
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 4
:4

8:
40

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Controlling mech
aSchool of Petroleum Engineering, Xi'an Sh

Xi'an, Shaanxi 710065, China. E-mail

15809227022
bResearch Institute of Carbon Neutrality Fu

Xi'an, Shaanxi 710065, China
cOil and Gas Technology Research Institu

Shaanxi 710018, China
dNo. 4 Gas Production Plant, PetroChina C

Inner Mongolia 017300, China
eNo. 3 Gas Production Plant, PetroChina C

Inner Mongolia 017300, China
fCNPC XIBU Drilling Engineering Company

Cite this: RSC Adv., 2025, 15, 22556

Received 5th April 2025
Accepted 26th June 2025

DOI: 10.1039/d5ra02362a

rsc.li/rsc-advances

22556 | RSC Adv., 2025, 15, 22556–2
anisms of CO2 sequestration
efficiency in tight carbonate gas reservoirs:
experimental insights into pore-throat constraints
and mineralogical responses

Jinsheng Zhao, ab Ziyi Zhang,a Yuanxiang Xiao,c Shan Hou,d Pan Lie

and Sipeng Zhangf

The injection of CO2 into low-pressure tight gas reservoirs can achieve the purposes of enhancing reservoir

energy, increasing gas reservoir recovery and reducing carbon emissions. For the CO2 energized fracturing

process, it can also improve the fracturing fluid flowback efficiency and reduce water blocking effects. In

the context of “dual carbon” strategy, studying the CO2 storage behavior during CO2 injection in tight

carbonate gas reservoirs is of great significance. In this paper, the CO2 storage effect and influencing

factors of CO2 injection in tight carbonate core samples are experimentally investigated. The main

factors affecting the bound CO2 storage are analyzed by means of nuclear magnetic resonance (NMR),

threshold pressure gradient testing, and X-ray diffraction. Additionally, the influence of dissolved-

solidified CO2 storage on mineral composition and pore size distribution is also investigated. The results

show that the CO2 injection pressure has a significant impact on the bound CO2 storage. When the

pressure is higher than the supercritical pressure, the bound CO2 storage rate can reach over 60%. And

the dissolved-solidified CO2 storage rate is at its peak of 10–15% when the pressure is between 5 MPa

and 7 MPa. With the decreasing core permeability and the increasing threshold pressure gradient, the

bound CO2 storage rate increases. For tight carbonate gas reservoirs, the dissolution and solidification

storage of CO2 mainly occurs in small pores, medium pores and large pores. The dissolved-solidified

CO2 storage rate is affected by the mineral composition. Dolomite and calcite are the main dissolution

minerals of CO2 in water, thereby changing the pore throat distribution of the reservoir. This study can

provide theoretical guidance for optimizing CO2 injection technology, predicting storage effects, and

optimizing gas well production in tight carbonate gas reservoirs.
1. Introduction

Carbon Capture, Utilization, and Storage (CCUS) technology is
an important way to achieve global carbon emission reduction,
and also an important means to ensure China's energy security
and promote coordinated economic development.1–3 The tight
gas reservoir is one of the three major unconventional gases
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(tight gas, shale gas, and coalbed methane),4 and its low
permeability and natural productivity require fracturing trans-
formation before it can be effectively developed. The injection
of CO2 into low-pressure tight gas reservoirs can achieve the
purposes of enhancing reservoir energy, increasing gas reser-
voir recovery rate and reducing carbon emissions. For the CO2

energized fracturing process, it can also improve the fracturing
uid owback efficiency and reduce water lock effects, thereby
increasing the production of gas wells aer fracturing.5,6

At present, there are four widely recognized CO2 storage
mechanisms, including structural storage, bound CO2 storage
(residual gas storage), dissolution storage and mineral storage,
for CO2 injection to enhance oil recovery methods such as CO2

ooding, CO2 huff-n-puff, and CO2 geological storage for
abandoned oil and gas reservoirs and saline aquifers.7–10 Bound
CO2 storage refers to the process in which CO2 saturation
decreases as it migrates through the reservoir. Due to variations
in pore throat structures and capillary pressures within the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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reservoir rocks, a portion of the CO2 is trapped in the pore
spaces and effectively trapped.11–14

