT) through dissolution and extraction mechanisms
(Seyyedsar et al., 2016). Numerous methods have been proposed to
determine the MMP of multicomponent mixtures (Adekunle and
Hoffman, 2016; Ahmadi and Johns, 2011; Iraji et al., 2015). Exper-
imental approaches mainly include slim-tube method, rising
bubble apparatus (RBA), and vanish interfacial tension (VIT)
methods. However, slim-tube method is highly time-consuming
despite its accuracy, while RBA has been reported less efficient
for condensing gas drive. VIT method based on the principle of
zero interfacial tension at miscible gas and oil interface is efficient
and reliable for MMP determination (Cao and Gu, 2013; Rao, 1997).
Recently, microfluidic model has been employed with direct visual
observation of the vanishing interface of CO, and oil, which ach-
ieves the maximum deviation of only 3.83% from literature re-
ported values (Shi et al., 2024). Molecular dynamic simulations
have revealed that the nano-confinement effect reduces the MMP
compared to bulk phase conditions due to strong fluid-solid in-
teractions (Sun et al., 2023). However, in the common practice of
molecular simulations, the shale nanopores are oversimplified as
carbon nanotubes or graphene slits, and shale oil as pure alkanes
or alkane mixtures (Li et al., 2019; Yang et al., 2020). Therefore, the
accuracy and efficiency of simple modelling for MMP determina-
tion remains to be researched. Consequently, theoretical estima-
tion of MMP based on the modified EOS incorporating nano-
confinement effect and VIT method to extrapolate the IFT-
pressure curves to zero values has attracted growing attention
(Ashrafizadeh and Ameri Ghasrodashti, 2011; Sun et al., 2024).

In this study, a confined fluid model incorporating nano-
confinement effect (critical property shift and adsorption) and
capillarity was applied to determine the phase behavior and MMP
of shale 0il-CO; system. Based on the thermodynamic equilibrium
theory and the modified PR-EOS, the phase behavior and ther-
modynamic property of CO; and the shale oil from the Sichuan
Basin, China in nanopores was investigated. The validity of the
confined fluid model both in bulk and in nanopores has been
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confirmed, using the pressure-volume-temperature (PVT) experi-
ment conducted in this work and the experimental results taken
from the literature. Subsequently, the effects of pore sizes, tem-
perature and injected gas type and compositions on the IFT and
MMP was investigated.

2. Experimental
2.1. Materials

In this study, the shale oil sample was collected from the
Da’anzhai Formation in Sichuan Basin, China, which lies 3150 m
underneath. Table 1 presents the detailed shale oil properties. The
stock oil density is 0.8174 g/cm? and the viscosity is 3.55 mPa-s.
The content of saturates, aromatics, resins and asphaltenes is
61.8%, 29.5%, 7.8% and 0.8%, respectively. Under the formation
condition (340.15 K, 40 MPa), the dissolved gas-oil ratio (GOR) of
shale oil is 122.82 m3/m> and the saturation pressure (Pp) is
20.88 MPa. The crude oil expansion coefficient (B,) is 1.35. Gaseous
solvent CO; has the purity of 99.998 mol% (Kelong Chemicals
Agency, Chengdu). Subsequently, PVT experiments were carried
out to calibrate shale oil model at bulk phase.

2.2. PVT experiment

Fig. 1 shows a simplified schematic diagram of PVT experi-
mental setup. A mercury-free DBR PVT system (Schlumberger)
which has a maximum pressure of 70 MPa and maximum tem-
perature of 473.15 K is used to perform constant composition
expansion (CCE) and swelling test (ST) experiments.

In this work, CCE tests were conducted at reservoir tempera-
ture to establish the relationship between pressure and fluid vol-
ume for the fluids. Initially, nearly 100 cm? of single-phase shale
oil fluids were loaded to the PVT cell and then heated to 340.15 K.
The initial volume of single-phase fluids was measured at initial
pressure (Pip;). Subsequently, the pressure was reduced gradually
until it reached a prescribed value. Notably, the pressure reduction
was 5 MPa before and 3 MPa after visually observed evident gas
expansion in the cell. During the pressure decline process, no
fluids were removed from the PVT cell and the fluid composition
remains unchanged. The total volume of fluids at each pressure
point was repeatedly measured. Therefore, the pressure-volume
relationship was obtained and the initial saturation pressure (Pp)
or bubble point pressure was determined by linearly extrapolating
the two phases of the P-V relationship data. The relative volume
(ROV) is defined as the ratio of the total fluid volume at given
pressure to the total fluid volume at Py,

ST was performed at different CO, concentrations to evaluate
the capacity of gas dissolution and oil expansion. Typically, nearly
100 cm? of single-phase shale oil were loaded to the PVT cell and
then heated to 340.15 K. A known volume of CO, solvent was
injected into the PVT cell and stirred with shale oils to facilitate gas
dissolution. Subsequently, the volume of single-phase oil-gas
mixtures was recorded at Pj,; and new saturation pressure (Psat)
was determined by repeating pressure declining process as in the

