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ABSTRACT

"Carbon peaking and carbon neutrality” is an essential national strategy, and the geological storage and
utilization of CO; is a hot issue today. However, due to the scarcity of pure CO, gas sources in China and
the high cost of CO; capture, CO,-rich industrial waste gas (CO,-rich IWG) is gradually emerging into the
public's gaze. CO; has good adsorption properties on shale surfaces, but acidic gases can react with shale,
so the mechanism of the CO,-rich IWG—water—shale reaction and the change in reservoir properties will
determine the stability of geological storage. Therefore, based on the mineral composition of the
Longmaxi Formation shale, this study constructs a thermodynamic equilibrium model of water—rock
reactions and simulates the regularity of reactions between CO,-rich IWG and shale minerals. The re-
sults indicate that CO, consumed 12% after reaction, and impurity gases in the CO,-rich IWG can be
dissolved entirely, thus demonstrating the feasibility of treating IWG through water—rock reactions.
Since IWG inhibits the dissolution of CO,, the optimal composition of CO;-rich IWG is 95% CO; and 5%
IWG when CO, geological storage is the main goal. In contrast, when the main goal is the geological
storage of total CO,-rich IWG or impurity gas, the optimal CO,-rich IWG composition is 50% CO, and 50%
IWG. In the CO,-rich IWG—water—shale reaction, temperature has less influence on the water—rock
reaction, while pressure is the most important parameter. SO, has the greatest impact on water—rock
reaction in gas. For minerals, clay minerals such as illite and montmorillonite had a significant effect
on water—rock reaction. The overall reaction is dominated by precipitation and the volume of the rock
skeleton has increased by 0.74 cm?, resulting in a decrease in shale porosity, which enhances the stability
of CO; geological storage to some extent. During the reaction between CO;-rich IWG—water—shale at
simulated temperatures and pressures, precipitation is the main reaction, and shale porosity decreases.
However, as the reservoir water content increases, the reaction will first dissolve and then precipitate
before dissolving again. When the water content is less than 0.0005 kg or greater than 0.4 kg, it will lead
to an increase in reservoir porosity, which ultimately reduces the long-term geological storage stability of
COy-rich IWG.
© 2023 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

reducing greenhouse gas emissions has become a pressing issue.
Currently, CO, geological storage is widely recognized as the

According to statistics from the International Energy Agency,
global CO; emissions related to energy reached more than 36.8
billion tons in 2022, an increase of 0.9% compared to 2021, leading
to an exacerbation of the greenhouse effect (IEA., 2022). Thus,
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preferred option to achieve this goal (Hu et al., 2019; Fatah et al,,
2020; Liao et al., 2022; Yuan et al., 2022; Li et al., 2023; Wang,
2023). In China, pure CO, gas sources are relatively scarce (Song
et al., 2023; Zou et al., 2023), and therefore, industrial waste
gases rich in CO, have gradually attracted attention. More than half
of the total CO, emissions from the use of fossil fuels worldwide are
attributed to the large fixed emission sources in the energy and
industrial sectors (Li et al., 2010). Industrial waste gases are the
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most significant source of CO, emissions (Ghayur et al., 2019; Teng
et al,, 2019; Zhang et al., 2022). However, the problem of dealing
with impurity gases (such as CO, SO, NO3, HS, HF, O,, etc.) in the
waste gases urgently needs to be solved. Therefore, achieving low-
cost and efficient carbon storage is crucial, and the issue of how to
treat impurities in the CO,-rich IWG at a lower cost is of paramount
importance.

Due to the excellent adsorption capacity and large specific sur-
face area for CO,, shale is considered an excellent site for carbon
storage (Liu et al., 2016; Merey and Sinayuc, 2016; Zhou et al., 2019;
Fatah et al., 2020). Existing studies have shown that injecting CO,
into shale gas reservoirs can not only increase the recovery rate of
shale gas but also achieve effective and stable carbon storage
(Middleton et al., 2015; Rezaee et al., 2017; Lyu et al., 2018; Song
et al,, 2018, 2019; Hadian and Rezaee, 2019; Wang et al., 2019;
Lang et al., 2021). Acidic gases such as CO,, SO, NO,, H,S, and HF,
when dissolved in water, can also undergo acid—rock reactions
with rock minerals to form mineral precipitates, which can be
permanently stored underground (Aminu et al., 2018; Zhou et al.,
2018; Sturmer et al., 2020; Yuan et al., 2021; Pearce et al., 2022;
Turner et al.,, 2022). Therefore, CO,-rich IWG can be directly
injected into shale reservoirs, which not only treats the impurities
in industrial waste gases but also achieves carbon storage, greatly
reducing the cost (Yuan et al., 2021; Wang et al., 2022a, 2022b).
However, the geochemical interactions between CO,-rich IWG and
shale are not yet well understood. The water—rock reactions can
affect gas dissolution and mineral dissolution/precipitation (Ilgen
et al, 2018; Zhu et al., 2019; Fatah et al,, 2021), significantly
affecting reservoir properties, increasing the risk of CO,-rich IWG
leakage (Liu et al., 2016), and posing significant safety hazards due
to the presence of toxic gases such as CO and H,S. Therefore, it is
necessary to conduct in-depth research on the reaction mecha-
nisms of CO,-rich IWG—water—shale and evaluate their impact on
reservoir properties.