Many scholars have carried out studies on the mechanism of
CO2 storage during CO2 ooding, CO2 huff-n-puff, and CO2

geological storage. Malik et al. studied the optimal parameters
of CO2 ooding and storage by comparing different CO2

concentrations, injection methods, and reservoir conditions.15

Kalra et al. evaluated the effectiveness of CO2 to enhance shale
oil recovery and the mechanism of CO2 storage capacity in shale
reservoirs.16 Chen Xiulin et al. studied the CO2 storage
morphology and distribution characteristics of different core
saturated oil aer gas ooding using nuclear magnetic reso-
nance and numerical simulation.17 The results showed that CO2

in large pores mainly exists in the form of continuous free gas,
while CO2 in small pores is rst retained in dissolved form.
There was no CO2 completely stored in free gas or dissolved gas
in both large and small pores. Based on the experimental
apparatus for high-pressure hydrothermal reactions and
a series of characterization tests, Dai Xuguang et al. analyzed
the laws of mineral dissolution, ion release and precipitation in
shale under CO2 sequestration conditions.18 The results showed
that during the short-term reaction process, shale mainly
exhibits dissolution characteristics. In the long-term reaction
process, shale still mainly shows dissolution effects, and in
some local areas, carbonate precipitation phenomena occur.
Takashi et al. presented numerical modelling of long-term CO2

storage in saline aquifers.19 The results show that structural
storage is the main storage mechanism in the process of CO2

injection, and the amount of residual gas trapping started to
increase in 20 years aer the end of CO2 injection. At 100 years
and onward, solubility trapping took effect with the decrease of
residually trapped CO2.

In general, most studies on CO2 storage in oil and gas
reservoirs have primarily relied on numerical simulation
methods, with relatively few in-depth investigations into the
mechanisms of CO2 storage, such as bound storage and
dissolution-solidication storage, during CO2 injection in gas
reservoirs. In this paper, the inuencing factors of bound
storage and dissolved-solidied storage during CO2 injection
are investigated through laboratory experiments. And the vari-
ations in CO2 storage rate in tight carbonate gas reservoirs
under different experimental conditions are obtained, revealing
the storage behaviors during the CO2 injection process.
Fig. 1 Schematic diagram of the CO2 storage experiment setup.

© 2025 The Author(s). Published by the Royal Society of Chemistry
2. Experimental part
2.1 Experimental equipment and experimental materials

The multi-functional integrated displacement system (Jiangsu
Shili Petroleum Instrument Co., Ltd) mainly composed of
a constant-ux pump, thermal incubator, pressure vessel, core
holder, hand pump and back pressure valve was used in bound
carbon storage experiment and dissolved-solidied carbon
storage experiment. The system is heated to a predetermined
temperature by the thermal incubator, then the constant-ux
pump is used to increase the pressure in the pressure vessel,
thereby pressurizing the CO2 in the pressure vessel and inject-
ing it into the core holder. The back pressure valve is used to set
the back pressure. The schematic diagram of the CO2 storage
experiment setup is shown in Fig. 1.

The seven cores were come from Majiagou Formation of
Sulige Gas eld. The core physical property parameters are
shown in Table 1.
2.2 Experimental method

In order to study the bound CO2 storage mechanism of CO2

injection process of tight carbonate gas reservoir, dry core without
water was used from Majiagou gas reservoir of Sulige gas eld.
Since bound CO2 storage primarily relies on capillary forces to
store CO2 in porous media, the pore-throat size and distribution
within the core signicantly inuence the efficiency of bound CO2

storage. Based on the test of bound CO2 storage rate, the effects of
minimum starting pressure gradient andmicroscopic pore-throat
size distribution on bound CO2 storage in tight carbonate gas
reservoirs were analyzed. Aer the experiment of bound CO2

storage, the same cores are saturated with formation water and
used in the dissolved-solidied CO2 storage experiment. The
bound CO2 storage experimental steps are as follows:

(1) Cores are dried in constant temperature box at 80 °C for
48 h, and then the porosity and gas permeability are measured.

