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CO; injection into geological formations has been proven to be an effective approach for carbon storage.
When dissolved in formation water, CO, forms carbonic acid that induces mineral dissolution at pore
surfaces under acidic conditions. Comprehensive understanding of geochemical interaction between
carbonic acid and reservoir rocks is crucial for assessing environmental impact on geological formations.
This study focuses on a tight oil sandstone reservoir. After characterizing basic petrophysical properties
and mineral composition of rock samples, a series of carbonic acid corrosion experiments with both core
and corresponding pure mineral samples were carried out, respectively. Dissolution solutions collected
during the experiments were analyzed to examine the variations of ion concentrations in both core and
Keywords: pure mineral solutions. The carbonic acid—pure mineral corrosion kinetics were investigated. The cor-
Carbonic acid—rock reaction relations between carbonic acid with core and pure mineral corrosion scenarios were established from
CO, the sample mass, reaction rate, and ion concentration. The results show that after corrosion, the mass of
Rgaction kinetics calcite and dolomite in the rock sample decreased by 66.7% and 27.3%, respectively. When the corrosion
Tight sand was stabilized, the concentrations of Ca®*t and Mg?" in the core solution were 72.9 and 74.4 mg/L,
Geological carbon storage respectively, which was 40.5—41.3 times higher than that of Na*. The reaction kinetics analysis of car-
bonic acid—rock revealed a two-stage reaction in the pure mineral corrosion process, rapid reaction
stage, and slow reaction stage, with different reaction rate constants and reaction orders for each ion.
With the correlation between carbonic acid reaction with core and pure minerals, an effective and rapid
evaluation method with pure minerals for the carbonic water—rock reaction is established, which costs a
shorter time and is easier to investigate. This study provides a simple and faster method to evaluate the
carbonic acid corrosion reaction during geological carbon storage.
© 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/).

Edited by Yan-Hua Sun

1. Introduction

CO, can be stored through geological methods, such as saline
aquifer, oil and gas reservoir (Ozotta et al.,, 2021). CO, exhibits
effective oil displacement in reservoirs, yielding economic benefits
alongside carbon reduction (Cao et al., 2023). Currently, the share of
unconventional reservoirs, notably tight and shale oil, in newly
proven reserves is on a gradual rise (Zhao et al., 2023). Unlike
conventional reservoirs, tight and shale reservoirs feature small
pore throats (Liu et al., 2021). The primary method for developing
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tight reservoirs is through staged fracturing of long horizontal wells
(Liu, 2022; Zou et al., 2021). However, rapid energy transfer and
production decline occur after the fracturing process. CO, injection
not only enhances formation capacity but also improves the re-
covery rate, offering significant potential applications (Wu et al.,
2023; Yang et al., 2024; Cao et al., 2023; Li et al., 2023).

Upon CO; infiltration into the formation, it dissolved in the
formation water, resulting in the formation of carbonic acid (Liang
et al,, 2021; Zhao et al., 2021; Zhou et al., 2021). Elevated temper-
atures and pressures enhance acidity, facilitating the dissolution of
reservoir minerals. Elucidating the chemical reactions involving
carbonic acid and minerals in the reservoir is crucial for a deeper
comprehension of how carbonic acid—rock reactions affect
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reservoir physical properties (Hematpur et al., 2023; Khather et al.,
2022; Talebi et al., 2022; Xu et al., 2023; Yang et al., 2023). This
insight serves as a theoretical foundation for applying CO, injection
technology in the field to improve recovery efficiency in tight res-
ervoirs (Yan et al., 2023).

CO, reacts with various types of rock minerals, and the reaction
process is influenced by factors such as mineral type, reaction
temperature, and reaction pressure (Fatah et al., 2021; Gholami and
Raza, 2022; Liu et al., 2022; Song et al., 2020; Zhang et al., 2019).
Scholars have employed laboratory experiments and numerical
simulations to investigate the dissolution patterns over time of
various types of minerals and rock samples under different tem-
perature and pressure conditions, aiming to elucidate the carbonic
acid—rock reaction process. Rock cores consist of various minerals
in different proportions. Studying the reactions of different min-
erals with CO, is essential for understanding the phenomena of
rock core reactions. Tang et al. (2006) conducted X-ray diffraction
and energy—dispersive spectroscopy analyses on the chemical
behavior of kaolinite in carbonic acid. In the 5% HCl + 7% HBF4
system, the average corrosion rate was only 11.82%. Kaolinite ex-
hibits relative stability in carbonic acid, primarily due to its for-
mation in acidic media. Kaszuba et al. (2005) found that quartz
surfaces were hardly dissolved when treated with CO, under con-
ditions of 200 °C and 20 MPa. Only a large amount of clay minerals
covered the surface, indicating the good stability of quartz in CO;
solutions. To clarify the influence of reaction status on corrosion
extent, Zhou et al. (2016) studied the corrosion rates of rock fluids
at 200 and 250 °C. They found that the dissolution of plagioclase
was higher than that of potassium feldspar, and increasing tem-
perature significantly increased dissolution rates. Under dynamic
fluid—rock interactions, mineral dissolution was much higher than
static fluid interactions, as flowing fluid could flush away dissolved
minerals, facilitating further dissolution. In contrast, equilibrium
was reached after 15 days in static fluid—rock interactions, but
dynamic reactions did not reach equilibrium. To further understand
the reaction conditions within rock cores, Sun et al. (2021)
measured the changes in relative permeability of tight reservoirs
before and after CO,—carbonic acid corrosion using steady—state
methods. They compared the mineralogical changes before and
after rock dissolution, finding that corrosion between CO, and
minerals occurred in both small and large pores. With increasing
reaction pressure, larger pores were more susceptible to expansion
than smaller ones. Ferrodolomite, calcite, and dolomite were the
most sensitive minerals, with dissolution rates exceeding 11.2 wt%.
However, evaluating carbonic acid—rock reactions in porous media
is time-consuming, and there are significant differences between
pure mineral—carbonic acid reactions and porous media (Jia et al.,
2022). The kinetics of carbonic acid reactions with tight rock
cores and pure minerals under the same conditions are still unclear
(Chen et al., 2023).