Numerous experimental results have shown that CO, dissolved
in formation water forms carbonic acid, which reacts with various
clay minerals and carbonate minerals in shale formations, resulting
in significant changes in shale mineral composition (Yin et al., 2016;
Ao et al., 2017; Rezaee et al., 2017; Pan et al., 2018; Hui et al., 2019;
Fatah et al., 2021, 2022). In recent years, some scholars have con-
ducted experimental studies of the CO,—water—shale interactions
to evaluate the impact of CO; injection on the properties of shale
reservoirs and to demonstrate the feasibility of shale formations as
a geologic CO, storage site (Hadian and Rezaee, 2019; Hui et al,,
2019; Bhuiyan et al., 2020; Cheng et al., 2020; Dai et al., 2020;
Fatah et al., 2020, 2021; Pan et al., 2020; Qin et al., 2020; Zhou et al.,
2020). Although experimental studies allow us to control essential
parameters such as pressure and temperature and provide a good
assessment of the direction of CO,—water—shale interactions
(Koukouzas et al., 2018), mineral dissolution and precipitation
processes are slow and complex (Yang et al., 2020). Therefore, nu-
merical simulation of water—rock reactions can better clarify the
complex mechanism of CO,—water—shale interactions and study
the mineral evolution throughout the entire geological timescale of
the CO, geologic storage process (Zhang et al., 2020a, 2020b).

Many existing results mainly focus on the geologic storage of
CO; in traditional formations such as deep saline formations and
sandstone formations. There are few studies of shale formations,
and almost no studies of the interaction between CO,-rich IWG and
shale minerals. Therefore, the aim of this study is to investigate the
interactions between CO,-rich IWG (including CO;, CO, SO, NO»,
H,S, and HF) and shale, reveal the mechanism of the CO,-rich
IWG—water—shale mineral reactions, and obtain the regularity of

273

Petroleum Science 21 (2024) 272—285

the impact of water—rock reactions on the physical properties of
shale reservoirs. In this study, a core-scale model was established to
study the thermodynamic equilibrium state of the CO,-rich
IWG—water—shale mineral chemical system. The accuracy of the
model was verified by comparing it with the results of existing
literature (Klajmon et al., 2017).

2. Numerical implementation
2.1. Theoretical approach

The fundamental principles of geochemical modeling are based
on three main processes: thermodynamic equilibrium, reaction
kinetics, and mass transport processes. This study focuses on
simulating the thermodynamic equilibrium between CO,-rich IWG
(considering CO,, CO, SO, NO,, HsS, and HF), water, and shale
minerals. A single-phase, one-dimensional reactive transport
model was established to simulate thermodynamic equilibrium
models under specific reservoir conditions. In terms of chemical
equilibrium thermodynamics, this model combines three equa-
tions: mass action equations, mass balance equations, and charge
balance equations to establish a thermodynamic equilibrium
model. This model results in a series of nonlinear algebraic equa-
tions, which are solved using the Newton-Raphson iteration
method (Bethke, 1996). The subsequent section elaborates in detail
on the thermodynamic equilibrium model of the chemical re-
actions between CO,-rich IWG—water—shale minerals.

When a chemical system reaches thermodynamic equilibrium,
all possible chemical reactions within the system have forward and
backward reaction rates that are equal, meaning that the system
has reached a stable state with no net production or consumption
of chemical species. Therefore, the equilibrium conditions of each
chemical reaction can be used to calculate the equilibrium state of
the entire chemical system. In the field of hydrogeochemistry, the
most commonly used equilibrium condition for chemical reactions
is the law of mass action. The mass action equation for aqueous
solutions is generally expressed as follows:

Maq

Ki=a;[]am™, (1)
m

where K; represents the equilibrium constant of the chemical re-
action, which is temperature-dependent; a; represents the activity
of species i in the aqueous solution; M,q is the number of master
species in the aqueous solution of the reaction; c;;; represents the
stoichiometric coefficient of the master species m in species i,
which can be a positive or negative value. In this model, the terms
on the right side of the equilibrium reaction are assigned negative
values. In contrast, the terms on the left side are assigned positive
values. The total amount of species i in the aqueous solution can be
obtained from the mass action expression:

Maq
[

a; m
n; =miWyq = Y—I'Waq = KiWaqiy_ ,
1 1

(2)

where n; represents the total number of moles of species i in the
aqueous solution; m; represents the molar concentration of species i
in the aqueous solution; W,q represents the mass of solvent water in
the aqueous solution; v; represents the activity coefficient of species i
in the aqueous solution. The activity coefficient of a species in the
aqueous solution is defined by the Davies equation (Davies, 1951):
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where z; represents the ion charge number of species i in the
aqueous solution; A is a constant that is only related to tempera-
ture; u represents the ionic strength of the aqueous solution, which
is defined by the following formula:

logy; = —AZ?( 3)

N,
1 )
7 Wa

where N,q is the total number of species in the aqueous solution,
this model describes the equilibrium state by the law of mass ac-
tion. Thermodynamic equilibrium is reached when the system
satisfies the mass action equation simultaneously. However, the
mass action equation alone cannot be solved, and a series of
nonlinear equations must be derived by incorporating the mole
number equations of substances into the mass balance and charge
balance equations, which are ultimately solved using the Newton-
Raphson iterative method.

In the equilibrium model of chemical reactions in CO,-rich
IWG—water—shale minerals, not only the equilibrium of chemical
reactions in the aqueous solution must be considered, but also the
equilibrium between the water phase and other pure phases,
including minerals with fixed composition and gases with fixed
partial pressure. This model allows for multiple pure phases
(referred to as pure phase combinations) to equilibrate with the
water phase. According to Gibbs' phase rule, the activity of pure
phases is assumed to be 1.0. The activity of the water phase is then
calculated using the approximate value of Raoult's law (Garrels and
Christ, 1965):

p=s 4)

Nag

u0=1-0.017> 1
i

Waq '

(5)

This model uses dissolution reactions to describe the in-
teractions between each pure phase and the aqueous phase. Thus
pure phases are located on the left-hand side of the chemical
equation. The equilibrium condition of the pure phase dissolution
reaction can be expressed by the following mass action equation:

Mayq

Kp = [T am”, (6)
m

where K, is the equilibrium constant for the pure phase dissolution
reaction; and cpp is the stoichiometric coefficient of the master
species m in the dissolution reaction. The saturation index SI, of a
mineral is defined as

my
Sy =log [ [ ai~. (7
m

The function used in this model to describe phase equilibrium is

Maq

fo=(InKp + Sl target In 10) — [ [ cmyp In am, (8)
m

where Sl target is the target saturation index of the mineral, which is
specified by the user and indicates whether the mineral is over-
saturated, at equilibrium, or undersaturated with respect to the
solution, generally set to 0 by default. For gases with fixed partial
pressures, Sl target is the logarithm of the gas component partial
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pressure.

This model employs element balance equations to describe the
overall mass balance in the system, which is manifested as the total
moles of elements in the system being the sum of the moles initially
present in the pure phases and aqueous phase, as represented by
the following function:

Nag

NP
fimn=Tm - Z bm‘pnp - Z bm,inia 9)
p i

where the value of function f;; is zero when the system reaches
mass balance; Ty, is the total moles of each element in the system;
Np is the number of phases in the pure phase combination; n, is the
moles of each phase in the pure phase combination; by, and by
are the moles of element m per mole of species in the pure phase or
per mole of species in the aqueous solution, respectively.

In the initial solution calculations, this model adjusts the pH of
the aqueous solution using the charge balance equation to make
the solution electrically neutral or to calculate the activity of the
master species in the aqueous solution, thus obtaining the total
concentration of each element. The charge balance equation is
necessary to calculate the pH value in the batch reaction. In actual
solutions, the sum of anions and cations must be zero. However,
computational errors in chemical equilibrium calculations often
lead to charge imbalances in the calculated results. If the initial
solution calculation results in a charge imbalance, the pH value
needs to be adjusted in subsequent batch reactions to maintain the
same charge imbalance. In each initial solution calculation and in
each batch reaction step, the following formula is used to calculate
the charge imbalance in the aqueous solution:

Nag

Tz,q = Z zZin;,
i

where T, 4 represents the charge imbalance in the aqueous solution.
Therefore, in the process of chemical equilibrium simulation, at the
calculation of the initial solution and the beginning of each batch
reaction step, the charge imbalance of the entire system is defined
as follows:

(10)

Q
TZ :Zaqu@ (]])
q

where Ty is the charge imbalance of the entire chemical system; Q is
the quantity of water phase mixed in batch reaction steps; and g is
the mixing fraction of water phase g. Thus, the charge balance
equation for the entire chemical system is

Nag

fz:Tz_Zzinh (12)

where the system reaches charge balance when the value of
function f; is zero, when the combination of pure phase, aqueous
phase, and the master species in the aqueous solution of the entire
system satisfies the mass action equation, and all functions related
to the specific equilibrium calculation are equal to zero, the entire
system reaches an equilibrium state. This model uses the Newton-
Raphson method to solve the zero points of each function. With this
method, each function is differentiated with respect to each main
unknown quantity to form a Jacobian matrix. A series of linear
equations can be formed from the Jacobian matrix, and the iterative
solution of the continuous linear equation set can be used to obtain
the solution to the nonlinear equations, ultimately obtaining the
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state of the entire system when it reaches thermodynamic equi-
librium. In addition, the theory as well as the equations used in this
model have been extensively validated to simulate the thermody-
namic equilibrium state of chemical systems accurately and effi-
ciently with excellent reliability.