(2) The starting pressure gradient of cores is tested by
unsteady state differential pressure-ow method.

(3) Injecting CO2 into the pressure vessel until the pressure
reaches 20 MPa and the temperature of is constant temperature
box set to a gas reservoir temperature of 65 °C.

(4) Connecting the experiment system, and the core is placed
into the core holder with a conning pressure of 25 MPa and
back pressure of 20 MPa.
RSC Adv., 2025, 15, 22556–22564 | 22557
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Table 1 The physical property parameters of cores

Core no. Length (cm) Diameter (cm) Porosity (%) Permeability (10−3 mm2)
Threshold pressure
gradient (MPa m−1)

1# 3.847 2.473 0.92 0.2556 0.61
2# 6.448 2.532 4.91 0.0501 5.60
3# 3.321 2.426 2.92 1.0835 0.91
4# 3.472 2.519 0.88 0.0733 3.10
5# 5.657 2.519 1.22 2.6570 1.76
6# 5.454 2.515 2.56 0.2972 3.09
7# 3.658 2.535 4.81 0.4797 0.69
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(5) The CO2 is continuously injected into core until the CO2

ow rate at the core outlet is stable, and then the outlet and
inlet valves of core holder are closed. The amount of CO2 in the
core is calculated.

(6) Connecting the back pressure valve at the injection port
of the core holder, and reducing the back pressure to 12 MPa,
10 MPa, 8 MPa, 6 MPa, 4 MPa and atmospheric pressure
respectively. And then the inlet valve is opened to collect the
amount of CO2 produced and calculate the CO2 storage rate
under different pressures. The calculation method for CO2

storage is based on the mass balance method. Aer recording
the injected and produced CO2 volumes, the density data of CO2

under different temperature and pressure conditions can be
obtained from the website of the National Institute of Standards
and Technology (NIST). This allows for the calculation of the
injected and produced CO2 mass, which is then used to calcu-
late the CO2 storage rate.

(7) Core is saturated with water, and then the T2 spectrum is
measured with nuclear magnetic resonance (NMR) technology
to obtain the core pore throat size distribution. The inuence of
core starting pressure gradient and micro-pore throat distri-
bution on bound carbon storage in tight sandstone gas reser-
voirs are analyzed.

The dissolved-solidied CO2 storage experimental steps are
as follows:

(1) Aer the bound CO2 storage experiment are completed,
the same core samples are saturated with formation water, and
then nitrogen drives water to establish irreducible water
saturation.

(2) Aer connecting the experimental system, adjust the
temperature and pressure conditions to match those of the
bound CO2 storage experiment. Then, CO2 is continuously
injected into the core until the CO2 ow rate at the core outlet
stabilizes. Aerward, the outlet and inlet valves of the core
holder are closed and soaking for 48 hours.

(3) Aer the soaking period, connect the core holder and
back pressure valve, and reduce the back pressure to 12 MPa,
10 MPa, 8 MPa, 6 MPa, 4 MPa, and atmospheric pressure. The
amount of CO2 gas produced is collected, and the CO2 storage
rate at different pressures is calculated.

(4) Aer the dissolved-solidied CO2 storage experiment,
NMR testing is continued to obtain the core pore throat size
distribution.
22558 | RSC Adv., 2025, 15, 22556–22564
3. Conclusion and discussion
3.1 The results analysis of bound CO2 storage experiment

3.1.1 The inuence of pressure on the bound CO2 storage
rate. In the experiment of bound CO2 storage, by reducing the
outlet pressure of core sample lled with CO2 step by step to
simulate the depletion production process of gas eld aer
fracturing, the CO2 storage rate is obtained in different stages of
production aer CO2 energized fracturing.