Table 1

Summary of shale oil properties.
Property Value Property Value
Saturates, % 61.8 Stock oil density, g/cm® 0.8174
Aromatics, % 29.5 Stock oil viscosity, mPa-s 3.55
Resins, % 7.8 Saturation pressure (P,), MPa  20.88
Asphaltenes, % 0.8 GOR at Py, m*/m? 122.82
Molecular weight, g/mol ~ 168.08 B, at P, m*/m> 135




Y. Xiong, P-F. Chen, W.-F. Pu et al.

Petroleum Science 23 (2026) 777-790

| & | | & | | & |
(2}
(0]
(o)) =
3 S °
S 1) o
‘5 a
o
| * |
= -
Injection pump Relief valve

(L PVT cell

Camera

Pressure transmitter

Data acquisition system

Fig. 1. Schematic illustration of PVT experiment setup.

CCE test. The oil swelling factor (SF) is defined as the ratio of the
volume of oil-gas mixtures at each Psy¢ to the shale oil volume at Py,
It should be noted that the PVT experimental results were used to
adjust the critical parameters and binary coefficients of PR-EOS for
shale oil components.

2.3. Compositional fitting of PVT data

To accurately characterize the shale oil and reduce computa-
tional time, the shale oil components was determined by GC and
lumped into eight pseudo-components, as listed in Table 2.
Notably, the measured oil properties and CO,-shale oil interactions
remains unaffected by the lumping process (Shen and Sheng,
2018). After lumping process, multiple regression analyses were
performed to match the calculated PVT data with the measured
PVT data, thereby obtaining the tuned EOS parameters. The main
tuned parameters include the critical pressure (Pgp), critical tem-
perature (Tg,), critical volume (V.), acentric factor (o), parachor
number (£) and molecular weight (M) of heavy hydrocarbon
components, as well as binary coefficient between CO, and other
components (k;). The tuned critical parameters and binary co-
efficients were used in the bulk fluid model, and the confined fluid
model was refined by incorporating nanoconfinement effect,
which will be discussed below.

Fig. 2 shows the measured and calculated results of CCE and ST
experiments. As shown in Fig. 2(a), ROV rapidly increases with
decreasing pressure after saturation pressure, which indicates a
rapid gas release from liquid phase. The saturation pressure ob-
tained by simulation is 19.98 MPa, and the relative error with the
measured value (20.88 MPa) is 4.49%. Fig. 2(b) shows that the
measured Ps; and SF increase as CO, concentrations increases due

that CO, has a significant effect in expanding oil volume. Fig. 2(c)
and (d) shows that the calculated relative error of SF and Psy; is
below 5%, which indicates that high agreement between experi-
mental results and calculations was obtained. Tables 2 and 3
present the tuned EOS critical parameters and binary interaction
coefficients for each component obtained after fitting process.

3. Methodology
3.1. Confinement effect in nanopores

Shale nanopores are widely distributed in the range of 5-20 nm
(Zheng et al., 2022), where molecule-surface interactions domi-
nate over molecule-molecule interactions. As shown in Fig. 3, fluid
molecules preferentially adsorb on the pore surfaces, which leads
to the formation of adsorbed layer. The adsorbed layer becomes
increasingly significant as pore size decreases due to the limited
total number of fluid molecules in smaller pores, which leads to
the restrictions of fluid molecules transports.

As assessing hydrocarbons adsorption in nanopores are usually
time-consuming and costly, here we adopt an empirical correla-
tion to calculate the thickness of adsorption layer (Liongseng et al.,
1966; Zhang et al., 2019b),

- * oy
=ity (5) W

a= — 83140 x 10~ 1%M,,2 + 2.0475 x 10~ ""M,, + 3.0886
x 1011

. . . 2
to CO, dissolution. When CO, concentration increases to 59 mol%, (2)
the Psy; rises to 39.05 MPa and the SF increases to 1.51, indicating
Table 2
Critical properties for shale oil components.
Component z Pg,, MPa Tep, K Ve, L/mol My, g/mol ® I3
CO, 0.00061 737 304.2 0.094 44,01 0.225 78
G 0.40843 4.60 190.6 0.099 16.043 0.008 77
G 0.05826 4.88 305.4 0.148 30.07 0.098 108
C3 0.03059 424 369.8 0.203 44.097 0.152 150.3
C4-Cs 0.05546 3.44 474.109 0.3085 74.578 0.242 227.302
C7-Ci2 0.26424 2.25 595.919 0.377 121.082 0.322 346.523
Cy3-Co1 0.13133 221 783.96 0.997 222.061 0.826 594.440
C-C36 0.05108 1.45 1007.4 1.246 346.025 1.180 839.553
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Fig. 2. Comparison of PVT data between experiment and simulation: (a) ROV, (b) SF and Ps,(, and relative errors of SF (c¢) and P, (d).
Table 3
Binary interaction coefficients for shale oil components.
Component CO, C; C () C4—Cs C7-Ci2 Ci3-Co1 C2-Cse
COy 0 0 0.1148 0.125 0.2 0.2 0.111 0
G 0 0 0.0012 0.0039 0.0099 0.0137 0.0396 0.0472
Cy 0.1148 0.0012 0 0.0007 0.0041 0.0067 0.0274 0.0339
Cs 0.125 0.0039 0.0007 0 0.0013 0.0029 0.0192 0.0248
C4—Cs 0.2 0.0099 0.0041 0.0013 0 0.0003 0.0105 0.0148
C7-Ci2 0.2 0.0137 0.0067 0.0029 0.0003 0 0.0072 0.0109
Cy3-Coq 0.111 0.0396 0.0274 0.0192 0.0105 0.0072 0 0.0003
Ca2-Csp 0 0.0472 0.0339 0.0248 0.0148 0.0109 0.0003 0

