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a b s t r a c t

The shortage of CO2 source and the challenges associated with the separation of pure CO2 have led to a
growing interest in the potential utilization of CO2-contained IWG. Therefore, this study has established
an acid-rock interaction kinetic model to characterize the long-term interactions between CO2-contained
IWG and shale. The findings delineate the reaction process into three phases: during the initial 10 years,
solubility trapping predominates, with minimal mineral dissolution. This increases shale porosity, pro-
moting the diffusion and storage range of CO2-contained IWG. Between 10 and 300 years, mineral
dissolution/precipitation assumes primacy, with mineral trapping gradually supplanting dissolution.
Notably, shale porosity diminishes by a minimum of approximately 40%, effectively inhibiting gas
leakage. After 300 years, equilibrium is reached, with rock porosity consistently lower than the initial
porosity. Throughout the entire reaction process, as the initial CO2 concentration decreases, the initial pH
drops from 4.42 to 3.61, resulting in a roughly 20% increase in porosity. Additionally, it is necessary to
regulate its concentration to avoid H2S leakage during CO2-contained IWG geological sequestration. And
particular attention should be directed towards the risk of gas leakage when the IWG exhibit high levels
of SO2 or NO2.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The significant population growth and excessive dependence of
humanity on fossil fuels since the Industrial Revolution have led to
the substantial emission of greenhouse gases, primarily CO2,
resulting in air pollution and global climate change (Zou et al.,
2023; Fatah et al., 2024). At present, CO2 emissions reduction has
become a focal point of global concern, and carbon capture, utili-
zation, and storage (CCUS) is considered the most promising
technology to achieve CO2 reduction goals in the next 10e20 years
(De Silva et al., 2015; Teng et al., 2019; Fatah et al., 2020; Song et al.,
2023). Nevertheless, excessive cost of CO2 capture and the
considerable challenges associated with the separation of pure CO2
have resulted in a limited availability of CO2 gas sources for
y Elsevier B.V. on behalf of KeAi Co
geological sequestration (Yin et al., 2016; Zou et al., 2023). Besides,
industrial emissions from sources such as power plants and
chemical factories, which contain impurity gases like CO, SO2, NO2,
H2S, and HF, constitute the largest contributors to CO2 emissions (Li
et al., 2010; Ghayur et al., 2019; Zhang et al., 2022). If these CO2-
contained IWG can be injected directly into subsurface formations,
allowing them to dissolve or react fullywithin the formations, there
would be no need for pre-treatment of IWG during the carbon
capture stage. This approach could significantly reduce the cost of
industrial gas treatment (Chialvo et al., 2013), increase the feasi-
bility of commercial-scale CCUS implementation, and undoubtedly
accelerate the achievement of carbon emissions reduction and
carbon neutrality objectives.

Shale formations, due to their extensive distribution and
excellent adsorption properties, hold significant potential for CO2
geological sequestration (Kang et al., 2011; Middleton et al., 2015;
Liu et al., 2016; Zhan et al., 2017; Fatah et al., 2020). Existing
research indicates that CO2-contained IWG, which includes CO2,
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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CO, SO2, NOx, H2S, HF, etc., exhibit strong adsorption capabilities on
the surface of shale, surpassing that of CH4 (Merey and Sinayuc,
2016; Huang et al., 2019; Wang et al., 2022). During the geolog-
ical sequestration of CO2-contained IWG into shale gas reservoir,
the extraction and dissolution effects of acidic gases on shale can
increase the porosity and permeability, effectively enhancing shale
gas production (Godec et al., 2013; Zhan et al., 2017; Lyu et al., 2018;
Zhou et al., 2019). Additionally, this process can expand the diffu-
sion range and sequestration capacity of CO2-contained IWGwithin
shale gas reservoir, thereby enhancing the long-term stabilization
of CO2-contained IWG sequestration (Ao et al., 2017; Song et al.,
2019). Nevertheless, injecting CO2-contained IWG into shale gas
reservoir can lead to chemical reactions with minerals, resulting in
changes in pore structure, mechanical properties, surface charac-
teristics, and other physical properties of shale (Rezaee et al., 2017;
Fatah et al., 2021). Current research has not fully comprehended the
interaction of CO2-contained IWG with shale minerals. The out-
comes of these acid-rock interactions could be advantageous for
CO2-contained IWG geological sequestration, but they may also
increase the risk for the leakage of CO2-contained IWG (Liu et al.,
2016). Consequently, comprehensive investigation into the inter-
action processes involving CO2-contained IWG, shale minerals, and
water is imperative, along with the assessment of their impact on
the prolonged CO2-contained IWG sequestration stabilization in
shale reservoir.

Currently, several laboratory experiments and numerical
simulation studies have been conducted to evaluate the occur-
rence of acid-rock reactions during CO2 and IWG geological
sequestration processes, as well as their impact on reservoir
properties (Crandell et al., 2010; Yin et al., 2016; Rezaee et al.,
2017; Hadian and Rezaee, 2019; Hui et al., 2019; Wang et al.,
2019; Fatah et al., 2022). The research findings indicate that the
interactions between CO2, water, and rocks ultimately lead to a
reduction in cap rock porosity, which is favorable for the long-
term geological sequestration of gases. This is attributed to the
fact that during extended CO2 geological sequestration, calcite and
clay minerals undergo dissolution reactions in acidic aqueous
solutions, resulting in the precipitation of minerals such as quartz,
calcite, dawsonite, and kaolinite (Bhuiyan et al., 2020). This re-
duces the diffusion range of CO2, mitigates the risk of CO2 leakage,
thereby strengthening the stabilization of geological sequestra-
tion (Tian et al., 2014; Bhuiyan et al., 2020). However, the injection
of IWG such as SO2, NO2, and H2S into shale can lead to hydrolysis
reactions or redox reactions, generating acidic solutions such as
sulfurous acid, sulfuric acid, and nitric acid. These strong acids
significantly reduce the pH of formation water, accelerate mineral
dissolution and precipitation, thereby altering shale porosity and
permeability, affecting the integrity of reservoir rocks and cap-
rocks, and posing a threat to CO2-contained IWG sequestration
stability (Rochelle et al., 2004; Gaus et al., 2005; Kutchko et al.,
2007; Ellis et al., 2010; Pan et al., 2018). However, existing
research mostly focuses on the impact of pure CO2 or single IWG
on conventional reservoir geological sequestration, lacking the
impact of CO2-contained IWG-water-shale minerals interaction
on long-term stability of geological sequestration.