According to the variation trend of the storage rate with the
release pressure in Fig. 2, the bound CO2 storage rate of tight
carbonate gas reservoirs decreases with the decreasing release
pressure, showing a trend of rst slow decline, then sharp
decline and then stable. When the release pressure is lower than
the supercritical pressure of 7.38 MPa, CO2 changes from
supercritical state to gaseous state, and the bound CO2 storage
rate decreases rapidly. The reason is when CO2 transitions from
the supercritical state to the gaseous state, the CO2 volume
expands rapidly, and due to the xed pore volume in the core,
the rapidly expanding CO2 is produced in large quantities.
When CO2 is in supercritical state, the overall bound CO2

storage rate is above 70%, and when the release pressure drops
below supercritical state, the bound CO2 storage rate will drop
below 60%. It can be seen that the storage rate of CO2 is higher
when it is maintained in supercritical state.

For a gas reservoir with an original formation pressure of
20 MPa, the release pressure of 16 MPa, 12 MPa and 10 MPa can
Fig. 2 Variations in the bound CO2 storage rate with pressure.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The fitted relationship between bound CO2 storage rate and
threshold pressure gradient.
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be regarded as the bottom-hole ow pressure of the gas well in
the early and middle period of gas well production. At this time,
the formation pressure is above the CO2 supercritical pressure,
and the corresponding bound CO2 storage rate is higher. The
bound CO2 storage rates of the seven cores are 96.97%, 86.55%
and 78.05% on average. At the later stage of gas well production,
the average bound CO2 storage rate of the seven cores is 27.00%
as the bottom-hole ow pressure continues to decrease to
5 MPa.

3.1.2 The inuence of permeability and threshold pressure
gradient on the bound CO2 storage rate. As can be seen from
Fig. 2, there are also differences in bound CO2 storage rates
among different cores, and with the decreasing release pres-
sure, the differences in the bound CO2 storage rates of different
cores increases. The bound CO2 storage rate is mainly related to
the microscopic pore throat distribution and pore throat
connectivity of the core. At the microscopic scale, capillary force
storage is the main storage mechanism for CO2 in tight reser-
voirs.20 Permeability and threshold pressure gradient are phys-
ical parameters that reect the microscopic pore throat size and
distribution. Aiming at this, the threshold pressure gradient of
7 cores was tested experimentally. Taking the release pressure
of 6 MPa as an example, the correlation between the bound CO2

storage rate and the threshold pressure gradient and perme-
ability was analyzed, and the tted correlation curves were
shown in Fig. 3 and 4.

As can be seen from Fig. 3, the relationship between the
bound CO2 storage rate and permeability presents a negative
correlation. Generally, the smaller the pore throat size of the
core or the poorer the pore throat connectivity, the lower the
corresponding core permeability. CO2 can be injected in gas
reservoir under a higher pressure gradient, but under the action
of capillary force, only part of CO2 will be extracted under the
normal production pressure gradient. The smaller the pore
throat size of the core or the more complex the pore throat
distribution, the more CO2 trapped, which shows that the lower
the permeability of the core, the higher the bound CO2 storage
rate.

As shown in Fig. 4, the relationship between bound CO2

storage rate and threshold pressure gradient presents a positive
Fig. 3 The fitted relationship between bound CO2 storage rate and
permeability.

© 2025 The Author(s). Published by the Royal Society of Chemistry
correlation, and the correlation coefficient is signicantly
higher than the tting curve between bound CO2 storage rate
and permeability. The threshold pressure gradient is a param-
eter affected by many factors such as core permeability, tortu-
osity, porosity, form factor and uid surface tension,21,22 which
can better reect the impact on bound CO2 storage rate. For
tight carbonatite gas reservoirs, the larger the threshold pres-
sure gradient, the more difficult it is to recover CO2 injected by
CO2 energized fracturing, the higher the bound CO2 storage
rate, and the longer the effect of energy enhancement. With the
reduction of production pressure, more and more CO2 will be
produced along with natural gas, and the reduction of pressure
will release the expansion energy of CO2, which also plays an
effect of energy enhancement.