B= —6.3565 x 10~ *M,2 + 3.1550 x 10~ "' M,, — 5.8538
x 10~10

o1y :0.2445/1,—;1;

where 6,4 is the adsorption layer thickness; « and g are related
coefficients; Ty, and Py, are the initial critical temperature and
pressure of component i at bulk phase, which are obtained from
the compositional fitted PVT data (as shown in Table 2); o1y de-
notes the Lennard-Jones collision diameter; M,, is the molecular

(3)

(4)

weight; rp refers to the shale nanopore radius. Critical property

shifts changing with decreasing pore radius is expressed as (Sun
and Li, 2021; Zarragoicoechea and Kuz, 2004),

2
Te=Ta {1 - 0.9409&%,2415(&) ] 5)
Tp — dad Tp — 0ad
o1 oy 2
Pc=Pg, [1 —0.94097+0.2415<7) } (6)
Tp — 0ad Tp — ad

where T. and P. are the critical temperature and pressure of
component i in nanopores.
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Fig. 3. Fluid molecules distribution in macro and nanopores.

3.2. Peng-Robinson equation of state

PR-EOS (Ashrafizadeh and Ameri Ghasrodashti, 2011) is used to
calculate the fugacity for vapor and liquid phase, as described in

Eq. (7),

RT
V —bnm

— Gm
V(V + bm) + bm(V — bm)

P= (7)

where the parameters a, and by, for respective vapor and liquid
phase are estimated using the van der Waals mixing rule,

nc nc

05
amL(T) = Z ZXin (a,-aja,-aj) (1 — kU) (8)
i1 j=1
nc nc 05
amv(T) =" vy (aiajaiaj) (1 - kij) 9)
i=1 j=1
nc
bmL =) xib; (10)
i=1
nc
bmv =Y _yib; (11)
i=1
where Ay = ”;‘;’)’2", AL = ‘(’E;’;ZL, By =bmlv B —bul 7, and Z; refer

to the compressibility factors for vapor and liquid phase, respec-
tively. The fugacity coefficients for vapor and liquid phase are,

In s =2 (Zy — 1) — In(Zy — By)
* bmy (12)
_ AV <2WV,1' _ l) In (ZV =+ 24143\/)
2\/§BV amy me ZV - 0414BV
In ;=2 (2, 1)~ In(z, — By)
’ me (13)
A (21/44 _ b ) In (ZL + 2.414BL)
2v2B, \ami  bme Z, — 0.414B;

where k;; is the binary interaction coefficient (as shown in Table 3),
05 0.5
wvi =0V (aiajaiaj> (1 - ky) andy; =37 x; <aiajaiflj>

(1 - Icij).
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3.3. Vapor and liquid equilibrium calculation

According to the thermodynamic theory, the fugacity of vapor
and liquid phases accounting for capillarity in nanopores are,

Jri=xipLiPL (14)

Ni=YidviPv=Yi¢v;(PL+Pcap) (15)
where fy; and fi ; are the fugacity of component i in vapor and
liquid phase, respectively; ¢y ; and ¢, ; are the fugacity coefficient
of component i in vapor and liquid phase, respectively; y; and x; are
the mole fraction of component i in vapor and liquid phase,
respectively; Py and P; are the pressure of vapor and liquid phase,
respectively; Pcap is the capillary pressure. At vapor-liquid phase
equilibrium conditions, there exists:

Infy; —Infy; =0 (16)
The phase equilibrium constant is defined as,
Y P 4Ll (17)
' Xi ‘/’V.iPV ¢V,i (PL + Pcap)

The value of K; is calculated by the Rachford-Rice equation (Wei
et al, 2022),

21

where z; is the total mole fraction of component i in both phases;
Fy is the molar fraction of vapor phase. The initial value of Kj, is
estimated by Wilson equation and the Newton iteration is adopted
for updating K;, which are expressed below,

zi(K; —

T Fy(K; —1) =0

(18)

Kivoz%exp[5.373(l+w,-)(1 f%)} (19)
x1¢L1PL
K]]+1 *Kuy t/)lev (20)

Unlike traditional vapor and liquid equilibrium (VLE) calcula-
tions where gas-liquid capillary pressure is usually neglected,
capillary pressure in nanopores requires explicit consideration.
The widely applied Young-Laplace equation (Dong et al., 2016) is
adopted for capillary pressure calculation in nanopores consid-
ering adsorption effect, assuming the vapor and liquid phase as the
respective non-wetting/wetting phase,