This paper aims to characterize the kinetic reactions of CO2-
contained IWG-water-shale and provide geological timescale re-
sults of these reactions by establishing a core-scale water-rock re-
action kinetic model. It delineates the variations in the pH of the
solution, gas dissolution, shale mineral dissolution/precipitation,
and rock porosity during water-rock reactions under different CO2
concentrations and predominant gas conditions. These findings
contribute to a deeper understanding of the characteristics of CO2-
contained IWG-brine-shale reactions and provide a basis for
assessing the prolonged CO2-contained IWG sequestration
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stabilization in shale reservoir.
2. Numerical modeling approach

2.1. Theoretical approach

Currently, the physical parameters of reservoir during geologic
sequestration are mainly studied by water-rock reaction kinetics.
Thus, in this paper, the 1D core-scale kinetic model was established
to characterize CO2-contained IWG-water-shale interactions. In this
model, the equilibrium process between CO2-contained IWG and
aqueous solution is thermodynamically controlled, while the dis-
solving and precipitating processes of shale within the aqueous
solution are kinetically controlled. The theories and equations used
in this model have been extensively validated and are highly reli-
able in accurately and efficiently simulating acid rock reactions
during geologic sequestration. In addition, since most of the
existing studies have focused on the interaction of pure CO2 with
minerals and there are synergistic as well as antagonistic in-
teractions between the various gases, the reaction database of the
present model has been rewritten to accurately simulate the in-
teractions between CO2-contained IWG, brine and shale.

In a shale mineral kinetic reaction, the concentration of sub-
stances in brine are described as (Zhu and Anderson, 2002):

dmi

dt
¼ ci;kRk (1)

where, ci,k represents stoichiometric coefficient of substance i
within the dissolution/precipitation reaction of mineral k; Rk rep-
resents dissolution/precipitation reaction rate of mineral k, mol/
(kg$s). Generally, the dissolution/precipitation rate varies depend-
ing on the progression of the reaction, necessitating the solution of
a set of ordinary differential equations.

Through water-rock interaction experiments, extensive kinetic
rates under various temperature, pressure, and aqueous solution
composition conditions have been measured. Nevertheless, various
scholars employ differing rate formulations to match the actual
reaction. In this model, a simplified kinetic reaction equation is
used, where the total kinetic reaction rate of shale minerals is
represented as (Palandri and Kharaka, 2004):

Rk ¼ rk
A0

V

�
mk
m0k

�n

(2)

where, rk represents specific rate of kinetic reaction of mineral k,
mol/(m2$s); V represents the mass of brine, kg; A0 represents the
reactive surface area of mineral at initial state, m2; mk represents
the molarity of the mineral at that moment; m0k represents the
initial molarity of the mineral; (mk/m0k)n represents a parameter
that accounts for the selective dissolution and aging of the mineral,
as well as changes in A0/V during the mineral dissolution/precipi-
tation process. homogeneously dissolved sphere and cube, n is
typically set to 2/3. Various expressions exist for the specific rate rk
of shale mineral kinetic reactions, and their form largely depends
on the comprehensiveness of information from physical simulation
experiments. Currently, the following general formula is commonly
used in kinetic simulations of water-rock reactions (Steefel and
Lasaga, 1994):

rk ¼ kk

�
1�

�
IAP
Kk

�s �
(3)

where, kk represents the temperature-dependent rate constant,
mol/(m2$s); Kk represents the equilibrium constant for mineral
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dissolution/precipitation reaction; IAP represents the ion activity
product; the correction factor s typically set to 1. In this rate
equation, IAP/Kk indicates the saturation ratio for dissolution/pre-
cipitation of mineral k, with dissolving reaction occurring at IAP/
Kk> 1whilemineral precipitation occurring at IAP/Kk< 1. Themerit
in the rate formulation is that it works for both oversaturated as
well as undersaturated states and becomes zero at equilibrium.
When the mineral dissolution/precipitation reaction is far from
equilibrium, the rate remains constant over a wide range (IAP/
Kk < 0.1), while the rate is close to zero as the reaction nears
equilibrium (IAP/Kk approaches 1).

The rate constant kk for shale mineral kinetic reactions is
calculated using the following formula (Lasaga, 1984):

kk ¼ k25 exp
�
� Ea

R

�
1
T
� 1
298:15

��
(4)

where, k25 represents the rate constant at 298.15 K, mol/(m2$s); Ea
represents the activation energy, J/mol; T is the simulation tem-
perature, K; R is the gas constant which takes the value of 8.314 J/
(mol K). In this model, activation energy rate constant at 298.15 K
for mineral-brine-rock reactions are obtained from the literature
(Gherardi et al., 2007), as shown in Table 1. This data is widely used
in all types of acid-rock response simulations and has a high degree
of accuracy.

In kinetic simulations of water-rock reactions, the equilibrium
constant Kk plays a crucial role in calculating gas solubility and the
dissolving and precipitation processes of shale minerals in
geological sequestration of CO2-contained IWG. Kk as a parameter
related to temperature which could be represented by the
following equation:

lg Kk ¼ A1 þ A2T þ A3

T
þ A4 lg T þ A5

T2
þ A6T

2 (5)

where, A1eA6 are constant which sourced from LLNL database. In
reaction kinetic calculation among CO2-contained IWG, water, and
mineral, reactive surface area for each mineral involved in the re-
action is crucial, as it significantly influences the result in acid-rock
interaction. In this paper, it is assumed that minerals consist of ideal
spherical particles (Koukouzas et al., 2018), with the particle
diameter of non-clay mineral (calcite, quartz, albite, dolomite, K-
feldspar, dawsonite, pyrite) being 3.3 � 10�5 m, while the particle
diameter of clay minerals (illite, montmorillonite, kaolinite) is
2 � 10�6 m (Mohd Amin et al., 2014). Then, according to the molar
mass and molar volume of each mineral, the mineral surface area
required for the water-rock reaction kinetics is calculated. This
method, compared to the BET method, can more accurately calcu-
late the mineral reaction surface area for core-scale water-rock
reactions and the influence of irregular mineral shapes on the
dissolution and precipitation rates of minerals is limited (Xu et al.,
Table 1
Kinetic parameters of shale minerals in this model (Gherardi et al., 2007).