Currently, research on the interaction between CO; and rocks
and minerals is predominantly within the realm of geochemistry (Li
et al, 2022). Nevertheless, the assessment of dynamic carbonic
acid—rock reactions in porous media is time-intensive (Eyinla et al.,
2023; Liu et al., 2023; Lu et al., 2022; Memon et al., 2022; Wang
et al, 2023), however, the pure mineral—carbonic acid experi-
ment is time efficient. Nevertheless, there is a gap between the pure
mineral—carbonic acid reactions and rock—carbonic acid reaction.

This study focuses on a representative tight sand oil reservoir.
Initially, the mineral composition and content of the core are
defined. Subsequently, distinct systems for carbonic acid—core
mineral corrosion and carbonic acid—pure mineral corrosion are
established. Corrosion experiments are conducted separately for
both core and pure minerals. This process yields data on the min-
eral composition and ion concentration of the solution throughout
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the dissolution. The kinetic equations for carbonic acid corrosion
reactions with individual pure minerals are derived by fitting the
parameters of the pure mineral corrosion reaction. Based on the
mass, reaction rate, and ion concentration features of stable re-
actions between the core and pure mineral, a correlation method
for the reaction between carbonic acid with the core and pure
mineral is developed. Additionally, an evaluation method is
established to assess the reaction between carbonic acid and pure
mineral, enabling the evaluation of the dynamic carbonic
acid—rock reaction during the carbon storage process in reservoir
conditions.

2. Experimental
2.1. Materials

The core samples used in experiments were sandstone outcrop
samples, which were acquired from the Changqing Oilfield. The
core samples are 2.51 cm in diameter and 5.05 cm in length,
respectively, with porosity of 11.25% and Klinkenberg permeability
of 0.182 x 1073 pm?.

The target reservoir depth ranges from 800 to 1850 m. The
average reservoir temperature is 44 °C, and the formation pressure
is 15 MPa.

Ultrapure water used has a resistivity of 18.25 MQ-cm at 25 °C
and pH of 7.

Natural pure mineral samples (purity > 95%), such as calcite,
dolomite, potassium feldspar, albite, and ferrodolomite were also
used for carbonic acid—pure mineral dissolution experiments,
based on the XRD results of core samples taken from the target
block. This approach aimed to establish a corrosion correlation with
the results from core sample and pure minerals. These pure min-
erals were ground into powder with a particle size of 200—300
mesh using an agate mortar.

2.2. Experimental procedures
2.2.1. Carbonic acid—core corrosion experiment

(1) A core cutting machine was used to slice the rock core into a
1.5 mm thickness samples. The ultrasonic cleaning machine
was then employed to remove debris from the cutting sur-
face. After dried in an oven, an X-ray diffractometer (D/
max250, Rigaku) was used for the mineral composition
analysis. The remaining portion of the core was weighed for
dry mass and then used in subsequent experiments.

(2) A high-pressure core saturation instrument (BH-1, Hai'an Oil
Scientific Instrument) was employed to vacuum the core for
12 h. Subsequently, the core was saturated with simulated
formation water and pressurized at 20 MPa for 24 h.

(3) The experimental setup, as shown in Fig. 1, was assembled.
Initially, at room temperature, CO; was injected into the
piston accumulator with the booster pump, reaching half of
the predetermined pressure of 15 MPa (7.5 MPa). Subse-
quently, the temperature was elevated to the predetermined
value of 44 °C. Once the pressure in the piston accumulator
stabilized (consistently exceeding the preset value
throughout the experiment), the exhaust valve was opened,
and the pressure was reduced and stabilized to the preset
value of 15 MPa. Then CO; was injected into the simulated
formation water using the syringe pump (ISCO 260D, Tele-
dyne) under a constant pressure of 15 MPa, ensuring com-
plete CO, dissolution in the simulated formation water.
Saturated carbonic acid was prepared when the flow rate of
syringe pump stabilized at 0 mL/min.
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Fig. 1. Schematic diagram of carbonic acid—core corrosion experiment.

(4) The water-saturated core was placed into the core holder and
preheated for 2 h. The back-pressure pump was employed to
elevate the pressure to the designated value of 15 MPa. A
tracking pressure difference of 3 MPa was set at the confining
pressure, to ensure that the confining pressure exceeded the
injection pressure of 3 MPa consistently.