2y,4 €COSO
Peap = =2 (21)
Py~ 5
22
Yad = 112 (22)

(ro— ad)

where y and y,q4 is the IFT between the vapor-liquid phases in bulk
and nanopores, respectively; 6 refers to the contact angle between
vapor-liquid interface which is set to be 30° (Sun et al., 2024). In
clarification, the empirical correlations used in the construction of
nano-confinement effect were summarized in Table 4, which in-
cludes the adsorption layer thickness, critical property shifts and
interfacial tensions in the confined pores. The Macleod-Sugden
model is generally used to calculate the IFT of multicomponent
mixtures in macropores (Sobecki et al., 2020):

nc nc 4
r= <PL > xi&i—py ZY:’&')
i=1 i=1

(23)
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Table 4
Summary of nano-confinement effect correlations.
Effects Correlations Validation range Sources
L-J fluid Component: C;-C7, CO, Tee et al. (1966)

oy = 0.2445/13—:2

Adsorption P m N n<ﬂ>
In(rp/oyy) Tp

Te =Ty [1 - 09409 W 4 02415(
Tp — Jad p —

Critical property shifts oy

Interfacial tension _ 4
Yad = 52d
1+2—2 o
(rp — 6aq)

)

Component: C;—Cqg, COy; 1p:
1-1000 nm

Cylindrical pore

Zhang et al. (2019b)

Zarragoicoechea and
Kuz (2004)

Tolman (1949)

8ag <Tp < 1000 nm

where ¢; is the parachor number of component i; py and p; are the
density of vapor and liquid phase, respectively.

3.4. Vanishing interfacial tension method

The VIT method is generally used to determine the MMP of
shale 0il-CO; mixtures (Cao and Gu, 2013). The IFT between vapor
and liquid phase at equilibrium state was calculated by the
Macleod-Sugden model based on the thermodynamic flash
calculation results as mentioned above. For the shale 0il-CO,
system, the MMP is determined by extrapolating the linear
regression curve of IFT versus equilibrium pressure to zero IFT.

4. Results and discussion
4.1. Model validation

The confined fluid model considering nanoconfinement effect
and capillarity has demonstrated extremely high reliability in
estimating the MMP of CO, and Bakken oil (Sun et al., 2024).
However, this model has not been applied to predict the IFT and
MMP of CO,-shale oil in the Sichuan Basin. Therefore, we calcu-
lated the IFT of CO;-shale oil using this model and CMG-Winprop
to verify its feasibility. The pore radius was set at 10 pm and the
vapor-liquid phase contact angle was set to 90°. As shown in
Fig. 4(a), the IFT calculated by CMG-Winprop under different
pressure conditions is in good agreement with that obtained by
the model. Additionally, we also compared the IFTs of CO,—Cqo
binary mixture in 100 nm pores at 326.15 K calculated using the

(a)
54 ¢ cve
. = = = = This model
.
4 '\
&,
£ *
> 34 N
£ .
n .
2 ¢
R
R
1 "0\
*e
’\.\‘
0 r : r T
8 12 16 20 24 28

Pressure, MPa

model with the experimental results (Zhang et al., 2019a). As
shown in Fig. 4(b), both the simulation results and experimental
results show a strong negative correlation with pressure. The
simulation results are in good agreement with the experimental
results, with maximum deviation of 5.40%. This indicates the
applicability of the model to calculate the IFT of binary mixtures in
nanopores.

Moreover, we further calculated the MMP for a CO,-alkanes
mixture (with a molar ratio of CgH14: CgH1g: C12Hag: CigH3zq = 0.3:
0.2: 0.2: 0.3) in different pore sizes (1000, 100 and 30 nm) at 298 K.
As shown in Table 5, the measured MMP of CO,-alkanes using
nanofluidic experiments was 5.5617, 6.0124 and 6.4991 MPa in 30,
100 and 1000 nm pores, respectively (Wang Y. et al., 2024). The
calculated MMP using the confined fluid model for different pore
sizes shows good agreement with the nanofluidic results, yielding
an error of 10.02%-14.17%. Despite the relative errors were higher
than 5%, the discrepancies between the experimental results and
calculated values were within reasonable limits. Particularly, when
the nanochannel scale decreases, the error is slightly greater.

4.2. Effect of critical shift and capillary pressure on phase behavior
and IFT

The variations of vapor-liquid capillary pressure and interfacial
tension with contact angle and pore size are presented in Fig. 5.
The compositions and thermodynamic properties of shale oil
components were obtained from the fitting results as shown in
Tables 2 and 3, which is later used in the subsequent in-
vestigations. It can be seen that the capillary pressure is impacted

(b) 18
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S
=
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=
w
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Fig. 4. Model validation via comparisons with simulation by CMG (a) and experimental results (b).
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Table 5
Measured and calculated MMP for CO,-alkanes at 298 K.
Nanochannel, Experiment Calculated Relative
nm MMP, MPa MMP, MPa error, %
30 5.5617 6.35 14.17
100 6.0124 6.82 1343
1000 6.4991 7.15 10.02
350
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Fig. 5. Dependence of capillary pressure and IFT on surface wettability at different
pore sizes.

by the nanoconfinement effect as that of 10 nm pore is largely
higher than in 50 nm pore. Besides, the capillary pressure is prone
to decrease with increasing contact angles, or less surface wetta-
bility of liquid phase. However, a contrary trend is exerted by the
nanoconfinement effect to the interfacial tensions between vapor
and liquid phases. With the increase of pore size, the interfacial
tension between vapor and liquid phases increases. Moreover, the
variations of interfacial tensions with changing contact angle are
less profound. Therefore, the contact angle was fixed at 30°, which
will not be discussed repeatedly.