Mineral Mole mass, g/mol k25, mol/(m2

Quartz 60 1 � 10�14

Calcite 100 1.6 � 10�6

Dolomite 184 3 � 10�13

Albite 262 2.8 � 10�13

K-feldspar 278 3.9 � 10�13

Illite 383.5 1.7 � 10�13

Montmor-Ca 365.61 1.66 � 10�13

Pyrite 120 4 � 10�11

Kaolinite 258 6.9 � 10�14

Dawsonite 144 1.3 � 10�9
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2010; Van Pham et al., 2012; Koukouzas et al., 2018; Hadian and
Rezaee, 2019). The specific calculation formula is as follows:

r¼Vm

M
(6)

Vs ¼3
4
pr3 (7)

As ¼4pr2 (8)

A¼ r
As

Vs
(9)

where, Vm represents molar volume for each shale mineral, m3/
mol; M represents molar mass for each shale mineral, g/mol; Vs
represents volume for mineral sphere, m3; r represents density for
each shale mineral, g/m3; As represents surface area for mineral
sphere, m2; r represents radius for mineral sphere, m; A represents
reactive surface area for each shale mineral, m2.

The equations obtained from the above expressions provide the
kinetic rate equations for various minerals involved in interaction
between CO2-contained IWG, water, and shale minerals. Since re-
action rates vary with time, it is necessary to integrate them over
the specified simulation time. This includes calculating the con-
centrations for each species in brine and simultaneously calculating
the changes in reaction rates. In this paper, the reaction kinetic
model for CO2-contained IWG-water-shale is solved using Runge-
Kutta (RK) method. This algorithm integrates the time-varying re-
action rates and ultimately provides the status for whole chemical
system at a given simulation time.

After calculating the amount of each mineral in the shale during
the geological sequestration process, the shale porosity can be
calculated by the change in mineral volume during the reaction
process, which is shown in the following formula:

f ¼ 1�
XNk

k

Vk
Vrock

(10)

where, f is the rock porosity; Nk is the number of minerals in the
rock; Vk is the volume of mineral k in the rock, m3; Vrock is the total
rock volume, m3.
2.2. Model concepts

In this paper, the 1D core scaled water-rock reaction kinetic
model (see Fig. 1) is established in order to emulate the interaction
between CO2-contained IWG, brine, and shale minerals under CO2-
contained IWG shale reservoir sequestration. Shale mineral
composition of the core sample used for kinetic model is
$s) Ea, kJ/mol Specific surface area, m2/g

87.7 0.0686
23.5 0.0671
52.2 0.0638
69.8 0.0693
38 0.0702
35 1.0909
35 1.2
62.76 0.0371
22.2 1.1538
62.8 0.0748
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Fig. 1. Schematic diagram of the 1D core-scale water-rock reaction kinetics model.
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summarized by Table 2. The mineralogical composition is refer-
enced from the deep Longmaxi shale in southern Sichuan Basin,
which pore and fracture types are mainly nanometer-sized pores
and tectonic fractures, with abundant contents of quartz as well as
clay mineral, each constituting over 30% of the composition. The
sample also contains minor amounts of feldspar (albite and K-
feldspar), carbonate minerals (calcite and dolomite), and pyrite.
Besides, according to the literature, it is known that the reservoir
temperature is 100e120 �C and reservoir pressure is 70e120 MPa
for deep Longmaxi shale in southern Sichuan Basin, so the pressure
and temperature of the kinetic model are set to 70 MPa and 110 �C.
The kinetic model was conducted under isothermal conditions at
110 �C, assuming a 0.1 � 0.1 � 0.1 m cubic rock with an initial
porosity of 10% and pure water filling the rock pores. Therefore, the
total porous medium volume in this model is 1 � 10�3 m3, which
contains 0.1 kg of water. CO2-contained IWG (gas composition as
CO2, NO2, CO, SO2, H2S, HF) was used to fill the rock pore space at a
pressure of 70 MPa (constant volume of 1 � 10�4 m3), simulating
the interaction between CO2-contained IWG, brine, and mineral of
shale for 1000 years. Since this model operates at the core scale, no-
flow boundaries were set as the boundaries of the model.
2.3. Model validation

Since the estimated values of mineral surface area can often
differ from actual values, to ensure the precision in simulated re-
sults for the CO2-contained IWG-brine-shale chemical kinetic
model, we compared and validated themodel against experimental
results conducted by literature (Fatah et al., 2021). Existing exper-
imental research data are mainly based on the CO2-brine-shale
reaction, and relatively little experimental data are currently
available for the CO2-contained IWG-brine-shale reaction. Since the
Table 2
Mineral contents of shale samples.

