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Abstract: Shale oil resources are abundant, but reservoirs exhibit strong heterogeneity with extremely
low porosity and permeability, and their development is challenging. Carbon dioxide (CO,) injection
technology is crucial for efficient shale oil development. When CO; is dissolved in reservoir formation
water, it undergoes a series of physical and chemical reactions with various rock minerals present in
the reservoir. These reactions not only modify the reservoir environment but also lead to precipitation
that impacts the development of the oil reservoir. In this paper, the effects of water—rock interaction
on core porosity and permeability during CO, displacement are investigated by combining static and
dynamic tests. The results reveal that the injection of CO; into the core leads to reactions between
CO; and rock minerals upon dissolution in formation water. These reactions result in the formation
of new minerals and the obstruction of clastic particles, thereby reducing core permeability. However,
the generation of fine fractures through carbonic acid corrosion yields an increase in core permeability.
The CO,—water-rock reaction is significantly influenced by the PV number, pressure, and temperature.
As the injected PV number increases, the degree of pore throat plugging gradually increases. As the
pressure increases, the volume of larger pore spaces gradually decreases, resulting in an increase in
the degree of pore blockage. However, when the pressure exceeds 20 MPa, the degree of carbonic acid
dissolution will be enhanced, resulting in the formation of small cracks and an increase in the volume
of small pores. As the temperature reaches the critical point, the degree of blockage of macropores
gradually increases, and the blockage of small pores also occurs, which eventually leads to a decrease
in core porosity.

Keywords: shale formation; CO, flooding; CO,—water—rock reaction; blocking action; dissolution
reaction

1. Introduction

Although shale oil resources are abundant, the heterogeneity of reservoirs is significant,
with low porosity and permeability, making their development challenging and resulting in
a low degree of primary exploitation. Because of the obvious water sensitivity, waterflood
cannot be adopted. Therefore, carbon dioxide (CO,) injection technology serves as a crucial
approach to achieving the efficient development of the resource. CO; flooding has been
widely used in conventional reservoirs as an efficient oil displacement technology and a
way to reduce greenhouse gases. In recent years, field tests for CO; injection development
in shale oil reservoirs have been gradually initiated. Compared to tight oil reservoirs, shale
reservoirs typically contain abundant organic matter called kerogen. Kerogen possesses a
strong ability to adsorb and dissolve crude oil, whereas CO, exhibits a potent capability
to extract hydrocarbons from shale formations [1,2]. Laboratory experiments on CO, huff
and puff for various types of shale oil samples (Mancos and Eagle Ford core; diameter:
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1.5 inches; length: 2 inches; huff and puff pressure: 850-3500 psi) have demonstrated
ultimate recovery rates ranging from 33% to 85%. The ultimate recovery is found to be
correlated with shale properties and the operational parameters (soaking time, huff and puff
times) of multiple huff and puff cycles [3]. Simultaneously, the interaction between CO,
and kerogen can induce alterations in the specific surface area, porosity, and microstructure
of shale [4,5], while CO, can undergo adsorption and dissolution within kerogen [6].

Once CO; infiltrates the formation, it initially undergoes a reaction with the reservoir
fluid, followed by a series of diverse reactions involving CO,, reservoir fluid, and reservoir
rock minerals. CO; is dissolved in formation water under high-temperature and high-
pressure conditions to form carbonic acid, which is mainly divided into two steps of
ionization, and the main ionization equations are as follows:

H,CO3 «+» HT+HCO3™ (1)

HCO3~ +» HM4+CO52~ )

Shale reservoirs are rich in carbonate and silicate minerals. Carbonate minerals mainly
include dolomite, calcite, etc., which are easy to react with carbonic acid solutions and form
new secondary minerals under the conditions of high temperatures and high pressure in
the formation [7], and the reaction equations are as follows:

CaMg(CO,),+2H" = Ca*" +Mg** +2HCO; (3)
CaMg(CO;),+2H,CO3= Ca*" +Mg?" +4HCO; )
CaMg(CO3,),+2H,0 = Ca*" +Mg?*" +2HCO; +20H " (5)

Most silicate minerals (albite, potassium feldspar, clay minerals other than quartz)
are extremely unstable under acidic environmental conditions. They are readily soluble in
water and generate secondary minerals [8]. The reaction equations are as follows:

2KAISizOg+2H' +9H,0 = Al,Si,Os (OH)4 +2K+ 4+4H,Si04 (6)
2NaAlSi30g+3H,0 + 2CO,= Al,Si;O5(OH) ;4-4Si0; +2Nat +2HCO; (7)
CaAl,Si,Og+HyCO3+H,O = CaCO3+AlSiOs (OH)4 (8)
(Fe/Mg)5AlSisO10(OH)+5CaCO5+5C0,= 5Ca[Fe/Mg] (CO,),+ o)
Al»Si,Os (OH)4 +2H,0