To investigate the nanoconfinement effect on the phase
behavior and IFT of the shale 0il-CO, system, the phase equilibrium
envelope and IFT with and without considering capillary pressure
and critical properties shift are presented as shown in Fig. 6. In
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Fig. 6(a), the bubble point pressures were suppressed by the ef-
fect of capillary pressure, while the dewpoint pressures were
slightly impacted. However, it’s noted that the capillary pressure
considering adsorption is evaluated by the Young-Laplace equa-
tion, in which the fluid saturation is neglected and may lead to
undervalued dewpoint pressure. Actually, previous researches
reported that the upper dewpoint pressure decreases while the
lower dewpoint pressure increases (Liu and Zhang, 2019). There-
fore, the nanoconfinement effect of critical properties shift is the
main driving force to the shift and shrinkage of phase equilibrium
envelope. As shown in Fig. 6(b), the IFT of shale 0il-CO, system
decreases linearly at lower pressure range and gradually at higher
pressure range. Both capillary pressure and critical parameter
shifts can reduce the IFT of shale 0il-CO, system. At lower pressure
region (<9 MPa), the reduction in IFT for confined fluids was pri-
marily due to capillary pressure, and critical property shifts have
less effect. However, with the increased pressure, critical property
shifts became the main cause for the IFT reduction than the
capillary pressure, which is consistent with previous researches
(Sun et al., 2024).

4.3. Shale 0il-CO, phase behavior with nanoconfinement effect

Fig. 7 illustrates the P-T phase diagrams of shale oil and shale
0il-CO, mixtures under different pore sizes. It can be seen that the
enclosed area of gas-liquid two-phase region in the phase diagram
contracts as pore sizes decreases. Consequently, the critical point
of the phase diagram shifts towards the lower left orientation,
with critical condensation pressure and temperature decreasing.
At pore radius of greater than 50 nm, the contraction of phase
envelope and the shift of critical point is less pronounced. This was
mostly because the adsorption and critical shift effect, which leads
to less active fluid molecules and effective pore radius (Zheng
et al., 2021). The effect of nanoconfinement is intensified as pore
radius decreases, which leads to a reduction in the bubble point
pressure and lower dew pressure. As shown in Fig. 8, the bubble
point pressure of multicomponent shale oil decreases with
decreasing pore radius. At pore radii of 5 nm, the bubble point
pressure decreased by 23.7% from in the bulk phase. Reduction in
bubble point pressure indicates longer oil phase production period
and late breakthrough of dissolved gas. The P-T phase envelope of
shale 0il-CO, mixtures exhibits a larger two-phase region area,
higher critical pressure and lower critical temperature, higher
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Fig. 6. Effect of critical shifts and capillary pressure on phase behavior (a) and IFT (b) in 10 nm pore at 340.15 K.
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Fig. 8. Effect of pore size on bubble point pressure of reservoir fluids.

bubble point and dew point pressures compared with the shale oil.
This is because the injection of CO; reduces the fractions of heavy
components, which enables the fluids to shift towards gas-like
fluids under lower pressure and temperatures. Similarly, the
bubble point pressure of shale 0il-CO, mixtures reduces as pore
radius decreases.

The critical temperature and critical pressure of C4., C7,, Ci3¢
and Gy, were calculated using the modified fluid model and the
results were shown in Fig. 9. As the pore size decreases, both the
critical temperature and critical pressure of all the shale oil com-
ponents decrease slightly and then reduces sharply. As shown in
Fig. 9(a), when the pore size is less than 20 nm, the reduction of
critical temperatures for Cp;, became profound. However, the
distinct decreasing tendency for other fluid components was
presented with the decreased pore size (roughly 10-15 nm). This is
because the molecular configuration of longer carbon chains in
hydrocarbons is prone to be confined in small space and more
susceptible to confinement effect. Besides, the decrease in critical
pressure (Fig. 9(b)) is less evident than that of the critical tem-
perature, indicating that critical temperature is more sensitive to
pore sizes.
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Fig. 10 illustrates the phase diagrams of shale oil at different
CO; concentrations in bulk and 10 nm pore. Due to the high con-
tent of heavy components (46.65% of C7,) in shale oil and com-
parable content of C; (40.84%), the phase envelope of shale oil is
located between the saturation pressure line of C; and C7,. As the
CO; fraction increases, the two-region area expands, with the
critical point moving towards the upper left of the phase envelope.
This indicates that the two-phase coexisting area widens due to
the solubility of CO, in shale oil. When CO, mole fraction exceeds
30%, the fluids gradually exhibit the characteristics of a condensate
gas. Fig. 11 shows the changes of bubble point pressure and
swelling factor with increasing CO; fractions. As the CO, fraction
increases, the bubble point pressure of shale oil gradually in-
creases. The solubility of CO, in light components reduces the
solubility of heavy components in shale oil, leading to the pre-
cipitation and deposition of them. Thus, the bubble point pressure
of the shale oil increases after CO, injection. Moreover, the in-
crease of bubble point pressure is more pronounced in bulk than in
nanopores. With the injection of CO,, the volume of shale oil is
expanded due to CO; solubility. Conversely, the swelling factor
increases as the pore radius decreases.