2.2. Model concepts

The mineral composition and chemical composition of the core
samples used in the equilibrium reaction simulation are shown in
Table 1. The shale mineral composition is based on the mineral
composition of the Longmaxi shale from Sichuan Basin (Dong et al.,
2018; Wang et al.,, 2021; Sun et al., 2023), where the content of
quartz, carbonate rocks dominated by calcite, and clay minerals
(illite and montmorillonite) is relatively high, all ranging from 20%
to 30%, and there are small amounts of feldspar and pyrite.

A simplified one-dimensional model of the water—rock reaction
at the rock core scale was constructed to simulate the equilibrium
of CO,-rich IWG—water—shale interactions during the geological
storage stage. The equilibrium model was performed under
isothermal conditions of 70 °C, assuming injection of 1.0 mol of
CO,-rich IWG (with a gas composition of 75% CO;, 5% CO, 5% NO»,
5% SO, 5% H3S, and 5% HF) into shale pore spaces at a pressure of
20 MPa, with a water—rock ratio of 100 g:50 mL. The temperature
and pressure conditions were set based on shallow shale reservoirs
in the Longmaxi Formation in the Sichuan Basin. The mathematical
principles of the equilibrium reaction model were based on the
thermodynamic data compiled by the Lawrence Livermore Na-
tional Laboratory. The equilibrium model used a set of chemical
reactions to simulate the thermodynamic equilibrium between
CO,-rich IWG dissolution in water and the interaction between
CO,-rich IWG and shale minerals. The chemical reactions involved
in the equilibrium model are shown in Table 2. These chemical
reactions control the interactions between various substances un-
der equilibrium conditions and the dissolution and precipitation of
minerals.

2.3. Model validation

This water—rock reaction model was compared and validated
against data from Klajmon et al. (2017) to ensure its accuracy in the
simulating mineral dissolution/precipitation in the chemical re-
actions between CO,-rich IWG—water—shale. The existing experi-
mental research data are mainly based on CO,—water—sandstone
reaction, and the experimental data of CO,—water—shale reaction
are relatively few at present. Since the mineral components of
sandstone and the reaction equations have some similarity with
shale, we simulated the CO,—clayey sandstone reaction to verify
the accuracy of the model of CO,—water—shale reaction. This study
investigated the interaction between supercritical CO, and clayey

Table 1
Mineral content and geochemical data of the shale samples.
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sandstone under a temperature of 43 °C and a pressure of 80 atm.
By establishing a model with the same simulation parameters
(mineral composition, formation water composition, pressure, and
temperature), the amount of mineral dissolution or precipitation
after the reaction was compared to verify the accuracy of the model.
The comparison results, as shown in Fig. 1, indicated that the dif-
ference between the two was not significant. Therefore, it is
believed that this water—rock reaction model can accurately
simulate the CO,-rich IWG—water—shale reactions. In addition,
compared to Klajmon model (Klajmon et al., 2017), the advantage of
this model is the use of widely validated theories as well as equa-
tions that can accurately and efficiently simulate the thermody-
namic equilibrium state of the mixed gas—water—rock reaction.

3. Results and discussion

3.1. Reaction regularity and mechanism of CO»-rich
IWG—water—shale minerals

3.1.1. Reaction regularity of single gas—water—shale minerals

The thermodynamic equilibrium results of each CO,-rich
IWG—water—shale minerals are shown in Fig. 2. The results indi-
cate that under the given temperature and pressure conditions, the
amount of CO, decreases from 1.0 mol to 0.81 mol after reaction,
ultimately consuming 19% of the initial CO, amount. It can be seen
that the addition of various industrial waste gases suppresses the
dissolution of CO,. CO, NO,, SO, and HF, were completely
consumed and produced a certain amount of CO,. HyS gas, due to its
low solubility, dissolved in water by 0.61 mol, without generating
any CO,. Regarding the shale minerals, the reaction with CO, and
each individual industrial waste gas resulted in the complete
dissolution of albite, illite, and montmorillonite and the precipita-
tion of a substantial amount of quartz. In the case of other minerals,
the reaction results of CO, and CO were analogous, both indicating
the partial dissolution of calcite, precipitation of dolomite, K-feld-
spar, and secondary minerals such as kaolinite and dawsonite. The
outcomes of the reaction of H,S gas with the former two were not
significantly different, except for the absence of a secondary min-
eral of dawsonite at the end. The solubility of NO, and SO, in water
generates strong acids like nitric acid and sulfurous acid (Pearce
et al.,, 2016; Turner et al., 2022), respectively, and the reaction ul-
timately results in more mineral dissolution. The NO,—water—rock
reaction ultimately led to the complete dissolution of calcite and
pyrite and partial dissolution of dolomite, with no secondary
mineral of dawsonite being formed, but rather a precipitation of
alunite. The water—rock reaction of SO, ultimately resulted in the
complete dissolution of calcite, dolomite, and K-feldspar, with only
alunite being generated in the secondary minerals. The reaction
outcome of HF gas showed the complete dissolution of K-feldspar,
partial dissolution of calcite, and precipitation of dolomite, with no