(5) The syringe pump was utilized to introduce saturated car-
bonic acid into the core at a flow rate of 0.1 mL/min. Once the
upstream pressure stabilized, a 10 h shut-in was carried out
for the rock sample. Subsequently, saturated carbonic acid
was reinjected into the core at a flow rate of 0.1 mL/min to
achieve complete core dissolution. After the upstream pres-
sure stabilized once again, the core displacement experiment
was finished. Throughout the experiment, liquid samples
were collected at 5, 10, 16, 20, 26, 39, 58, and 75 h, respec-
tively, for ion analysis using an inductively coupled plasma
mass spectrometer (ICPS-10001V, Shimadzu).

(6) After collecting the produced corrosion liquid, CO, was
introduced into the core for drying, and the dissolved core
was subsequently removed, dried, and weighed. A 1.5 mm
thick slice was then cut from the inlet end, and core powder
at the center of the slice was chosen for the mineral
composition analysis.

(3) CO, was introduced into the piston accumulator at 15 MPa

through a syringe pump, to make sure a continuous satura-
tion of carbonic acid in the water within the reagent bottle.
This saturated carbonic acid facilitated the complete corro-
sion of the mineral powder, initiated the corrosion reaction
in the piston accumulator. Throughout the experiment, the
injection of CO, into the piston accumulator was carried out
using a syringe pump at a constant preset pressure.

(4) Atotal of 5 sampling times were designated, 6, 30, 40, 52, and

75 h, respectively. Samples were extracted from the piston
accumulator at each specified time. Once reached the sam-
pling time, the inlet valve of the corresponding piston
accumulator was closed to maintain constant pressure of the
others. The pressure in the specific accumulator was
released, the dissolution solution was collected. Ionic
composition and content in the liquid were analyzed using
the inductively coupled plasma mass spectrometer. Then the
remaining powder in the reagent bottle was dried, and the
dry mass was measured.

(5) Upon completion of all sampling procedures, steps (1) to (3)

were repeated with another pure mineral as outlined above.

In order to calculate the pH of carbonic acid in the experimental

conditions, the dissolved volume of CO5 in certain volume of water
is needed. According to the injected volumes of CO, and water and
the container pressure, the solubility of CO, is calculated to be

2.2.2. Carbonic acid—pure mineral corrosion experiment

25.5 m>/m> at experimental conditions (44 °C and 15 MPa), which

is equivalent to 25.5 L/L. Under standard conditions (0 °C, 0.1 MPa),

(1) Four grams of pure minerals were weighted and subse-
quently dried and grounded into 200—300 mesh powder.
Then the mineral powders were placed into a reagent bottle
with 30 mL of ultra-pure water. Several holes were punc-

the molar volume of CO; is 22.414 L/mol. At 44 °C and 15 MPa, we
need to consider the equation of state for ideal gas to estimate the
molar volume as Eq. (1):

tured through the reagent bottle cap to ensure the smooth Vim =RT/P (1)

entry of CO,. Finally, the reagent bottle was placed into the

piston accumulator. where Vp, is the molar volume, L/mol; R is the universal gas con-
(2) The experimental device was assembled as per the configu- stant, L-MPa/(mol-K); T is temperature, K; P is pressure, MPa.

ration outlined in Fig. 2, then the aforementioned step (3)

It is calculated that Vy, is 0.1758 L/mol at 44 °C and 15 MPa. The

was repeated to establish a high-pressure CO; piston molar concentration of CO; in solution is equal to 145.02 mol/L. The
accumulator. equation of CO; dissolved in water is as follows:

2144
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We focus on the dissociation in the first step, where the equi-
librium constant K; = 4.3 x 10~7. Since only 0.3% of dissolved CO,
formed H,COs, the concentration of carbonic acid is 0.44 mol/L,
[H*] = /Ka x [H,CO3] = 4.34x 104, pH = — logH'] = 3.4.
Therefore, the theoretical pH of saturated carbonic acid under the
experimental conditions is calculated to be 3.4, which is close to the
similar experimental conditions from previous study (Wigand
et al., 2008).

3. Results
3.1. Mineral variation during carbonic acid corrosion

3.1.1. Original mineral composition of core samples

The varied mineral composition of the core influences its
interaction with CO,. After the thin slice of the core was dried, the
core powder was prepared using an agate mortar. Subsequently,
the mineral composition of the core powder was analyzed with an
XRD instrument (D/max250, Rigaku). The results are detailed in
Fig. 3.

The core is predominantly composed of silicate and carbonate
minerals. Quartz accounts for the largest proportion of 49%. The
amount of minerals that could react with carbonic acid accounts for
48% of the total core minerals. Specifically, it contains 14% albite,
10% ferrodolomite, 11% dolomite, 10% potassium feldspar, and 3%
calcite. The content of clay minerals is minimal, only 3%. This
composition represents a typical tight sandstone formation with
significant feldspar content.

3.1.2. Corrosion of core samples
Weighing the core mass before and after dissolution, we
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Fig. 3. Mineral composition of the outcrop core sample.

observed that the mass of the core before corrosion was 59.194 g,
and after dissolution, it reduced to 58.469 g, representing a
decrease of 1.22%. Based on the XRD results of the core before and
after dissolution, the reaction equations for each mineral with CO,
are provided in Table 1.