The fluid distribution and properties of shale oil and shale oil-
CO, mixtures are examined through flash calculations with the
confined fluid model. The pressure in different pore radius is set to
be 12 MPa to ensure a two-phase state. As shown in Fig. 12(a), the
content of light components in shale oil gradually increases as the
pore radius decreases. The smaller the pore radius, the higher the
fraction of lighter components. It can be seen that the content of
light component C;-C3 increases from 0.381 to 0.462, and the
content of heavy component C7—Cy3 and Cq3., decreases from 0.326
and 0.226 to 0.283 and 0.196, respectively, as pore radii decreases
to 5 nm. This is mainly because of the effect of critical parameter
shift, causing heavy components with larger molecules to store
within large pores (Song et al., 2024a, 2024b). Besides, it's noted
that the content of intermediate component C4-Cg is slightly
affected by the nanoconfinement scenarios. Fig. 12(b) shows the
fluid distribution of shale 0il-CO, mixtures under different pore
radius. It can be seen that the mole fraction of CO; increases from
0.235 to 0.257 as pore radius decreases from 100 to 5 nm. This
suggests that the nanoconfinement effect improves the ability of
CO, to enter smaller pores in shale matrix, which facilitates the
process of CO,-EOR. Moreover, the content of C;—C3 within nano-
pores is higher when compared to the bulk region. It is noting that
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the concentration difference between CO; and C;—C3 becomes
more significant with the reduced pore size, indicating that light
component C;-Cs3 is more prone to enter small pores by compar-
ison with CO,.

The change of fluid distribution leads to the change of fluid
properties in different pore radius. As shown in Fig. 13, the density,
viscosity and interfacial tension of shale oil and shale 0il-CO,
mixtures decrease as pore radius decreases. The shale oil density
and viscosity decrease by 8.71% and 65.8%, respectively, as pore
radii decreases to 5 nm. The IFT between gas and liquid phase
reduces as the difference between the composition of gas and
liquid phase is smaller in nanopores. For shale 0il-CO, mixtures,
the IFT decreases by 53.85% as pore radius reduces to 5 nm. This
suggests that the nanoconfinement effect improves the miscibility
of CO, and shale oil.

4.4. IFT and MMP of shale 0il-CO»

The MMP between CO, and shale oil in nanopores is a crucial
factor to evaluate the viability and efficiency of miscible CO2-EOR.
In this section, we calculated the IFT between shale oil and CO,
using the confined fluid model considering the nanoconfinement
effect and determined the MMP by applying the VIT method. The
effects of pore radius, temperature, injected gas type and com-
positions on the IFT and MMP of shale 0il-CO, mixtures were
consequently investigated.

4.4.1. Effect of pore sizes

As shown in Fig. 14(a), the IFT of shale 0il-CO, mixtures de-
creases with increasing pressures. Under low pressure ranges, the
IFT decreases progressively as pressure increases, which is mostly
owing to the dissolution and diffusion of CO,. However, the IFT
slightly decreases under higher pressure conditions. This is
because the mass transfer process at which light component of
shale oil has been extracted, thus the miscibility between CO, and
residual heavy component is difficult (Wang and Gu, 2011). In bulk
condition, the MMP is estimated to be 21.6 MPa, which is consis-
tent with the experimental MMP of 22.4 MPa obtained by slim-
tube displacement method and the simulated MMP of 20.95 MPa
obtained by multiple mixing-cell (MMC) method of CMG-
Winprop. The IFT of shale 0il-CO, mixtures decreases as pore
radius decreases. It was reported that the effect of critical property
shift is the main factor contributing to the decrease of IFT in
nanopores (Sun and Li, 2021). Sun et al. (2024) calculated the IFT of
C0O,-nCg binary mixtures with and without considering critical
property shift and capillary pressure. It was concluded that the
reduction of IFT of CO,-nCg system in nanopores was attributed to
the combined nanoconfinement effect, with the effect of critical
property shift was the dominant factor. Moreover, the difference
between the IFT considering different effects was marginalized
when equilibrium pressure exceeds certain value. As shown in
Fig. 14(b), the MMP of shale 0il-CO, mixtures decreases by 0.47%,
9.01% and 16.31% as pore radii decreases to 50, 10 and 5 nm,
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Fig. 13. Changes of oil density (a), viscosity (b), and IFT (c) in different pore sizes.