3.1.3 The inuence of pore size distribution on the bound
CO2 storage rate. The above analysis has examined the inu-
ence of the permeability and threshold pressure gradient on the
bound CO2 storage rate. Considering that both the permeability
and threshold pressure gradient are related to the pore throat
size distribution of the core, in order to further analyze the
microscopic factors inuencing the bound CO2 storage rate, the
NMR transverse relaxation time spectra of each core were
experimentally tested. In the presence of an external magnetic
eld, the hydrogen nuclei of crude oil in the porous medium
absorb energy and undergo nuclear magnetic resonance when
the vibration frequency matches the applied frequency. Aer
the radiofrequency pulse is turned off, the nuclei release energy
and return to equilibrium aer a certain relaxation time. NMR
transverse relaxation time (T2) of uid in porous media can be
determined by the following equation:

1

T2

¼ 1

T2;bulk

þ 1

T2;surface

þ 1

T2;diffusion

(1)

where T2,bulk stands for the bulk relaxation time of the pore-
lling uid, ms; T2,surface represents the surface relaxation
time, ms; T2,diffusion denotes the relaxation time caused by
diffusion, ms.

Thus, The T2 spectra also represent the pore throat size
distribution of the core. According to the principle of NMR, the
RSC Adv., 2025, 15, 22556–22564 | 22559
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Fig. 5 The T2 spectra curves of core 1#, 4# and 5# by nuclear
magnetic resonance.

Fig. 6 The T2 spectra curves of core 2#, 3#, 6# and 7# by nuclear
magnetic resonance.
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longer the transverse relaxation time, the larger the pore size.
The horizontal axis of T2 spectrum curve can be divided into
four intervals: the micropore interval (T2 < 1 ms), the small pore
interval (1 ms < T2 < 10 ms), the middle pore interval (10 ms < T2
< 100 ms), and the large pore interval (T2 > 100 ms). Based on
the results of NMR tests, the seven core samples were classied
into two categories. Among them, the T2 spectral curve peaks of
core samples 1#, 4# and 5# were located on the le side of T2
axis, and the pore throat distribution of these core samples was
dominated bymicropores with relatively small pore throat sizes.
Table 2 Comparison of the bound CO2 storage rate in two kinds of cor

Release pressure (MPa)

Bound CO2 storage rate of every core sampl

Cores with micropores

1# 4# 5# Average v

12 87.45 89.13 87.21 87.93
10 78.49 80.99 79.04 79.51
7 66.31 70.8 68.03 68.38
5 28.32 34.48 30.39 31.06

22560 | RSC Adv., 2025, 15, 22556–22564
The results are shown in Fig. 5. The core samples 2#, 3#, 6#, and
7# had their T2 spectral curve peaks located on the right side of
T2 axis, and the pore throat distribution of these core samples
was dominated by middle pores and large pores with relatively
larger pore throat sizes. The results are shown in Fig. 6.

As shown in Fig. 5, the T2 spectral distribution curves of core
samples 1#, 4# and 5# all exhibit a three-peak distribution
pattern. However, the peak on the lemost side is signicantly
higher than the two peaks on the right side, and the peak on the
lemost side is located in the micropore region, indicating that
the pore sizes of these three cores are mainly micropores. On
the contrary, it can be seen from Fig. 6, the T2 spectral distri-
bution curves of core samples 3# and 6# are in a single-peak
distribution pattern, and the peak is located in the middle
pore region. The T2 spectral distribution curves of core samples
2# and 7# are in a double-peak distribution pattern, and the
right peak is signicantly higher than the le peak, and the
peak is located in the middle pore region. The four cores in
Fig. 6 are mainly middle pores, and contain some large pores,
with a relatively small amount of small pores and almost no
micropores.