Mineral Chemical formula Molecul

Quartz SiO2 60
Calcite CaCO3 100
Dolomite CaMg(CO3)2 184
Albite NaAlSi3O8 262
K-feldspar KAlSi3O8 278
Illite K0.6Mg0.25Al2.3Si3.5O10(OH)2 383.5
Montmor-Ca Ca0.165Mg0.33Al1.67Si4O10(OH)2 365.6
Pyrite FeS2 120
Kaolinite Al2Si2O5(OH)4 258
Dawsonite NaAlCO3(OH)2 144
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composition of CO2-contained IWG in this study is dominated by
CO2, this study simulates the chemical reaction between CO2 and
Mancos shale to verify the accuracy of CO2-contained IWG-brine-
shale reaction model. This literature has examined the water-rock
reaction of sc-CO2 with Mancos shale mineral powder under tem-
perature conditions of 70 �C and pressure conditions of 177 atm.
The composition of the shale minerals used in their experiment is
similar to the shale sample used in this paper. The reaction time in
their experiment was 30 days. Therefore, using under the same
simulated conditions (mineral fraction, brine fraction, temperature,
pressure, simulation time) in this kinetic model to compare the
mass fractions of minerals in the reacted shale, and the comparison
results are presented as Fig. 2. From comparative validation results,
it is evident that after water-rock reaction, the shale's quartz con-
tent increases, while the content of carbonate minerals and clay
minerals decreases. This matches the experimental results, and the
comparison between the simulation results and experimental data
shows a relatively small discrepancy (with errors ranging from 2%
to 6%). The source of the error might be the estimation of mineral
reaction surface area in this model using the geometric calculation
method, which tends to underestimate the mineral's surface area
(Koukouzas et al., 2018). This could result in a slightly lower quartz
content and slightly higher content of minerals like illite, calcite, K-
feldspar, and kaolinite compared to the experimental results. In
summary, we believe that this kinetic model could be used to
precisely emulate the interactions between CO2-contained IWG,
brine, and shale minerals.

3. Results and discussion

3.1. Water-rock reaction results under different CO2 concentrations

The established chemical reaction kinetic model was employed
to emulate the interactions of CO2-contained IWG, brine, and shale
ar weight, g/mol Mass fraction, % Amount, mol

38.7 15.7722
6.4 1.565
4.7 1.1562
4.1 0.3827
3.3 0.2815

25.4 1.6196
10.2 0.6822
3.2 0.6725
0 0
0 0

Fig. 2. Validation of this model with experimental data (Fatah et al., 2021).
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over a period of 1000 years at different CO2 concentrations. The
initial fugacity of pure CO2 (in this study, fugacity is assumed to be
the partial pressure in the gas phase) was set at 70 MPa. As the
concentration of IWG increases, the initial fugacity of CO2 gradually
decreases until zero. The model provided the changes in solution
pH, gas solubility, shale mineral dissolution/precipitation, porosity,
and sequestration capacity due to dissolution and mineralization
throughout the CO2-contained IWG-brine-shale reaction process.
3.1.1. Changes in pH of aqueous solutions
The changes of solution pH during the CO2-contained IWG-

brine-shale reaction at different CO2 concentrations were illus-
trated as Fig. 3. According to the results, after injecting pure CO2
into the water-shale system for 0.1 year, the pH decreases from 7.0
to below 4.5 and gradually increases to 5.19 over the course of 1000
years. Furthermore, as the initial concentrations of CO2 within the
CO2-contained IWG decreases, the pH of aqueous solution gradu-
ally decreases. It is due to the increase in the initial concentration of
SO2 in the IWG, which readily dissolves in water and forms strong
acids like H2SO3 (Zhu et al., 2019; Turner et al., 2022). This leads to
an enhancement in Hþ concentration within aqueous solution.
Importantly, these hydrogen ions are not entirely neutralized
through reactions with shale minerals (mainly carbonate minerals),
ultimately leads to reduction in pH of aqueous solution.

The CO2 and IWG concentrations in CO2-contained IWG influ-
ence the Hþ concentration that can react within aqueous solution,
subsequently affecting the aqueous solution pH for the acid-shale
interaction process (Pearce et al., 2016; Liu et al., 2019). The Hþ

within water solution are continuously consumed through the
dissolving and precipitation reactions for shale mineral within
water, resulting in a gradual increase of aqueous solution pH in the
later stages of water-rock reactions. After 300 years of reaction, the
pH of the solution no longer shows significant changes. This is
because at this point, the gas has dissolved and precipitated in the
minerals to near saturation, and the interaction of CO2-contained
IWG, brine, and shale minerals reaches equilibrium.
3.1.2. Changes in gas components in the gas phase
The changes of gas components during the CO2-contained IWG-

brine-shale reaction at various CO2 concentrations were illustrated
as Fig. 4. It can be observed that after injecting CO2-contained IWG
into the shale reservoir for 0.1 year, NO2, HF, SO2, CO within the gas
phase is completely consumed, while CO2 and H2S are partially
0.1 1 10 100 1000
2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

pH

Reaction time, years

100% CO2

95% CO2 + 5% IWG
75% CO2 + 25% IWG
50% CO2 + 50% IWG
25% CO2 + 75% IWG
100% IWG

Fig. 3. Changes of pH during water-rock reaction with different CO2 concentrations.
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consumed. This is because NO2, SO2, HF have strong solubility
within brine and thus dissolve completely in the aqueous phase
(Turner et al., 2022). CO2 and H2S have weaker solubility in water,
so they only partially dissolve. Although CO is poorly soluble within
brine, it could be oxidized to generate CO2, ultimately resulting in
complete consumption of CO in the gas phase. Differences in sol-
ubility between gases affect their distribution in the reservoir and
their reactions with minerals. Gases with higher solubility (e.g.,
NO2, SO2) are mainly distributed in formation water in the reser-
voir, diffusing and triggering extensive mineral dissolution,
whereas gases with lower solubility (e.g., H2S, CO2) are usually
present in gaseous state and are concentrated in a specific area,
which may have localized impact on mineral dissolution in the
reservoir. With the reduction in the initial CO2 concentration of
CO2-contained IWG, the amount for CO2 in the gas phase gradually
decreases in the early stages for acid-rock reaction then reaches
equilibrium. The amount for H2S in the gas phase increases grad-
ually in the early stages of the reaction and reaches equilibrium.
When the concentration of IWG within CO2-contained IWG is
excessively large, the high Hþ concentrations within brine causes
them to react extensively with carbonate minerals (primarily
calcite), leading to the generation of a small amount of CO2. In
addition to the conversion of CO, this causes the amount of CO2 for
gas phase being higher than its initial value at the beginning of the
water-rock reactions.