786



Y. Xiong, P-F. Chen, W.-F. Pu et al.

(a) 3.0

IFT, mN/m

28

Pressure, MPa

Petroleum Science 23 (2026) 777-790

(b) 30

25

20

MMP, MPa

Bulk 100 50

Pore size, nm

Fig. 14. Effect of pore size on IFT (a) and MMP (b) of shale 0il-CO, mixtures.

respectively. The nanopore confinement effect on IFT and MMP is
more pronounced in pore radii of less than 50 nm. It was reported
that mesopores (2-50 nm) constitutes a dominant proportion of
shale nanopore structures, thus the nanoconfinement effect can
lower MMP in shale reservoirs and the oil production performance
of shale well will be improved.

To establish the impact of pore size heterogeneity of shale oil
reservoirs, the MMP of confined fluids was estimated by a mixing
rule that accounts for the wide distributions of pore sizes in shale
oil reservoir and averaged pore size method. The pore size distri-
butions of two shale rocks were obtained from (Sun et al., 2024;
Pang et al., 2022). The mixing rule was given as,

Nr
MMPpix = Y "Dy x MMP; (24)

i=1

where MMP,,,;x is the calculated MMP considering pore size dis-
tribution, D,; is the proportion of pore sizes, N; is the number of
discretized pore sizes, MMP,; is the estimated value at a single
pore size.

The estimated results of MMP by the mixing rule and average
methods were presented in Table 6. It shows that the calculated
MMP by utilizing the mixing rule is slightly lower than the values
calculated at single averaged pore size. The relative error is 3.2%
and 4.51%, respectively. The discrepancy between the calculated
MMPs increases with increasing pore size. However, it is noted
that shale rocks demonstrate complex pore heterogeneity, thus
incorporating the real pore size distribution into MMP estimation
is important. Besides, the MMP reduction in confined fluids in
shale oil reservoirs is beneficial to the CO; flooding or CO; huff-n-
puff processes, which can improve gas injection efficiency and oil
recovery and increase CO, storage.

4.4.2. Effect of temperature
Fig. 15 illustrates the IFT and MMP of shale 0il-CO, mixtures
with increasing pressure under different temperatures ranging

Table 6
MMP calculated by the mixing rule and average pore size.

Averaged pore size, nm  MMP,,e, MPa MMPix, MPa Relative error, %
4.35 17.39 16.85 3.20
6.12 18.52 17.72 4.51
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from 313.15 to 363.15 K in 10 nm pores. It can be seen that the IFT
between shale oil and CO, increase with temperature. This is
because the solubility of CO, in shale oil reduces with increasing
temperature under the same equilibrium pressure conditions.
Lower solubility of CO, leads to bigger difference in oil and gas
density, thus resulting in higher IFT between gas and liquid phases
(Gu et al., 2013; Peng et al., 2018). However, it has also been re-
ported that the IFT between CO, and crude oil decreases with
temperature under lower pressure range (<6 MPa) and increases
with temperature under higher pressure range (>6 MPa). At low
pressure region, temperature effect is less pronounced on the IFT
between CO, and crude oil than pressure effect because the
dissolution of CO, is minimal. Therefore, the different thermal
effect on IFT is caused by the combined influences of temperature
and CO; dissolution.

Fig. 15(b) shows that the MMP of shale 0il-CO, mixtures ex-
hibits a linear relationship with temperature over the calculating
range. The increase rate of MMP values for CO»-shale oil system
was 0.0645 MPa/K from the fitting curve with R? of 0.989, which
demonstrates a good agreement between the fitted results and the
calculated results. Other researchers also reported this positive
linear relationship between crude 0il-CO; MMP and temperature
(Cao and Gu, 2013). Hemmati-Sarapardeh et al. (2014) determined
the MMPs of CO; and crude oil at temperatures ranging from
313.15 to 373.15 K and obtained an increase rate of 0.1071 MPa/K.
The difference between the two increase rates of MMP values may
be owing to the different oil compositions. The increase of MMP
with temperature was mainly attributed to the lower slope of
equilibrium IFT-pressure curve at higher temperatures. Therefore,
higher operating pressure is required for CO, and shale oil with
high IFT to achieve multiple miscibility at high temperature.

In addition to temperature, the content of asphaltene was re-
ported to have impacts on the MMP between CO,-oil mixtures. The
asphaltene molecules are mostly accumulated at the gas-liquid
interfaces, thus higher content of asphaltenes leads to higher
miscible pressure at the same temperature (Ghorbani et al., 2020).
However, the impact of asphaltenes was not accounted for in the
determination of IFT and MMP in this work. Experiments on the
determination of MMP between CO, and two types of light crude
oils conducted by (Hemmati-Sarapardeh et al., 2014) demon-
strated that the asphaltenes remain stable without precipitation at
any CO; injection pressures below MMP at asphaltene content of
13.75% and resin-to-asphaltene of around 0.97. This is because the
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bipolar resin molecules can surround asphaltene particles and act
as bridges between the alkane components and asphaltene par-
ticles. When the resin concentration is adequate, asphaltene par-
ticles would not come together to form a segregated group
because the surrounding layer is strong enough to stabilize the
asphaltene particles effectively. In this study, the shale oil has the
asphaltenes content of only 0.8% with resins/asphaltenes ratio of
9.75, thus the possibility of asphaltenes precipitation is less and its
impact on MMP is expected to be minimal. However, the asphal-
tenes have different types, molecule weights and compositions
(Keyvani et al., 2024), thus future research should expand to access
the impact of asphaltenes and verify the universality of the model
at varying conditions.