After the corrosion reaction, the relative contents of calcite,
dolomite, potassium feldspar, albite, and ferrodolomite decrease by
66.7%, 27.3%, 20%, 14.3%, and 10%, respectively. Upon CO; injection
into the reservoir, calcite, dolomite, potassium feldspar, albite, and
ferrodolomite react with carbonic acid, forming soluble bicarbon-
ate and leading to the dissolution of minerals in proximity to the
pores. Consequently, the content of each mineral decreases,
resulting in a decline in the core mass.

After the corrosion reaction, the quartz content in the core
increased from 49% to 57%. Owing to the substantial feldspar con-
tent in the core, the corrosion reaction of potassium feldspar and
albite with carbonic acid generates silicic acid. Due to the instability
of silicic acid, it will lead to the decomposition of silicic acid into
quartz. After the corrosion reaction, the content of clay minerals
increased from 3% to 5%, primarily attributed to the elevated feld-
spar content in the core. Under experimental conditions, carbonate
acid reacts with feldspar and produces precipitation of kaolinite.
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Table 1
Chemical reactions between minerals and carbonic acid.
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Mineral Reaction equation

Produced mineral

Calcite (CaCOs3)

Dolomite (CaMg(COs);)

Potassium feldspar (KAISi3Og)
Albite (NaAlSizOg)

Ferrodolomite (Ca(Fe;,,Mg,)(CO3),)

CaCO03 + CO, + Hy0—Ca®* + 2HCO;
CaMg(CO3), + 2C0, + 2H,0—Ca?* + Mg?* + 4HCO3~ /
2KAISi30g + 2C0; + 11H,0— Al,Siz05(0H) 4 | + 2HCO3 ™ + 2K + 4H,Si0,

2NaAlSi3Og + 2C0, + 11H,0— Al,Si;05(0H) 4 | + 2HCO3 ™ + 2Na*t + 4H,Si04
Ca(FemMg,)(CO3), + 2CO, + 2H,0—4HCO5 ™ + Ca®* + nMg?* + mFe?* /

/

Kaolinite (Al,Si;0s(0H)4)
Kaolinite (Al,Si>O5(0H)4)

3.1.3. Corrosion of pure minerals

The mass of the mineral powder sample was measured after
dried within the specified sampling intervals. Then, the dissolution
rate (Eq. (2)) for each mineral is calculated across various reaction
durations. The results are presented in Fig. 4.

Ry=(my —my) /my (2)
where Ry is the dissolution rate, %; my is the initial mass of pure
mineral, mg; m is the pure mineral mass after dissolution, mg.

The dissolution rate of calcite quickly rose to 0.46% within the
initial 40 h and ultimately reached 0.51%. Dolomite reaction pri-
marily occurred in the initial stage, with the rate swiftly increasing
to 0.29% within the first 5 h and ultimately reaching 0.41%. Potas-
sium feldspar and albite exhibit slow dissolution rates at 0.22% and
0.16%, respectively. Ferrodolomite demonstrates an extremely low
dissolution rate, measuring only 0.04%. Under experimental condi-
tions, calcite and dolomite readily undergo corrosion reactions with
carbonic acid, displaying a strong sensitivity to it. Rapid mineral
dissolution leads to the formation of soluble matter, causing a
decrease in mineral mass and an increase in corrosion rate. The
dissolution rate of pure minerals generally exhibits an increasing
trend over time, signifying complete exposure to carbonic acid. The
mineral corrosion reaction persists, constituting a prolonged
chemical reaction process. During the corrosion reaction, the
dissolution rates stabilized at 40 h for calcite, potassium feldspar and
albite, and 15 h for dolomite, respectively. The kaolinite generated by
the reaction ceased participation, leading to the passivation of the
original mineral surface. Consequently, the concentrations of ions in
solution no longer experienced a rapid increase.

0.8
—#— Calcite
—®— Dolomite
—&A— Potassium feldspar
o6 —v— bt
' —4&— Ferrodolomite
=
(=)
)
2
©
Ry
[= ]
S 0.4
[7]
o
=
o
@)
0.2 4
" * \ g g —&
0 T T T

20 40 60 80

Time, h

Fig. 4. Corrosion rate of pure minerals with carbonic acid.
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3.2. Solution ion evolution during carbonic acid corrosion

3.2.1. Ionic variation during core dissolution

During the carbonic acid—core corrosion experiment, the
introduction of a saturated simulated CO, solution into the core
initiates multiple reactions within core pores. Subsequently, the
reaction solution was collected at the predetermined reaction time,
and its ionic composition and content were analyzed using an
inductively coupled plasma mass spectrometer. Fig. 5 illustrates the
terznporal variations in concentrations of Ca®*, Mg?*, Na*, K*, and
Fe*™.

Since the dissolved products of calcite and dolomite both
contain Ca?*, Ca®* is selected as the representative ion of calcite
during its dissolution process, the influence of Ca®>* produced by
dolomite should be excluded. Since the reaction of carbonic
acid—dolomite generates the same amount of Ca®* and Mg?*, the
Ca** concentration is modified by referring to Eq. (3). The result is
shown in Fig. 6

Ccaz+ = Ct(caz+) - Ct(Mg2+) (3)
where C.p.. is the Ca®* concentration from the dissolution of
calcite, mg/L; Ct(Ca“) is the total concentration of Ca*" in the
effluent at any time t, mg/L; Ct(Mg2+) is the total concentration of
Mg?* in the effluent at any time t, mg/L.