As the interaction between CO2-contained IWG with brine and
minerals continues over 1000 years, the gases in the gas phase
exhibit consistent behavior. NO2, HF, SO2, COwere totally exhausted
in gas phase throughout the reaction. The amount of H2S in the gas
phase is mostly consumed at the beginning for the interaction and
remains almost constant. The amount for CO2 in the gas phase is
partially exhausted at the beginning for the interaction, gradually
decreases within 100 years for water-rock reaction, sharply de-
clines between 100 and 300 years, and eventually levels off after
300 years of water-rock reaction. This is due to dissolving and
precipitation for shale mineral within the aqueous solution, leading
to the consumption of Hþ in brine. The dissolving and precipitation
reactions for the shale mineral primarily occur between 100 and
300 years of water-rock reaction. During this period, Hþ concen-
trations of brine drop sharply, and the precipitation of carbonate
minerals consumes a significant amount of carbonate ions in brine,
leading to dissolution of a substantial portion of CO2 in the gas
phase into the water. Besides, the interaction between gases pro-
duces obvious synergistic and antagonistic effects. SO2, NO2 and
other gases with strong solvency capacity will release a large
number of Hþ when dissolved in brine, thus inhibiting the disso-
lution of CO2, H2S and other gases. Among them, a chemical reac-
tion may occur between H2S and SO2 to generate S and water. This
reaction can inhibit further reaction between SO2 and reservoir
minerals, thus reducing the acidification of SO2 and slowing down
mineral dissolution.

3.1.3. Changes in mineral dissolution/precipitation
The changes of shale minerals during the CO2-contained IWG-

brine-shale reaction under various CO2 concentrations were illus-
trated as Fig. 5. From the results, it can be seen that upon reaching
equilibrium in interaction of CO2-contained IWG with brine and
shale minerals, albite, illite, montmorillonite is completely dis-
solved, calcite partially dissolves, while pyrite is minimally involved
in the reaction; the reaction also results in the sedimentation in
quartz, K-feldspar, dolomite, dawsonite, kaolinite, of which
dawsonite and kaolinite were secondary mineral. With a decrease
in the initial concentrations for CO2 from the CO2-contained IWG,
the dissolution of calcite increases at the beginning period for the
interaction due to the heightened acidity for the aqueous solution.



(a) 100% CO2 (b) 95% CO2

0.1 1 10 100 1000
0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

CO2

NO2

H2S

CO
SO2

HF

CO2

NO2

H2S

CO
SO2

HF

CO2

NO2

H2S

CO
SO2

HF

CO2

NO2

H2S

CO
SO2

HF

CO2

NO2

H2S

CO
SO2

HF

CO2

NO2

H2S

CO
SO2

HF

Reaction time, years

Am
ou

nt
s 

of
 C

O
2, 

m
ol

Am
ou

nt
s 

of
 C

O
2, 

m
ol

0

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

0.045

0.050

Am
ou

nt
s 

of
 o

th
er

 g
as

es
, m

ol

0.1 1 10 100 1000
0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

Reaction time, years

0

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

0.045

0.050

Am
ou

nt
s 

of
 o

th
er

 g
as

es
, m

ol

Am
ou

nt
s 

of
 C

O
2, 

m
ol

Am
ou

nt
s 

of
 C

O
2, 

m
ol

Am
ou

nt
s 

of
 o

th
er

 g
as

es
, m

ol

Am
ou

nt
s 

of
 o

th
er

 g
as

es
, m

ol

Am
ou

nt
s 

of
 C

O
2, 

m
ol

Am
ou

nt
s 

of
 C

O
2, 

m
ol

Am
ou

nt
s 

of
 o

th
er

 g
as

es
, m

ol

Am
ou

nt
s 

of
 o

th
er

 g
as

es
, m

ol

(c) 75% CO2 (d) 50% CO2

(e) 25% CO2 (f) 0% CO2

0.1 1 10 100 1000
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

Reaction time, years

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

0.045

0.050

0.1 1 10 100 1000
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

Reaction time, years

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

0.045

0.050

0.1 1 10 100 1000
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

Reaction time, years

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

0.045

0.050

0.1 1 10 100 1000
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

Reaction time, years

2

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

0.045

0.050

Fig. 4. Changes of gas components during water-rock reaction with different CO2 concentrations.
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However, at equilibrium, a reduced initial CO2 concentration leads
to increased calcite dissolution. Simultaneously, the precipitation
for kaolinite, K-feldspar intensifies, while the precipitation for
dolomite, quartz, dawsonite decreases. This is attributed to the
increasing concentrations for IWG from the CO2-contained IWG,
resulting in a decrease in the pH for brine throughout the entire
reaction period, thereby promoting the extent of mineral
2609
dissolution/precipitation reactions. Consequently, calcite dissolu-
tion and the precipitation of K-feldspar and kaolinite increase.
Secondly, the diminished concentration of carbonate ions within
brine, because of the reduced concentration of CO2, resulting in
decreased precipitation for dolomite and dawsonite. Finally, the
increased dissolution reactions of calcite and intensified precipi-
tation reactions of K-feldspar and kaolinite further lead to a
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Fig. 5. Changes of shale minerals during water-rock reaction with different CO2 concentrations.
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reduction in quartz precipitation, as quartz primarily forms
through the dissolution reactions of silicate minerals.

As interaction between CO2-contained IWGwith brine and shale
minerals continues, it is evident that shale mineral has been dis-
solved or precipitated mainly occur between 10 and 200 years,
reaching an equilibrium state after 300 years. In the initial 0.1 years
of the reaction, only partial dissolution of calcite in shaleminerals is
2610
observed. Over the period from 0.1 years to 100 years, the disso-
lution of calcite gradually increases, and it rapidly dissolves be-
tween 100 and 300 years until equilibrium is reached. Dolomite
remains relatively constant in the first 50 years but subsequently
precipitates until equilibrium is achieved. Albite, illite, and mont-
morillonite in the clay minerals exhibit behavior similar to calcite.
Albite gradually increases in dissolution with time, dissolving
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completely after 50 years. Illite and montmorillonite dissolved
progressively more with time and reached equilibrium in 300
years, in which the findings were in agreement with those of
related studies (Liu et al., 2016). The behavior for quartz, kaolinite,
K-feldspar, dawsonite is similar. Their amounts remain relatively
stable in the early stages of the reaction, with gradual increases in
precipitation occurring in the mid-term until equilibrium is ach-
ieved. Dawsonite exhibits a unique behavior with initial precipi-
tation followed by dissolution at lower initial CO2 concentrations.
This is due to the decreasing concentration of carbonate ions in the
aqueous solution during the later stages of the reaction, coupled
with the precipitation of dolomite, which promotes the dissolution
reaction of dawsonite.