The differences in pore throat size distribution result in
variations in the bound CO2 storage rate. As shown in Table 2, it
can be observed that the CO2 storage rates of core samples 1#,
4# and 5# with smaller pore sizes at each release pressure are
higher than those of core samples 2#, 3#, 6# and 7#. Taking the
release pressure of 12 MPa as an example, the average bound
CO2 storage rate of 1#, 4# and 5# cores is 87.93%, while that of
2#, 3#, 6# and 7# cores is 85.51%. The difference is 2.42%.
Moreover, the smaller the release pressure, the greater the
difference in the bound CO2 storage rate between the small-
pore-size cores and the large-pore-size cores. When the release
pressure is 10 MPa, the difference is 2.54%. When the release
pressure is 7 MPa, the difference is 4.23%. When the release
pressure is 5 MPa, the difference is 7.1%. It can be seen that the
pore size distribution of the core will affect the bound CO2

storage effect. The better the pore throat development or the
more uniform the pore throat size distribution, the better the
pore throat connectivity, and the lower the bound CO2 storage
rate. For CO2 enhanced fracturing in tight sandstone gas
reservoirs, due to the small microscopic pore throat size and
complex pore throat distribution of the reservoir, it oen has
a better bound CO2 storage effect. As long as the pressure
gradient during production is kept within a small range, the
enhanced effect can be achieved for a long time.
e samples

e/%

Cores with middle pores and large pores

alue 2# 3# 6# 7# Average value

87.61 84.56 83.75 86.12 85.51
80.06 76.46 75.26 76.07 76.96
69.02 61.03 61.59 64.97 64.15
34.81 20.52 20.98 19.54 23.96

© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra02362a


Fig. 8 The change curve of dissolved-solidified CO2 storage rate with
pressure.
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3.2 The results analysis of dissolved-solidied CO2 storage
experiment

3.2.1 The inuence of pressure on the dissolved-solidied
CO2 storage rate. Dissolved-solidied CO2 storage refers to the
process in which CO2 dissolves in water and the rock minerals
reacts with formation water containing dissolved CO2. Both
dissolution and mineral reaction occur simultaneously,
involving both physical and chemical processes. It is difficult to
distinguish the amount of CO2 consumed by each process in
indoor experiments. Therefore, in this study, CO2 dissolution
and solidication storage are analyzed together. While this
approach is practical, it has certain limitations. Specically,
current experimental conditions do not allow for a clear
distinction between the contributions of dissolution and
mineral trapping to CO2 storage, and do not enable a quantita-
tive analysis of the individual effects on CO2 sequestration. As
dissolution and solidied CO2 storage are typically interrelated,
the individual impacts are difficult to separate. Therefore,
future research could employ more advanced simulation
methods to more precisely quantify the dissolution and solidi-
ed CO2 storage effects.

To clarify the inuence of the existence of bound water in gas
reservoirs on the CO2 storage effect, the experiment uses core
samples with bound water. The core samples are 1#, 2#, 3#, 5#,
6# and 7# cores that have undergone bound CO2 storage
experiments. Due to the presence of bound water in these core
samples, aer CO2 injection, in addition to the bound CO2

storage formed by the capillary action of pore throats, there will
also be CO2 storage formed due to the dissolution and solidi-
cation reaction between CO2, water, and minerals. Therefore,
the CO2 storage experiment results of cores with bound water
should include both bound CO2 storage and dissolved–solidi-
ed CO2 storage. The experimental results are shown in Fig. 7
and 8.

We can nd from Fig. 7, the overall CO2 storage rate curve of
the core containing bound water is similar to that of the bound
CO2 storage rate curve of dry core in Fig. 2, both showing
a sharp decline in CO2 storage rate near the supercritical pres-
sure. Through the comparison of CO2 storage rate data, it is
Fig. 7 The change curve of overall CO2 storage rate with pressure.