Notably, among the core components, calcite and dolomite
exhibit heightened corrosion sensitivity, leading to elevated ion
concentrations during the multiple-phase reaction. In the initial
stages of the reaction, the Ca’" concentration sharply rose to
230.3 mg/L after 5 h of corrosion, followed by a rapid decline from
161.5 to 33.4 mg/L between 5 and 16 h. Subsequently, in the later
stages of the reaction, the Ca** concentration gradually decreased,
ultimately stabilizing at 72.9 mg/L. Calcite exhibits a high sensi-
tivity to dissolution. Upon injecting carbonic acid into the core,
rapid corrosion reactions occurred upon contact with calcite,
yielding a substantial amount of Ca®*. Ca** became enriched on the
surface of calcite and was carried out of the core with the solution,
resulting in elevated ion concentrations during the initial stages of
the reaction. Subsequently, during the later stages of the reaction,
the Ca®* concentration gradually decreased. The diminished con-
tent of calcite, limited contact with carbonic acid during this period,
and significant consumption in the early corrosion reaction
contributed to the reduction of calcite in the later stages. Simulta-
neously, mineral precipitation resulting from the corrosion reaction
might adhere to the mineral surface, diminishing the reaction area
and causing a decrease in Ca’>* concentration. Initially, the Mg?*
concentration was high at the onset of the corrosion reaction.
However, as the corrosion reaction progressed, the Mg>* concen-
tration exhibited a consistent upward trend, ultimately reaching
744 mg/L. Given that both calcite and dolomite yield Ca®*
following carbonic acid dissolution, the Ca®>* concentration is
notably higher than that of Mg?™ in the initial stages of the reaction.

Potassium feldspar, albite, and ferrodolomite exhibited low
dissolution  sensitivity, resulting in correspondingly low
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characteristic ion concentrations. Initially, the K* concentration rose
during the initial stages of the reaction, subsequently decreasing
from 23.3 to 5.1 mg/L within 5—-20 h before exhibiting a gradual
overall decline, stabilizing at a final concentration of 3.7 mg/L. As
potassium feldspar undergone dissolution, it gradually depleted,
forming kaolinite. This process led to a reduction in the contact area
between fresh potassium feldspar and carbonic acid, consequently
decreasing the corrosion rate. The overall Na® concentration
exhibited a gradual decline, ranging from 1 to 4 mg/L, eventually
stabilizing at approximately 1.8 mg/L. Albite demonstrates general
sensitivity to corrosion, persisting in corrosion by carbonic acid. This
ongoing process resulted in a gradual decrease in Na™ concentration
as its own quantity diminished. Throughout the corrosion reaction
process, the Fe?* concentration consistently remained below
0.15 mg/L. Ferrodolomite exhibited weak sensitivity to corrosion,
proving resistant to corrosion with carbonic acid.

3.2.2. Ionic variation during pure mineral dissolution

Throughout the carbonic acid—pure mineral corrosion experi-
ment, carbonic acid remained consistently saturated, ensuring
continuous interaction with the pure mineral. At each sampling in-
terval, the dissolution solution from the pure mineral, corresponding
to the reaction container, was collected. An inductively coupled
plasma mass spectrometer was employed to test and analyze the
composition and content of characteristic ions in the pure mineral
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dissolution solution. The results are presented in Fig. 7.

Calcite and dolomite exhibit higher dissolution sensitivity in the
carbonic acid—pure mineral corrosion experiment, aligning with
findings from the carbonic acid—core corrosion experiment. In the
initial stages of the reaction, the Ca** concentration in the calcite
solution and the Mg?* concentration in the dolomite solution
experienced rapid increases, reaching 238.4 and 99.2 mg/L,
respectively, after 6 h of dissolution. Subsequently, their concen-
trations increased gradually and stabilized as the corrosion reaction
progressed, reaching 2714 and 145.7 mg/L, respectively. The
corrosion reaction of calcite and dolomite with carbonic acid pri-
marily transpired in the early stages, characterized by rapid and
substantial dissolution of both minerals. The Ca®>* concentration
surpassed that of Mg?*, signifying a greater degree of corrosion
reaction between calcite and dolomite with carbonic acid. This
implies a higher sensitivity to dissolution, with calcite exhibiting
the strongest sensitivity.

Potassium feldspar, albite, and ferrodolomite exhibit low
corrosion sensitivity. Overall, the concentrations of Kt and Na™
gradually increased over time, eventually stabilizing at 16.1 and
9.5 mg/L, respectively. In contrast, the concentration of Fe?*
consistently remained at 0.4 mg/L. The low concentrations of K*
and Na' suggest a limited degree of corrosion reaction between
potassium feldspar and albite and carbonic acid, resulting in a
moderate sensitivity to dissolution. The consistently low concen-
tration of Fe?* indicates that ferrodolomite resists corrosion with
carbonic acid, showcasing a very weak sensitivity to dissolution.

The corrosion sensitivity of each pure mineral in the carbonic
acid—pure mineral corrosion experiment aligns with the findings of
the core experiment. The order of dissolution sensitivity is
calcite > dolomite > potassium feldspar > albite > ferrodolomite.
This correspondence underscores a high correlation between the
carbonic acid corrosion with pure mineral and core samples.
Consequently, establishing a correlation in the corrosion kinetics of
the two is deemed essential.