Mineral Chemical formula Molecular weight, g/mol Mass fraction, % Amount of substance, mol
Quartz Si0, 60 225 0.375
Calcite CaCOs 100 29.6 0.296
Dolomite CaMg(COs), 184 4.5 0.0245
Albite NaAlSi;Og 262 74 0.0282
K-feldspar KAISi3;Og 278 6.6 0.0237
Illite Ko_sMgo_zsAlz,gSi;sO]o(OH)z 383.5 16.9 0.0441
Montmor-Ca Ca0_155Mg0_33Al1_67Si4010(OH)2 365.61 10 0.0274
Pyrite FeS; 120 25 0.0208
Kaolinite Al,Si,05(0H)4 258 0 0
Dawsonite NaAICO5(0OH), 144 0 0
Alunite KAI3(OH)g(S04)2 414 0 0
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Table 2

Chemical reactions for the thermodynamic equilibrium model.
Pure phase Reaction logk
CO, CO, + H,0 = H* + HCO3 —7.8136
Calcite CaCO; + H* = Ca®* + HCO3 1.8487
Dolomite CaMg(CO3), + 2H" = Ca?* + Mg?* + 2HCO3 2.5135
Albite NaAlSiz0g + 4H" = Na* + AI** + 2H,0 + 3Si0, 2.7645
K-feldspar KAISi30g + 4H" = K* + AP* + 2H,0 + 3Si0; -0.2753
Mlite Ko.6Mg0.25Al235i35010(0H)2 + 8H* = 0.6K* + 0.25Mg?* + 2.3AP" + 5H,0 + 3.55i0, 9.0260
Montmor-Ca Cap.165Mgo 33Al1 67514010(0H); + 6H = 0.165Ca®* + 0.33Mg?* + 1.67AIP* + 4H,0 + 4Si0, 2.4952
Pyrite FeS,+ H,0 = 0.25H" + 0.25505 + Fe?* + 1.75HS™ —24.6534
Kaolinite Al,Si,05(0H), 6H" = 2A1P* + 5H,0 + 2Si0, 6.8101
Dawsonite NaAICO3(0OH), + 3H" = Na* + AI>* 4+ HCO3 + 2H,0 4.3464
Alunite KAI3(OH)g(S04); + 6H' = K* + 3AIP* + 2503~ + 6H,0 —0.3479

—l— This model
—@— Klajmon et al., 2017

Amount of dissolution/precipitation, mol

Fig. 1. Validation of this model with literature.

secondary mineral being formed at the end.

The thermodynamic equilibrium results of each CO;-rich
IWG—water—shale minerals vary with temperature, as shown in
Fig. 3. The results indicate that, under the simulated temperature
and pressure conditions, CO, NO,, SO,, and HF can all dissolve
completely. The solubility of CO, and H,S gases decreases as the
temperature increases, with H,S having a significantly higher sol-
ubility than CO, under the same conditions. As for shale minerals,
in general, high temperatures inhibit the continuous progress of
water—rock reactions. For example, as the temperature increases,
the solubility of CO, on K-feldspar decreases, and the amount of
reaction product quartz also decreases accordingly. The ability of
HyS gas to dissolve calcite also decreases with increasing
temperature.

The thermodynamic equilibrium results of each CO,-rich
IWG—water—shale minerals with different pressures are shown in
Fig. 4. The results indicate that within the simulated pressure and
temperature ranges, CO, NO,, SO,, and HF, were able to dissolve
completely. The solubility of CO, and HyS gases increases as the
pressure increases. With regard to shale minerals, increasing
pressure promotes water—rock reactions. For example, as the
pressure increases, the dissolution of CO, in K-feldspar increases,
and the amount of quartz produced also increases accordingly.