4.4.3. Effect of injected gas

Gas injection is one of the most recognized enhanced oil re-
covery methods in low-permeability shale reservoirs. In addition
to CO,, the nitrogen (N3) and the produced gas, such as methane
(CHy4), ethane (CyHg) and propane (CsHg), are generally used as
injectants. It was reported that the produced hydrocarbons have
good miscibility with crude oil, thus facilitating oil recovery

(a) @

IFT, mN/m

40

Pressure, MPa

enhancement (Hawthorne et al., 2016). Therefore, the IFT and
MMP between shale oil and CO; and other produced hydrocarbons
(C1-C3) were studied. As illustrated in Fig. 16(a), the IFT of all gases
decreases with increasing pressure. The IFT of C3 and shale oil is
the lowest, followed by C,, CO; and C; under the same pressure
condition. This is mainly because the intermolecular forces be-
tween shale oil and C, and C3 molecules are intensively higher
than that between shale oil and CO,, while C; molecule has a lower
interaction energy with shale oil. The intermolecular forces cause
the oil molecules to attract the injected gas molecules at the oil
surfaces. The higher the intermolecular forces between injected
gas molecules and oil molecules, the lower the IFT between two
phases (Peng et al., 2018). As can be seen from Fig. 16(b), the MMP
of shale oil and C3, C3, C; and CO, are 6.51, 10.5, 22 and 15.4 MPa,
respectively.

Due to the low content of produced hydrocarbons in actual oil
fields, it is possible to perform the injection of CO,-hydrocarbon
mixtures to enhance oil recovery. The IFT and MMP of C0O»-C; and
CO,-C; binary mixtures at different CO fractions was calculated. It
was noted that the total injected gas content was set to be 30 mol%.
As can be seen from Fig. 17, the MMPs of CO,/C;-shale oil mixtures

(b) 25

20

MMP, MPa

CO,

C

C, Cs

Injected gas

Fig. 16. Effect of injected gas type on IFT (a) and MMP (b) of shale oil.
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decreases from 21.5 to 16.85 MPa with a reduction rate of 21.63% as
CO, molar fraction increases from 20% to 80%. As for the CO;/Cy-
shale oil mixtures, the MMPs increase from 11 to 14.15 MPa with
an increase rate of 22.26% under the same conditions. The result
suggests that C; and C; has opposite effects on the MMP of CO,-
shale oil mixtures. The CO,-shale oil MMP increases with the in-
crease of Cq or the decrease of C. In addition, the molar fraction of
CO;, has a greater effect on the MMPs of CO,/Cy-shale oil mixtures
than the MMPs of CO,/Cq-shale oil mixtures.

5. Conclusions

Based on the PVT experiment and the theoretical confined fluid
model considering the confinement effect (critical property shift
and adsorption) and capillarity, the phase behavior and thermo-
dynamic properties of shale 0il-CO, mixtures were investigated.
The effects of pore radius, temperature, injected gas type and
compositions on MMP were studied. The main conclusions can be
drawn:

(1) As CO, molar fraction increases, the shale oil volume and
saturation pressure increase. The compositional fitting of
PVT data between experimental and simulation results
shows a good agreement, with relative error of less than 5%.

(2) As pore radius decreases, the enclosed area of gas-liquid
two-phase region in the phase diagram contracts and the
critical point shifts to the lower-left of the phase diagram.
The nanoconfinement effect causes CO, and light compo-
nents to enter smaller pores, thus reducing the bubble point
pressure, oil density, oil viscosity and IFT of shale 0il-CO,
mixtures. The nanoconfinement effect has a pronounced
influence on the phase behavior and thermodynamic
property of shale oil and CO, mixtures.

(3) The IFT and MMP of shale oil and CO, mixtures decreases
with decreasing pore radius. When the pore radii decrease
to 50, 10 and 5 nm, the MMP of shale 0il-CO, mixtures re-
duces by 0.47%, 9.01% and 16.31%, respectively. The nano-
confinement effect is more pronounced in pore radius of less
than 50 nm.

(4) Temperature has a negative effect on the IFT and MMP of
shale 0il-CO, mixtures. The MMP values for CO,-shale oil
system increase by 0.0645 MPa/K from the linear fitting
curve.

(5) The IFT and MMP of shale o0il-C3Hg system is the lowest,
followed by C;Hg, CO, and Ci{H4 under the same testing

Petroleum Science 23 (2026) 777-790

conditions. The molar fraction of CO; has a greater effect on
the MMPs of binary gases CO,/CoHg than those of CO,/CHg.
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