3.2.3. Analysis of passivation mechanism in the process of corrosion
The experimental results reveal variations in the sensitivity of
different minerals to carbonic acid. Considering the diverse struc-
tures of these minerals, their dissolution characteristics also differ
accordingly. The corrosion reaction within the core can be delin-
eated into three distinct stages. Initially, when the mineral en-
counters carbonic acid, corrosion of the mineral itself ensues. As the
reaction time progresses and the injected liquid erodes, the pure
mineral is gradually stripped away. The injected fluid, as it traverses
the narrow throat, is susceptible to deposition and blockage due to
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Fig. 7. Variations in ion concentrations in the pure mineral solution during corrosion.

the constrained passage. The illustration of these three stages is
presented in Fig. 8.

3.3. Kinetics of carbonic acid—pure mineral corrosion

3.3.1. Kinetics of the carbonic acid—pure mineral corrosion reaction
The rate of carbonic acid reaction with pure minerals can be
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Fig. 8. Schematic diagram of passivation reaction in pure mineral. Carbonic acid enters
into the pore space (a) and dissolves minerals in pore surface (b); (c) Undissolved
reaction production deposits and forms a passivation layer.
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quantified by the reduction in the carbonic acid concentration in
the solution over time. According to the law of mass action, which
states that under constant temperature and pressure, the chemical
reaction rate is proportional to the product of the relevant powers
of the reactant concentrations, and the reaction rate between car-
bonic acid and a pure mineral can be determined. Given the
complexity of carbonic acid—pure mineral corrosion reactions
involving multiple phases, the concentration of pure mineral re-
actants can be considered a constant. Consequently, the reaction
rate between carbonic acid and a pure mineral can be expressed as
Eq. (4) (Lund et al., 1975):

_a¢

o = KC™ (4)

J=
where J is the reaction rate, indicating the decrease in the carbonic
acid concentration per unit time, (mol/L)-s~'; C is the carbonic acid
concentration of the acid solution at time t, mol/L; K is the reaction
rate constant, (mol/L)!~™s~1; m is the reaction order; and t is the
reaction time, s.

In this experiment, which was conducted under specific tem-
perature and pressure conditions, the concentration of carbonic
acid in the solution remained constant since the liquid—solid ratio
is extremely high in the piston accumulator. Consequently, the
change in the ion concentration of the solution was employed to
characterize the carbonic acid—pure mineral corrosion reaction
rate. Thus, the reaction rate in this study can be given by Eq. (5):

_9G

=2 = KC™ (5)

J
where ] is the reaction rate, representing the increase in the reac-
tant ion concentration per unit time, (mol/L)s~'; C; is the con-
centration of produced ions in the solution at time t, mol/L.

When the logarithm of the produced ion concentration is taken
as the horizontal coordinate and the logarithm of the reaction rate
is taken as the vertical coordinate, as in Eq. (6), the slope is m, and
the intercept is IgK. This curve was drawn according to the results of
the carbon dioxide dissolution experiment, both the reaction rate
and concentrations in carbonic acid—pure mineral corrosion re-
actions were calculated. Then, the reaction parameters of carbonic
acid—pure mineral corrosion were obtained.

Ig] =1gK+mlgC (6)
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3.3.2. Kinetic equation of the carbonic acid—pure mineral corrosion
reaction

At the designated reaction time, the reaction liquid resulting
from the interaction of carbonic acid and a pure mineral was
collected. The composition and contents of characteristic ions in the
solution were then measured and analyzed via an inductively
coupled plasma mass spectrometer. The correlation between the
concentrations of corresponding ions in the solution and time can
be determined. The reaction rates at various time intervals were
calculated subsequently, and both lg/ and lgC were taken to
generate Fig. 9.

In Fig. 9, the relationship between the reaction rate and the
calcium concentration indicates that the reaction behavior can be
divided into two stages. By employing the least squares method for
linear regression, the kinetic parameters for the carbonic acid—pure
mineral reaction in the two stages can be obtained as follows.

In the rapid reaction stage, the reaction rate constant K =
1075146 — 3 47 x 1052, and the reaction order m = — 19.89, as
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shown in Eq. (7).

J1=3.47 x 107521989 (7)
In the slow reaction stage, the reaction rate constant K =
10-1698 — 1.05x 1017, and the reaction order m = — 4.34, as

shown in Eq. (8).

J,=1.05 x 10717 ¢ 434 (8)

By calculating the kinetic processes of other mineral reactions,
the kinetic parameters for the two stages can be obtained, as shown
in Table 2.

3.4. Mineral dissolution correlation of cores and pure minerals

3.4.1. Correlation of sample mass
Owing to their high availability, low cost, high purity, simple
operation in corrosion experiments with pure minerals, acquisition
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Table 2
Kinetic parameters at different stages of the reaction.