© 2025 The Author(s). Published by the Royal Society of Chemistry
found that for each core, the CO2 storage rate of the core con-
taining bound water is greater than that of the dry core at every
pressure. This is because the CO2 storage rate of the core con-
taining bound water is the sum of the bound CO2 storage rate
and the dissolved-solidied CO2 storage rate, while the CO2

storage rate of the dry core is the bound CO2 storage rate only
because there is no water present. By subtracting the bound CO2

sequestration rate data in Fig. 2 from the overall CO2 storage
rate data in Fig. 7, the dissolved-solidied CO2 storage rate of
each core at different pressures can be obtained. The results are
shown in Fig. 8.

As shown in Fig. 8, the dissolved-solidied CO2 storage rate
increases rst and then decreases with the decrease of pressure.
It reaches the maximum value near the supercritical pressure.
The maximum value of the dissolved-solidied CO2 storage rate
for the six core samples is between 11.59% and 17.52%. When
the pressure is slightly lower than the supercritical pressure,
that is, 5–7 MPa, the dissolved-solidied CO2 storage rate is
about 10–15% and under other pressures is basically between
5–10%. Overall, for tight sandstone gas reservoirs, the CO2

storage rate by dissolution and solidication is much smaller
than the bound CO2 storage rate formed by capillary force. With
the extension of gas well production time, the reaction time
between the CO2 aqueous solution and the rock minerals is
long, and the solidied CO2 storage amount will increase.
However, with the decrease of pressure, the amount of dissolved
CO2 in water will decrease, and some CO2 will be become free
gas, thereby achieving an enhancement effect.

3.2.2 The inuence of dissolved-solidied CO2 storage on
pore size distribution. Aer supercritical CO2 dissolves into
formation water, it forms weak acids which can react with
minerals in the core. While dissolving the minerals, it may also
generate precipitates, thereby changing the pore size distribu-
tion of core. To clarify the inuence of dissolved-solidied CO2

storage on the pore size distribution of core, NMR T2 spectra
were tested on core samples 1# and 2# containing bound water
aer CO2 injection, and compared with the original pore size
distribution of the cores. The inuence of the dissolution and
solidication effect among CO2, formation water and minerals
RSC Adv., 2025, 15, 22556–22564 | 22561
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Fig. 9 The pore size distribution curve of core 1# before and after CO2

injection.

Fig. 10 The pore size distribution curve of core 2# before and after
CO2 injection.
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on the pore size distribution of the core was analyzed. The
results are shown in Fig. 9 and 10.

The T2 spectra curves of core samples 1# and 2# before and
aer CO2 injection show obvious differences. For core sample
1#, aer CO2 injection, various pore size intervals including
micropores, small pores, medium pores and large pores have
signicant changes. By calculating the areas of the T2 spectra
curves before and aer CO2 injection, it can be known that the
pore volume occupied bymedium and large pores has increased
Table 3 Change of mineral content before and after CO2 immersion

Core no. Note

Whole rock content (%)

Total clay content Quartz Cal

1-1 Before immersion 1.4 2.6 4.5
1-2 Aer immersion 2.3 4.5 2.7

Rate of change 64.3 73.1 −40
2-1 Before immersion 0.7 4.2 8.3
2-2 Aer immersion 0.5 8.1 5.8

Rate of change −28.6 92.9 −30

22562 | RSC Adv., 2025, 15, 22556–22564
by 30.23% and 42.65% respectively aer CO2 injection, while
the pore volume of micropores and small pores has decreased
by 6.5% and 27.33% respectively. For core sample 2#, aer CO2

injection, the pore volumes of micropores, small pores,
medium pores and large pores have all increased, and it can be
calculated that they have increased by 104.63%, 22.89%, 7.74%
and 68.47% respectively. It can be seen that the injected CO2

dissolves in formation water to form weak acids and reacts with
clay and calcite-like minerals in the rock core to form kaolinite,
carbonate and other precipitates. The dissolution effect
increases the pore volume of some pores while blocking some
pores due to the precipitates, thus causing the difference in
pore size distribution before and aer CO2 injection.