Based on the simulation results from Fig. 5, the dynamic process
for CO2-contained IWG-brine-shale interaction could be separated
in three stages. Firstly, during initial decade for acid-rock reaction,
the primary reactants are albite and calcite. These two minerals
start dissolving slightly, generating small amounts of quartz,
montmorillonite, and dawsonite precipitation. Subsequently, in the
second phase, the shale mineral dissolving and precipitating re-
actions rapidly increase then continue for approximately 300 years.
Finally, during the third stage (over 300 years later), minerals
continue undergoing slight dissolution/precipitation until equilib-
rium is reached. The dissolution/precipitation behavior of calcite in
this simulation aligns with existing finding (Hellevang et al., 2013),
which suggests that the reaction for CO2-contained IWG, water, and
shale minerals in the first 10 years gradually leads to calcite
dissolution, with subsequent dissolution increasing rapidly up to
the point where equilibrium is reached around 300 years. There
was no significant reaction of minerals including dolomite, pyrite,
kaolinite, K-feldspar in the first stage. However, in the second
phase, their dissolution/precipitation reactions intensified which
continue up to the beginning in third stage when equilibrium is
reached. According to existing literature (Zhu et al., 2019; Cheng
et al., 2020), during early stages of the water-rock reaction, quartz
experiences minimal dissolution. Nevertheless, with the progress
in acid-rock reaction, dissolving process for montmorillonite and
illite results in massive precipitation on quartz particles. Such in-
teractions made quartz particles become more stabilized under
acidic environment, which accelerated precipitation of quartz.
Additionally, the simulated outcomes from Fig. 5 suggest that the
content of shale minerals significantly changes during the second
phase for interaction between CO2-contained IWG, brine, and shale
mineral. This makes mineral trapping became primary mechanism
for CO2 geological sequestration in shale formations. Currently,
most of the existing studies focus on the water-rock reaction be-
tween pure CO2 and rocks, and there are fewer studies on industrial
waste gases, which have not evaluated the influence of impurity
gases on the stability of geological sequestration during the
geological sequestration process of CO2-contained IWG. Therefore,
the novelty of this study is to clarify the influence of CO2-contained
IWGwith different gas components on the geological sequestration
process. Compared with the pure CO2-brine-rock reaction, the acid-
rock reaction of CO2-contained IWGwith shale is more intense, and
the dissolution and precipitation of minerals are more significant.

3.1.4. Changes in shale porosity
The changes of shale porosity during the CO2-contained IWG-

brine-shale reaction at various CO2 concentrations were illus-
trated as Fig. 6. From the results, it can be seen that after injecting
CO2-contained IWG into the water-shale system for 0.1 year, the
porosity increases. Subsequently, over a period of 1000 years, it
gradually decreases until stabilizing, ultimately reaching a value
lower than the initial porosity. This decrease in porosity is advan-
tageous of the long-term stabilization for CO2-contained IWG
2611
geological sequestration in shale formations. As original concen-
trations for CO2 from CO2-contained IWG decreases, shale porosity
gradually increases throughout the entire reaction period. This is
due to the enhanced acidity of the aqueous solution, which pro-
motes the dissolution of minerals and, consequently, leads to an
increase in rock porosity.

As the water-rock reaction progresses, the rock porosity un-
dergoes distinct changes over time. Initially, within the first 0.1 year
of the reaction, the rock porosity increases. From 0.1 year to 100
years into the reaction, rock porosity experiences a gradual
reduction. Then, in the 100-year to 300-year timeframe, there is a
significant and rapid decrease in porosity. Eventually, after 300
years of the reaction, it stabilizes, and no further changes are
observed. This evolution can be attributed to the various stages for
interaction between CO2-contained IWG, brine, and shale minerals.
In early stages, the dominant reactions involve albite and calcite
dissolution, resulting in the increasing for shale porosity. In mid-
phase for CO2-contained IWG-brine-shale interaction, as shale
minerals precipitation reactions intensify, rock porosity gradually
decreases. Between 100 and 300 years, significant precipitation
reactions occur, causing a sharp reduction in rock porosity. Finally,
as the CO2-contained IWG-brine-shale interaction reaches equi-
librium, shale porosity stabilizes. The patterns in shale porosity
change provide valuable insights into the process of the CO2-con-
tained IWG injection in shale reservoir. In the initial phases,
increased porosity allows gases to diffuse over a wider area,
enhancing the storage capacity for CO2-contained IWG. However, as
the acid-rock reaction progresses, the gradual reduction in porosity
limits gas migration, improving the long-term stability of geolog-
ical sequestration. Over the entire process of CO2-contained IWG
geological storage, the significant reduction in shale porosity is
advantageous for the stability of geological sequestration (Xu et al.,
2019; Yang et al., 2020; Fatah et al., 2021). Besides, since the acid-
rock reaction takes place on geological time scale, the reaction
rate is relatively slow, resulting in a reduction in reservoir porosity
that occurs slowly, and therefore there is no risk of excessive
pressure buildup that could result in gas leakage.