Petroleum Science 22 (2025) 2142—2153

Mineral Featured ion Reaction stage Equation m K, (mol/L)!~™.s71
Calcite ca®* Rapid Ji =K;cm —~19.89 3.47 x 1072
Slow Ja = Ky 434 1.05 x 10717
Dolomite Mg?* Rapid J; =K;cm -8.28 2.82 x 10°%
Slow Jo = K,Cm -237 132 x 10713
Potassium feldspar K* Rapid Ji =K, c™ -3.88 468 x 1072
Slow J» = KyCm: -1.13 257 x 10713
Albite Na* Rapid Ji =K;,Cm -10.63 4.07 x 10746
Slow Jp =K,Ccm -2.28 347 x 10717
Ferrodolomite Fe?* Rapid Ji = K™ —21.84 430 x 1071
Slow Jp = K,Cm: —27.31 4.10 x 10~1>!

of reaction parameters from carbonic acid—pure minerals is much
easier than that with core samples. However, due to the geological
sediment and heterogeneity of the reservoir, the corrosion re-
actions between different reservoirs and carbonic acid can be
significantly different. The application of corrosion reaction pa-
rameters obtained from pure minerals, in conjunction with the
quantitative relationship between a core and the corrosion
behavior of pure minerals, allows a reasonable prediction of the
corrosion between reservoirs and carbonic acid. This approach fa-
cilitates quantitative evaluation of the corrosion behavior in the
reservoir.

After both core samples and pure minerals were subjected to a
75-h corrosion reaction with carbonic acid, the mass changes for
different minerals in the cores and the pure minerals were calcu-
lated, respectively. This allowed a relationship between the mass
changes in cores and single minerals to be established, as illustrated
in Fig. 10. The mass change of ferrodolomite in the pure mineral and
core is the smallest, which indicates that its reactivity is the lowest.
In contrast, calcite and dolomite, which have high mass changes in
both the pure minerals and cores, exhibit good reactivity and they
are the main participants in the corrosion reactions.

3.4.2. Correlation of mineral reaction rates

After both core samples and pure minerals were subjected to a
75-h corrosion reaction with carbonic acid, the ion concentrations
stabilized. At this point, the average reaction rates for different
minerals in the cores and the pure minerals were calculated. This
facilitated the establishment of a relationship between the ion

3.0

- Pure mineral
- Core mineral

2.5 A

2.0 4

Mass change, g

0.5

Ferrodolomite Albite

Potassium feldspar Dolomite Calcite

Minerals

Fig. 10. Mineral mass variations in core and pure mineral after corrosion.

reaction rates in the cores and pure minerals, as illustrated in Fig. 11.

The experimental results indicate that minerals with greater
sensitivity to corrosion exhibit faster reaction rates and that the
ratio of characteristic ions is lower when the concentrations in
dissolution solutions of pure minerals and cores stabilize. The
sensitivity of minerals to carbonic acid is influenced primarily by
their crystal structure. The greater sensitivity of minerals to car-
bonic acid implies a reduced influence from external factors such as
the pore structure of the core, reaction contact area, and carbonic
acid concentration on the mineral surface. This, in turn, results in
the corrosion reaction degrees of pure minerals and cores with
carbonic acid being more similar.

Limestone has the highest sensitivity to carbonic acid corrosion,
with a dissolution rate of 1.13 x 1078 (mol/L)-s”! in the core
samples. Calcite shows a relatively high sensitivity, attaining a
maximum dissolution rate in the cores of 6.75 x 10~° (mol/L)-s~ .
Potassium feldspar and sodium feldspar demonstrate moderate
sensitivity to carbonic acid corrosion, with dissolution rates of
3.51 x 1071% and 2.9 x 107'° (mol/L)-s~, respectively, in the core
samples. Ferrodolomite is the least sensitive to dissolution, with the
dissolution rate in the core samples falling below 3.98 x 1012
(mol/L)-s~ L

3.4.3. Correlation of ion concentrations

The concentration of ions in the dissolution solution of pure
minerals is greater than that of the same ions in the dissolution
solution of core samples. This difference can be attributed to the
larger specific surface area of powdered pure minerals. Influenced
by the pore structure of the core, minerals within the core may not
achieve full contact with carbonic acid. Additionally, corrosion
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Fig. 11. Reaction rates in core and pure minerals.
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reactions within the core are more complex, and secondary mineral
precipitates may adhere to pore surfaces, further reducing the
contact area between minerals and carbonic acid. Consequently,
the concentration of ions in the dissolution solution of pure min-
erals surpasses that of the same ions in the dissolution solution of
core samples, indicating a more thorough corrosion reaction be-
tween pure minerals and carbonic acid.

After 75 h of the corrosion reaction, both the core samples and
pure minerals undergo comprehensive corrosion reactions with
carbonic acid, leading to stabilization of the characteristic ion
concentrations in the dissolution solutions. By analyzing the
change in the mineral content and ion concentrations in dissolution
solutions of pure minerals and core samples, respectively, the
experimental results are presented in Table 3.

4. Discussion

4.1. Implications of carbonic acid reactions with cores and pure
minerals

The core corrosion experiment involves a prolonged duration
and a complex process. The experimental results closely align with
the actual conditions of the target block. However, these results
exhibit regional limitations, since each block has their unique
properties, such as different mineral contents, pore structure, water
salinity, temperature, pressure, etc. Conversely, the pure mineral
corrosion experiment is characterized by a brief duration and a
straightforward process. However, its results lack specificity.
Therefore, we aim to integrate these two methods to derive a more
effective and expeditious approach for evaluating the carbonic
acid—core reactions in certain reservoir conditions, as shown in
Fig. 12. This comprehensive method not only yields more practical
experimental results with real core samples but also can be
completed in a shorter timeframe, providing a viable path for rapid
assessment of carbonic acid—core reactions.