Fig. 5 displays the thermodynamic equilibrium results between
each CO,-rich IWG—water—shale minerals with respect to the gas
concentration. The results indicate that CO, NO,, SO, and HF gases
can all be completely dissolved under simulated gas concentrations
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and temperature conditions. CO, and H,S gases can be completely
dissolved at low concentrations but gradually reach a state of
dissolution equilibrium as the concentration increases. With
increasing acidic gas concentration, many shale minerals tend to
undergo precipitation before dissolution. For instance, calcite, K-
feldspar, kaolinite, and alunite all undergo precipitation before
dissolution until complete dissolution is achieved with the increase
in SO, gas concentration. Most of the existing studies of
water—rock reactions are on CO; or a mixture of CO, and a single
waste gas, and there is a lack of studies of the water—rock reactions
of a single waste gas with shale minerals (Farquhar et al., 2015;
Pearce et al., 2016; Fatah et al., 2021, 2022; Turner et al., 2022).
Combining this part of the study can provide a more comprehen-
sive analysis of the reaction mechanism between CO,-rich IWG and
shale minerals.

3.1.2. Reaction mechanism of single gas—water—shale minerals

The gas—water—rock interactions of CO,, CO, NO,, SO, H,S, and
HF are essentially characterized by the dissolution of gases in water
to form acids, which release H' cations that react with shale
minerals to produce acid—rock reactions. As a result, shale minerals
undergo a sequence of reactions upon dissolution in water, ulti-
mately leading to precipitation. This is consistent with the findings
of existing studies (Koukouzas et al., 2018; Liu et al., 2019; Zhu et al.,
2019), therefore the final reaction outcomes are closely linked to
gas solubility and acidity of the acids produced. Among the afore-
mentioned gases, SO,, NO,, and HF exhibit high solubility and
generate sulfurous acid, nitric acid, and hydrofluoric acid, respec-
tively, upon dissolution in water, which are strong acids. Therefore,
calcite, albite, illite, and montmorillonite are entirely dissolved
upon reacting with shale minerals, whereas quartz precipitates.
Nitric acid leads to pyrite decomposition and the formation of
alunite containing SO . As HF molecules possess high polarity,
they readily dissolve in water, yielding hydrogen fluoride. Despite
being a weak acid, hydrofluoric acid is highly corrosive and reacts
with quartz to produce silicon tetrafluoride. Consequently, high
concentrations of HF gas can dissolve quartz minerals after reacting
with shale minerals. In contrast to the aforementioned gases, CO,
and H,S exhibit weaker solubility in water and yield weak acids
upon dissolution in water. Consequently, only albite, illite, and
montmorillonite are entirely dissolved after reacting with shale
minerals, while quartz and some secondary minerals are produced.
As CO is challenging to dissolve in water, it undergoes oxidation
reactions primarily to form CO;. Thus, the reaction outcomes be-
tween CO gas and shale minerals are highly similar to those of CO,
and shale minerals.

3.1.3. Reaction regularity of mixed gas—water—shale minerals
The thermodynamic equilibrium results between CO,-rich
IWG—water—shale minerals are shown in Fig. 6. The simulation
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ig. 3. Amount of dissolution/precipitation on single gas and minerals at different temperatures. (a) CO,; (b) CO; (c) NOy; (d) SO,; (e) H,S; (e) HF.
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results reveal that the initial CO, amount of 0.75 mol decreased by
12% to 0.66 mol after reaction at the simulated temperature and
pressure conditions. Furthermore, the industrial waste gases were
entirely consumed, indicating that the storage of CO,-rich IWG in
shale reservoirs through dissolution and chemical reactions is
feasible. As for the shale minerals, the simulation results demon-
strate that albite, illite, and montmorillonite were entirely dis-
solved under the simulated conditions, while calcite and K-feldspar
were partially dissolved, and quartz, dolomite, secondary minerals
such as kaolinite, dawsonite, and alunite were precipitated. The
content of pyrite exhibited negligible change after reaction.
Compared to the previous studies, which mostly show the reaction
of pure CO, with rock minerals (Farquhar et al., 2015; Fatah et al.,
2021, 2022), the reaction produced alumite due to the presence of
SO, as well as H5S in the CO,-rich IWG.

The thermodynamic equilibrium results of CO,-rich
IWG—water—shale minerals at different temperatures, pressures,
gas compositions, and water content are shown in Fig. 7. Based on
the results, it can be concluded that the decrease in temperature,
increase in pressure, increase in IWG content in the gas mixture and
increase in water content under the simulated conditions will in-
crease the dissolved amount of CO; and thus promote the acid rock
reaction (Zhu et al., 2019; Liu et al., 2019). Besides, CO, NO3, SO,, and
HF are completely consumed under the simulated conditions, while
H,S is partially dissolved at lower pressure, IWG content, and water
content, which shows that under the usual geological storage
conditions of CO,-rich IWG in shale formations, it is feasible to treat
and storage IWG by water—rock reaction. As for shale minerals, the
dissolution of K-feldspar by CO,-rich IWG slightly decreases with
increasing temperature, while the precipitation of quartz and albite
significantly decreases, and the precipitation of kaolinite increases.
Increasing pressure promotes the dissolution of K-feldspar and
generates precipitation of quartz and albite. Increasing the content
of industrial waste gases in the mixed gas promotes the dissolution
of K-feldspar, calcite, and kaolinite and generates precipitation of
quartz and alunite. The effect of water content is more special,
many minerals, such as quartz, calcite, dolomite, K-feldspar, and
alunite, exhibit precipitation at low water content, followed by
dissolution at higher water content.