3.1.5. Changes in dissolved and mineralized sequestration
The changes of sequestration capacity and rate due to dissolu-

tion and mineralization during the CO2-contained IWG-brine-shale
reaction at various CO2 concentrations were illustrated as Fig. 7.
Where, dissolved sequestration refers to the sequestration of CO2



Fig. 7. Changes of sequestration capacity and rate during water-rock reaction with different CO2 concentrations.
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by dissolving it in formation water; mineralization sequestration
refers to the generation of bicarbonate and hydrogen ions after CO2
is dissolved in formation water, which increases the acidity of for-
mation water, thus causing the dissolution of some formation
minerals, and further leading to the combination of metal cations
and CO2 in formation water to form some secondary stabilized
carbonate minerals, which leads to the sequestration of CO2 in the
2612
formation. So from the results, it can be seen that as initial con-
centrations of CO2 fromCO2-contained IWG decreases, the total CO2
sequestration in the shale reservoir diminishes, while the overall
sequestration rate increases. Within the sequestration mecha-
nisms, mineral trapping shows an increase in the sequestration
capacity, whereas solubility trapping decreases. In the early stages
for the interaction between CO2-contained IWG, brine, and shale
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minerals, the primary mechanism for CO2 geological sequestration
is solubility trapping. As the reaction progresses, at approximately
10 years into the reaction, the precipitation reactions of minerals
gradually intensify, resulting in a gradual increase in mineral
trapping capacity (Hui et al., 2019; Zhu et al., 2019; Fatah et al.,
2022). The trend continues until approximately 300 years into
the reaction when it stabilizes. At this point, mineral trapping
dominates the CO2 geological sequestration mechanism, contrib-
uting to approximately 90% of the total CO2 geological sequestra-
tion capacity, in line with the simulated results of mineral
dissolution/precipitation mentioned earlier. According to
numerous studies, mineralization sequestration is the most stable
form of geological sequestration of CO2, and therefore changes in
reservoir conditions or fluid chemistry will not destabilize it.
3.2. Water-rock reaction results under different dominant gas

The chemical reactions between CO2-contained IWG-brine-
shale, with different dominant gases, were studied using a kinetic
model. The initial concentration of the dominant gas was 50%, with
an initial fugacity of 35.0 MPa, while the other gases had an initial
concentration of 10% each, with an initial fugacity of 7.0 MPa. The
simulation results provided insights into the variations in solution
pH, gas solubility, shale mineral dissolution/precipitation, and
porosity throughout the CO2-contained IWG-water-shale reaction.
3.2.1. Changes in pH of aqueous solutions
The changes of solution pH during the CO2-contained IWG-

water-shale reaction at different dominant gases are illustrated in
Fig. 8. The results show that after injecting the CO2-contained IWG
with varying dominant gases into the water-shale system for 0.1
year, the pH of the solution decreases from 7.0 to below 4.1 for all
cases and gradually increases over the course of 1000 years (Mohd
Amin et al., 2014). In the initial stages of the water-rock reaction,
the pH of the solutions differs, with the order being SO2, H2S, CO2,
HF, NO2, and CO from lowest to highest. At equilibrium, the pH
order is SO2, CO2, NO2, H2S, HF, and CO from lowest to highest. This
pH variation is primarily controlled by the solubility of CO2 and the
different acids produced due to the varying strength of the domi-
nant gases inwater. Although CO is sparingly soluble inwater, it can
undergo redox reactions and converts to CO2 and dissolve in water,
producing the weak acid carbonic acid. On the other hand, while
NO2 is highly soluble in water and forms strong nitric acid, it
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undergoes intense dissolution reactions with calcite in the initial
stages of the reaction, leading to a decrease in pH.

3.2.2. Changes in gas components in the gas phase
The changes of gas components during the CO2-contained IWG-

brine-shale reaction at different dominant gases are illustrated in
Fig. 9. The results reveal that after injecting the CO2-contained IWG
with varying dominant gases into the water-shale system for 0.1
year, CO, NO2, SO2, and HF are all completely consumed, while H2S
is completely consumed under the NO2-dominant condition and
partially consumed under other dominant gases, and CO2 in the gas
phase not only does not decrease but increases. This phenomenon
is due to CO undergoing oxidation reactions and transforming into
CO2, while other IWGs dissolve in water, generating acidic sub-
stances. In the initial stages of the reaction, they dissolve calcite,
producing a substantial amount of carbonate and bicarbonate ions,
leading to the generation of CO2. As the reaction progresses under
different dominant gas conditions, CO, NO2, SO2, and HF are
consistently entirely consumed in the gas phase. The amount of H2S
in the gas phase is mostly depleted in the initial stages of the re-
action, after which it remains nearly constant. However, the con-
centration of CO2 in the gas phase increases initially and then
gradually decreases over the course of the water-rock reaction,
eventually stabilizing after 500 years. The decrease in CO2 con-
centration is also as a result of the reduced hydrogen ions con-
centration in water solution due to shale mineral dissolution/
precipitation and, the precipitation of carbonate minerals con-
sumes a substantial amount of carbonate ions in the water solution,
leading to significant CO2 dissolution in water. Additionally, the
simulation results indicate that during the process of injecting CO2-
contained IWG for geological sequestration in shale reservoirs, H2S
has a relatively poor solubility in formation water. As water-rock
reactions continue, the solubility of H2S does not significantly in-
crease. This observation suggests that the formation of many sour
gas reservoirs may be attributed to such factors (Li and Duan, 2007).
Therefore, it is advisable to avoid excessively high H2S concentra-
tions during the injection of CO2-contained IWG.

3.2.3. Changes in mineral dissolution/precipitation
The changes of shale porosity during the CO2-contained IWG-

water-shale reaction at different dominant gases are illustrated in
Fig. 10. From the simulation results, it is evident that due to the
conversion of COmainly via oxidation reactions into CO2, the trends
in shale mineral changes under CO-dominant conditions closely
approximate the results of the CO2-contained IWG-brine-shale
reactions. Under CO-dominant conditions, albite, illite, and mont-
morillonite completely dissolve; calcite partially dissolves; pyrite
hardly participates in the reaction; quartz, K-feldspar, dolomite and
secondary minerals like kaolinite and dawsonite, precipitate. As for
NO2 and SO2, they are highly soluble inwater, forming strong acids,
and thus, under NO2 and SO2 dominant conditions, the trends in
shale mineral changes closely resemble the results of the CO2-
contained IWG-water-shale reactions. The mineral transformation
trends are similar in both cases, albeit with a higher degree of
dissolution/precipitation reactions. Due to the dominance of NO2
and SO2, insufficient carbonate ions in the aqueous solution lead to
decreased dolomite precipitation, and dawsonite precipitates
initially and then gradually dissolves. Furthermore, since nitric acid
generated by NO2 dissolution can dissolve pyrite (Sturmer et al.,
2020), it results in partial pyrite dissolution in the presence of
higher NO2 levels in the CO2-contained IWG, which is not observed
in other gas-dominant conditions. Lastly, the results of reactions
under H2S and HF-dominant gases are relatively similar to each
other but distinct from reactions under other gases. In comparison
to the results of the CO2-contained IWG-brine-shale reactions,
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Fig. 9. Changes of gas components during water-rock reaction under different dominant gas.
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reactions under H2S and HF dominant gases also exhibit the
dissolution of quartz and the formation of montmorillonite. Addi-
tionally, aside from the dawsonite initially precipitating and then
entirely dissolving over time, the time to reach equilibrium in
2614
water-rock reactions is relatively longer under these two gas-
dominant conditions, occurring after about 700 years, which is
later than for other gases.
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3.2.4. Changes in shale porosity
The changes of shale porosity during the CO2-contained IWG-