The reaction kinetics formulas for different minerals obtained

Petroleum Science 22 (2025) 2142—2153

from pure mineral experiments, combined with the ion concen-
tration ratios obtained from stable moments in core experiments,
can be used to derive a relationship formula for the ion concen-
trations in cores at any given moment. This provides an effective
quantitative method for rapidly evaluating of carbonic acid—core
reactions, as shown in Eq. (9).

Cm—a1 = CO JF]lt
Cm—az =Co +Jit +]2(t - tl)
Cin-p, = Co + 1t

Cn-b, = Co +Jit +J2(t = t1)
(9)
Cin-i, = Co +J1t

Cn-i, = Co + 1t + o (t = t1)
Ce, = a(n1Cm-q, +M2Cpp, + -+ + NiCyeiy)
Ccz = oz(n1 Cm—az -+ nsz_bz + o+ niCm_,-z)

where Cy-q, is the concentration of pure mineral a at time ¢ in the
rapid reaction stage, mol/L; Cm-q, is the concentration of pure
mineral a at time ¢ in the slow reaction stage, mol/L; Cpy,-p, is the
concentration of pure mineral b at time t in the rapid reaction stage,
mol/L; Cy,-p, is the concentration of pure mineral b at time t in the
slow reaction stage, mol/L; Cy_; is the concentration of pure
mineral i at time t in the rapid reaction stage, mol/L; Cy,;, is the
concentration of pure mineral i at time t in the slow reaction stage,
mol/L; Cp is the initial ion concentration, mol/L; J; is the rapid re-
action rate, (mol/L)-s~1; J, is the slow reaction rate, (mol/L)-s~'; « is
the ion concentration ratio, dimensionless; t is the reaction time, s;
t; is the end time of the rapid reaction stage, s; ny, ny, ..., n;

Table 3

Ion concentrations in the core and mineral dissolution solutions at the final time.
Mineral Featured ion Ion concentration from pure mineral corrosion, mol/L Ion concentration from core corrosion, mol/L Ratio
Calcite ca’t 0.0068 0.0018 3.77
Dolomite Mg+ 0.0059 0.0031 1.90
Potassium feldspar K 0.00041 0.000095 432
Albite Na* 0.00041 0.000078 5.25
Ferrodolomite Fe?* 0.0000072 0.0000011 6.54

Core dissolution experiment
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Fig. 12. Flowchart of rapid assessment of carbonic acid—core reactions.
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represent the mass fractions of pure minerals a, b, ..., i, dimen-
sionless; C¢, is the total ion concentration of the core in the rapid
reaction stage, mol/L; and Cq, is the total ion concentration of the
core in the slow reaction stage, mol/L.

A comparison of the carbonic acid corrosion experiments with
pure minerals and cores reveals that the reactions of a mineral in
the core are correlated with those from same pure mineral. The
dissolution behavior in reservoirs induced by CO; injection can be
predicted to a certain extent through pure mineral experiments,
which would be much simpler and easier.

4.2. Limitations

Owing to the variability in the reservoir mineral composition
and the differences in the formation temperature and pressure
conditions, the scope of this study is subject to certain limitations.
The experimental results obtained in this study are specifically
applicable to tight sandstone samples and to the experimental
conditions employed in this study. Variations in oil—water satura-
tion and distribution characteristics, mineral types and distribu-
tions, core samples with different porosities, and differences in the
experimental temperature and pressure may lead to differences in
the carbonic acid—mineral reaction behavior and reaction rates.
Future research should consider these factors across different
samples and environmental conditions to further validate and
expand our findings.

5. Conclusions

In this study, the carbonic acid corrosion with core and pure
minerals was investigated in detail. The mineral variation of tight
rock and pure minerals throughout the corrosion process was
clarified. Additionally, the ionic characterization in both corrosion
solutions was analyzed. Furthermore, correlations between the
rock and pure minerals were established. The main conclusions
may be drawn as follows:

(1) After carbonic acid corrosion, the calcite, dolomite, potas-
sium feldspar, albite, and ferrodolomite in the core sample
were consumed, and their contents were all decreased.
However, the reaction produced additional quartz and clay,
resulting in a slight increase in their contents.

(2) When the corrosion was stabilized in the core solution, the
concentrations of Ca*" and Mg?" in the core solution were
72.9 and 74.4 mg/L, respectively, which was 40.5—41.3 times
higher than that of Na*. However, for the corrosion with pure
minerals, the concentrations of divalent ions were much
higher. They were 271.4 and 145.7 mg/L for Ca®>* and Mg?*,
respectively.

(3) During the carbonic acid—pure mineral corrosion reaction,
distinct minerals exhibit similar variation characteristics of
ion concentration. The kinetics of the carbonic acid corrosion
reaction were determined with the corrosion reaction rate
equation. The reaction rate constant and reaction orders
between the rapid and slow reaction stage stages for each ion
were calculated.

(4) With the comparison of carbonic acid reaction with rock and
pure mineral, their mass variation, corrosion rate of minerals,
and ion concentration were used to generate a correspond-
ing relationship between the two reactions.

(5) The experiment of carbonic acid reaction with core samples
takes a long time and the procedure is complicated. On the
contrary, the experiment with pure minerals takes a shorter
time and is easier to carry out. With the correlation between
carbonic acid reaction with core and pure minerals, an
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effective and rapid evaluation method with pure minerals for
the carbonic acid—rock reaction is established. However,
more experiments are expected to improve the application
from mineral data to rock data.
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