0.8

- Before reaction
- After reaction
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2. el
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Fig. 6. Amount of CO,-rich IWG and shale minerals before and after the reaction.
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3.1.4. Reaction mechanism of mixed gas—water—shale minerals

When the CO, concentration in the CO,-rich IWG reaches a high
level (95%), the concentrations and partial pressures of other gases
are low. Consequently, the results of the mixed gas—water—rock
reaction with shale minerals are comparable to those of the CO,
(Fatah et al., 2021, 2022). Specifically, albite, illite, montmorillonite,
and some calcite dissolve, while quartz, K-feldspar, and calcite
precipitate. Additionally, secondary minerals such as kaolinite,
dawsonite, and alunite are generated. Compared to the
CO,—water—rock reaction, the consumption of CO, reduces due to
the dissolution of NO,, SO,, and HF gases and the conversion of CO
gas. Furthermore, SO, addition results in the formation of sec-
ondary minerals containing sulfur, such as alunite. As the industrial
waste gas content in the CO,-rich IWG increases, the acidity of the
aqueous solution gradually rises, leading to a significant decrease in
CO, consumption. When the industrial waste gas content reaches a
high level (50%), the generation of CO; occurs. This phenomenon is
mainly due to the high carbonate (calcite dominated) content of the
shale samples selected in this study. Since industrial waste gas is
more acidic when dissolved in water, when the industrial waste gas
content is high, the concentration of hydrogen ions in the solution
is higher. Calcite reacts with hydrogen ions to produce a large
amount of bicarbonate, thus reversing the hydrolysis of CO, and
producing CO,. In addition, CO gas is not converted into carbonate
ions or bicarbonate ions, but only undergoes redox reactions to
produce CO,, which leads to the production of CO,. Regarding shale
minerals, as the industrial waste gas content increases, the disso-
lution of calcite and K-feldspar increases, and the final precipitation
of kaolinite and dawsonite decreases. Meanwhile, the precipitation
of quartz and alunite increases. This outcome occurs due to the
increase in the acidity of aqueous solutions, which promotes
water—rock reactions (Liu et al., 2019; Zhu et al., 2019), resulting in
the dissolution of more calcite, K-feldspar, kaolinite, and dawsonite
and the formation of more quartz and alunite.

3.2. Effect on shale reservoir physical properties

The variations of reservoir rock skeleton volume after
water—rock reaction with temperature, pressure and water content
are shown in Fig. 8. Most existing studies suggest that the
CO,—water—rock reaction leads to increased porosity of reservoir
rocks, which is detrimental to the stability of CO, geological storage
(Zou et al., 2018; Liu et al., 2019; Lee et al., 2019), but some studies
have obtained the opposite result (Xu et al., 2019; Zhu et al., 2019;
Yang et al., 2020). In this study, it can be seen that in the simulated
temperature and pressure ranges, the volume of reservoir rock
skeleton after water—rock reaction becomes larger, which means
that the water—rock reaction is mainly precipitation at this time,
and the porosity and permeability of the reservoir rock decrease.
With the increase in temperature, the volume change of reservoir
rock skeleton volume first decreases and then flattens out, which is
due to the fact that the increase in temperature inhibits the
dissolution of gas in water, which leads to the decrease in hydrogen
ion concentration in the aqueous solution and inhibits the chemical
reaction between hydrogen ion and minerals. Since the water—rock
reaction is dominated by precipitation under the reaction condi-
tions of this paper, the inhibition of the water—rock reaction leads
to a decrease in the amount of mineral precipitation and thus a
decrease in the amount of change in the volume of the reservoir
rock skeleton. As the pressure increases, the volume of reservoir
rock skeleton first increases and then level off. The reason is similar
to the effect of temperature, as the pressure increases, the dissolved
amount of gas increases, therefore it will promote the water—rock
reaction, leading to increases in mineral precipitation and reservoir
rock skeleton volume.
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Existing studies of CO,—water—rock reactions on reservoir
properties rarely involve the effect of water content. The effect of
water content on the physical properties of reservoir rocks is
different from those of temperature and pressure. The findings
demonstrate that, within the simulated temperature and pressure
ranges, as the amount of water increases, the volume change of the
reservoir rock skeleton first increases and then decreases. Specif-
ically, the volume of the reservoir rock skeleton initially decreases,
followed by an increase, and then a decrease again after the
water—rock reaction. This implies that the water—rock reaction
initially involves dissolution, then precipitation, and finally disso-
lution again. Correspondingly, the porosity and permeability of the
reservoir rock increase, decrease, and then increase again. The
observed trend can be attributed to the fact that, with an increase in
water volume, acidic gases can dissolve more readily, thereby
promoting water—rock reaction (Liu et al., 2019; Zhu et al., 2019).
Hence, when the reservoir contains less water, water—rock re-
actions are primarily dominated by dissolution. During this stage,
the hydrogen ions in the aqueous solution react with shale min-
erals, resulting in a small content of precipitation. As the water
content in the reservoir increases, the number of hydrogen ions
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participating in the reaction gradually increases. At this stage, the
metal cations produced by the dissolution of shale minerals react
with the acid anions generated by the hydrolysis of acidic gases to
form a considerable content of precipitation. Consequently, pre-
cipitation becomes the predominant type of water—rock reaction
during this phase. However, as the water content in the reservoir
continues to increase, the newly formed mineral precipitates
gradually dissolve. Consequently, the volume change of the reser-
voir rock skeleton after the reaction gradually decreases. Eventu-
ally, the volume of the reservoir rock skeleton decreases, and the
porosity of the reservoir rock increases. This outcome is unfavor-
able for the stability of the geological storage of CO,-rich IWG.