water-shale reaction at different dominant gases are illustrated in
Fig. 11. According to the results, after injecting CO2-contained IWG
dominated by different gases into the water-shale system for 0.1
year, the porosity of the rock increases, and subsequently decreases
gradually until reaching stability. Ultimately, the rock porosity is
2615
lower than the initial value, which is favorable for the long-term
geological sequestration of CO2-contained IWG in shale forma-
tions. Throughout the entire water-rock reaction process, the rock
porosity under different dominant gases follows the order from low
to high as SO2, NO2, HF, H2S, CO2, and CO. This is primarily deter-
mined by the acidity of the aqueous solution, which can be inferred
from the pH of the aqueous solution (Koukouzas et al., 2018; Liu
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et al., 2019; Zhu et al., 2019). Strong acidity in the aqueous solution
promotes the dissolution reactions of shaleminerals, resulting in an
increase in rock porosity. In contrast, the pH of the aqueous solution
under CO2-dominant conditions, although relatively low, leads to
the release of a significant amount of carbonate and bicarbonate
ions upon dissolution in water, causing substantial precipitation of
carbonate minerals (dolomite and dawsonite). As a result, the rock
porosity is lower under these conditions. Additionally, the simu-
lation results suggest that in the early stages of geological seques-
tration in shale formations under high SO2 or NO2 concentrations,
the rock porosity significantly increases. This increase is not
conducive to the stability of the geological sequestration of CO2-
contained IWG.

The comparative analysis of the chemical reaction results be-
tween CO2-contained IWG dominated by different gases in water-
shale mineral systems reveals that when SO2 is the dominant gas,
the water-rock reaction in shale minerals exhibits a more pro-
nounced reactivity. Higher SO2 concentrations in CO2-contained
IWG result in increased dissolution/precipitation of minerals and
have a significant impact on the porosity of shale rocks. According
to the simulation results of this model, when the concentration of
SO2 in CO2-contained IWG exceeds 50%, the porosity of the shale
increases significantly and the integrity may be affected. This in-
dicates that in the context of CO2-contained IWG, SO2 exerts the
most substantial influence on water-rock reactions.

4. Conclusion

This paper established a one-dimensional water-rock chemical
reaction kinetic model at the core scale. The model was verified
using experimental data and used to simulate the interaction be-
tween CO2-contained IWG and shale. The study revealed the re-
action processes among CO2-contained IWG, water, and shale
minerals. It also explored the laws of water-rock reactions under
different CO2 concentrations and dominant gases. The research
achieved the following innovative findings.

(1) At equilibrium in the CO2-contained IWG-water-shale reac-
tion, SO2, NO2, HF, and CO are completely consumed. CO2 is
depleted by 56.07% of its initial amount, while H2S is
depleted by 78.94% of its initial amount. Ultimately, 75.71% of
the total gas volume is consumed. In terms of shale minerals,
albite, illite, and montmorillonite completely dissolve, while
2616
calcite partially dissolves. Pyrite barely participates in the
reaction, while quartz, K-feldspar, and secondary minerals
like kaolinite and dawsonite precipitate. Consequently, the
overall mineral content increases by 15.40% compared to the
initial amount.

(2) The CO2-contained IWG-water-shale reaction can be divided
into three stages. In the first 10 years, solubility trapping
dominates, with only a small amount of mineral dissolution.
The porosity of the rocks slightly increases during this stage,
posing a risk of gas leakage. During the second stage (10e300
years), mineral dissolution/precipitation reactions intensify.
Mineral trapping becomes predominant, and porosity
significantly decreases by aminimum of about 40%. After 300
years, the porosity stabilizes around this level. Lower
porosity is favorable for long-term geological sequestration
of CO2-contained IWG.

(3) As the initial CO2 concentration in the CO2-contained IWG
decreases, the initial pH of the solution also decreases from
4.42 to 3.61. This increased acidity enhances mineral disso-
lution reactions. During the initial stage of the reaction, rock
porosity increases by approximately 20%, which affects the
stability of geological sequestration. Lower initial CO2 con-
centrations lead to a lower total CO2 sequestration capacity
in the CO2-contained IWG geological sequestration,
decreasing from 1.30 to 0.44 mol. However, the total
sequestration rate increases from 58.97% to 99.46%. More-
over, the total sequestration rate of CO2-contained IWG also
rises from 58.57% to 98.56%.

(4) H2S demonstrates relatively poor solubility during the reac-
tion and consumes approximately 80% of its initial amount.
Therefore, caution should be exercised when H2S levels are
high during the geological sequestration of CO2-contained
IWG. Additionally, when the content of SO2 and NO2 in CO2-
contained IWG reaches 50%, mineral dissolution in the initial
stages of water-rock reactions significantly increases. The
porosity of the rocks increases by 35.04% and 26.52%,
respectively. Therefore, during the geological sequestration
of CO2-contained IWG, there should be consideration for the
risk of gas leakage when SO2 or NO2 levels are high.

(5) In the early stages of geological sequestration of CO2-con-
tained IWG in shale reservoirs, increased porosity allows
gases to diffuse into a wider range, thereby increasing gas
sequestration capacity. As water-rock reactions progress,
porosity gradually decreases, preventing gas migration and
enhancing the stability of geological sequestration.
Throughout the entire lifecycle of CO2-contained IWG
geological sequestration, the porosity of the shale signifi-
cantly decreases, further improving the stability of the
sequestration process.
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