3.2.3 The changes in the mineral composition of rocks of
dissolved–solidied CO2 storage. In the previous experiments of
CO2 injection and storage in core samples containing bound
water, due to the short reaction time, the degree of CO2 disso-
lution and mineral alteration was limited. To further analyze
the changes in rock mineral composition under the effect of
CO2 dissolution and solidication, the experiment of core
samples immersion in CO2 aqueous solution was conducted
with high-temperature and high-pressure. The mineral
compositions of the core samples before and aer immersion
were tested.

The two contrast core samples of each experimental group
were selected nearby on the tight carbonate core sample. It can
be considered that the mineral compositions of these two core
samples are consistent. One sample was taken as a blank
sample, and the other sample was immersed in the CO2

aqueous solution for the immersion experiment with tempera-
ture of 65 °C and pressure of 20 MPa, and the immersion time
was 15 days. Aer immersion, X-ray diffraction tests were con-
ducted on the two samples to analyze the changes in rock
mineral composition under the effect of CO2 dissolution and
solidication. The test results are shown in Table 3.

As can be seen from Table 3, the mineral composition of
carbonate rocks is mainly composed of dolomite, calcite, quartz
and clayminerals. Among them, dolomite accounts formore than
85%, and the clay minerals mainly consist of kaolinite, chlorite,
illite and illite/smectite mixed layers. Aer the samples were
soaked in CO2 aqueous solution for 15 days, the mineral
composition still showed signicant changes. The content of
calcite and dolomite-like minerals in both groups of samples
decrease signicantly. The dolomite and calcite in the carbonate
Relative content of clay minerals (%)

cite Dolomite Kaolinite Chlorite Illite
Illite-smectite
mixed-layer

91.5 1.2 1.8 57.6 39.4
90.5 1 2.3 48.4 48.3
−1.1 −16.7 27.8 −16 22.6
86.8 7.8 19.5 32.7 40
85.6 6.6 11.5 36.2 45.7

.1 −1.4 −15.4 −41 10.7 14.3

© 2025 The Author(s). Published by the Royal Society of Chemistry
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rocks dissolve under the inuence of carbonic acid, with calcite
dissolving to a greater extent than dolomite under the experi-
mental conditions. As the proportion of dolomite and calcite in
themineral composition decreases, and since quartz is essentially
unreactive, the relative percentage of quartz increases.23

For clay minerals, the change patterns of the two groups of
samples are not consistent. The possible reason for this is the
complex chemical reaction relationships among kaolinite,
chlorite and illite in clay minerals. Studies have shown that illite
minerals can dissolve in carbonate solutions when the
temperature reaches above 65 °C, forming kaolinite precipi-
tates. And the dissolution of feldspar can promote the forma-
tion of authigenic kaolinite.24,25 In addition, chlorite can
dissolve in acidic environments and generate illite.26 Some
literature also indicates that illite and carbonate minerals can
form chlorite within a certain temperature range.27

4. Conclusion

(1) When CO2 injection in tight carbonate gas reservoirs, it can
achieve a better CO2 storage effect, and the mechanism is
mainly based on the bound CO2 storage. CO2 injection pressure
has a signicant impact on the bound CO2 storage, and when
the pressure is higher than the supercritical pressure, the
bound CO2 storage rate can reach over 60%. The dissolved-
solidied CO2 storage rate is at its peak of 10–15% when the
pressure is between 5 MPa and 7 MPa, and is basically between
5–10% at other pressures.

(2) The bound CO2 storage rate is greatly affected by the
threshold pressure gradient. For tight carbonate gas reservoirs,
with the increasing threshold pressure gradient, the bound CO2

storage rate increases. The microscopic pore throat distribution
of the core also affects the bound CO2 storage effect. With the
decreasing core permeability, the bound CO2 storage rate
increases.

(3) For tight carbonate gas reservoirs, the dissolution and
solidication storage of CO2 mainly occurs in small pores,
medium pores and large pores regions. The dissolved-solidied
CO2 storage rate is affected by the mineral composition. Dolo-
mite and calcite are the main dissolution minerals of CO2 in
water, thereby changing the pore throat distribution of the
reservoir.
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