4. Conclusions

In this study, a one-dimensional chemical reaction thermody-
namic equilibrium model of the core scale was established. The
model was used to simulate the interaction between CO,-rich IWG
and shale to reveal the reaction mechanism between them and
explore the impact of this reaction on reservoir properties. Based on
the experimental data, several innovative insights were obtained.
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(1) The injection of CO,, NO,, SO,, HsS, and HF into shale for-
mations leads to their dissolution in water, resulting in the
generation of acids and subsequent mineral dissolution and
precipitation. The final outcome of this reaction depends on
the solubility of the gas and the acidity of the acid. Although
CO has low solubility in water, it can undergo oxidation to
produce CO5, leading to a similar reaction mechanism as CO,.

(2) The dissolution of CO, and H,S in water results in weak
acidity, leading to the complete dissolution of albite, illite,
and montmorillonite and the eventual generation of quartz
and some secondary minerals. Conversely, when SO,, NO»,
and HF are dissolved in water, they produce strong acidity
and can dissolve calcite, dolomite, K-feldspar, and some
secondary minerals. Following this reaction, a significant
amount of CO, is generated.

(3) The presence of IWG can inhibit the dissolution of CO; when
CO,-rich IWG reacts with shale. In certain conditions, these
gases may even generate CO,. Therefore, the optimal
composition of CO,-rich IWG is 95% CO, and 5% IWG when
CO; geological storage is the main goal, and that 19% of the
initial amount of CO, is consumed after the water—rock re-
action under these conditions. In contrast, when the main
goal is the geological storage of total CO,-rich IWG or im-
purity gas, the optimal CO,-rich IWG composition is 50% CO,
and 50% IWG, with 48% of the initial amount of CO,-rich IWG
consumed after the reaction. Under simulated temperature
and pressure conditions, CO, consumed 12% after reaction,
CO, NO;, SO,, and HF gases dissolve completely in water,
while HyS can dissolve mostly under most temperature and
pressure conditions, with a small portion remaining undis-
solved. Therefore, geological storage of industrial waste gas is
feasible.

(4) In the CO,-rich IWG—water—shale reaction, temperature has
less influence on the water—rock reaction, while pressure is
the most important parameter. On the one hand, the pres-
sure varies greatly from one reservoir to another. On the
other hand, the pressure not only affects the amounts of
various gases dissolved in the formation water, thus affecting
the reaction process of the acid rock reaction, but also affects
the total amount of injected gases, which has a significant
impact on the results of the CO,-rich IWG—water—shale re-
action. In addition, it can be seen from Fig. 3 that SO, has the
greatest impact on the acid—rock reaction in gas. For min-
erals, clay minerals such as illite and montmorillonite were
involved in the reaction in high amounts and at faster rates,
which had a significant effect on the results of the acid—rock
reaction.

(5) The overall reaction is dominated by precipitation and the
volume of the rock skeleton has increased by 0.74 cm?,
resulting in a decrease in shale porosity. Under simulated
temperature and pressure conditions, the water—rock reac-
tion is dominated by precipitation, with the change in
reservoir rock volume first decreasing and then gradually
becoming flat with increasing temperature and first
increasing and then gradually becoming stable with
increasing pressure. As the water content of the reservoir
increases, the water—rock reaction first dissolves, then pre-
cipitates, and then dissolves again. When the water content
is less than 0.0005 kg or greater than 0.4 kg, it will lead to an
increase in reservoir porosity, thereby affecting the stability
of long-term geological storage of CO,-rich IWG.
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