The effects of CO, reaction with different minerals on reservoir properties have been
widely reported. Most of these studies focus on siliciclastic and carbonate formations [9-21].
Ross et al. [9] observed that CO, reacted with limestone and dolomite in the core, and
the core’s permeability increased after the dissolution of the dolomite and limestone.
Knet et al. [10] observed that the carbonate minerals and clay minerals in sandstone
were dissolved, and the fine particles were deposited into the pore throats through fluid
migration. Sayegh et al. [11] observed that detrital particles such as illite and calcite in
sandstone dissolved in large quantities and clogged in pores and throats as reservoir fluids
migrated. Minerals such as carbonate cements are dissolved, creating a large number of
micropores. Qu [12] conducted experiments on the reaction between different minerals and
CO,, and the dissolution effect of reservoir minerals (calcite, dolomite, carbonate rock, etc.)
gradually increased with the increase in temperature when the temperature conditions
changed. Shi et al. [13] analyzed the mineral composition of a sandstone core after CO,
displacement, and the results showed that the carbonate mineral composition in the core
increased significantly after CO, injection. Yu et al. [14] carried out CO, displacement
experiments on a core of saturated formation water under the temperature and pressure
conditions of the reservoir, and the experimental results showed that the dissolution
reaction of carbonate minerals was the most violent, and the most obvious reaction was
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calcite among carbonate minerals, followed by flake aluminite minerals and iron dolomite
with the lowest degree of dissolution. Wang et al. [15] found that after the temperature
rises to a critical temperature, CO; changes from a gaseous state to a supercritical state, and
the minerals in the core are violently dissolved. Secondary minerals are formed on the pore
surface inside the core. Xiao et al. [16] evaluated the effect of CO,—water-rock interactions
on the characteristics of a carbonate reservoir at high pressure and temperature. With the
increase in CO, pressure, the surface dissolution of calcite appeared more obvious. With
the increase in the reaction temperature, the surface dissolution of calcite also appeared
more obvious. Liu and Cheng [19] revealed the possible geochemical effects of cement
mineral variations on water-rock—CQO, interactions at 180 °C and 18 MPa. The sensitive
orders of cement mineral variations due to water—-rock—-CO, interactions are carbonates,
argillaceous, and siliceous minerals.

The reported results [16-21] show that the effects of temperature and pressure on
the dissolution reaction and clogging are important. Different temperature and pressure
conditions will result in different changes in porosity and permeability. At present, there is
no systematic study on the influence of CO,-water-rock reaction on core permeability and
porosity under different temperature and pressure conditions. Shale reservoirs are more
complex than sandstone and carbonate reservoirs due to their diverse and complex mineral
types and strong heterogeneity. Shale reservoirs often comprise organic-rich mudstone
layers, carbonate rocks, and sandstone interlayers, which all have diverse mineral types and
a higher mineral content compared to sandstone reservoirs. In shale reservoirs, feldspar
minerals and carbonate minerals, which are prone to dissolution reactions, coexist with
detrital minerals that are prone to migration and clogging. While dissolution reactions can
enhance the porosity and permeability of shale reservoirs to some extent, the sediments
produced during the reaction are more likely to further clog the already fine pores. There-
fore, it is urgent to study the dissolution and scaling laws of CO, on shale reservoirs and
evaluate the effects of dissolution and scaling on the pore structure and porosity parameters
of reservoirs, so as to provide reference data for formulating CO, development plans.

The aim of this paper is to study the impact of CO,—water-rock reactions on the
physical properties of shale cores during CO; displacement. Firstly, a static experiment of
CO,—-water-rock reaction was carried out by using a high-temperature and high-pressure
reactor. By analyzing the changes of different ion concentrations in formation water before
and after CO; injection, the effects of temperature and pressure on precipitation formation
were obtained. Additionally, scanning electron microscopy (SEM) was used to observe the
dissolution of the pore structure of the rock samples after static experiments. Secondly,
dynamic CO, displacement experiments were carried out. The T, spectra of the core before
and after displacement was obtained using nuclear magnetic resonance technology, and
the change in porosity was analyzed. By measuring the changes in permeability before
and after core displacement, the influence of inorganic salt precipitation generated by CO,—
water—rock reaction on the physical properties of shale cores under different conditions
was comprehensively evaluated.

2. Experimental
2.1. Experimental Material

The main mineral composition of the shale rock samples is shown in Table 1. The
porosity and permeability of all samples are shown in Table 2. The ion contents of the
formation water samples are shown in Table 3. The purity of CO, used in the tests is greater
than 99.8%.
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Table 1. Main mineral types and contents of shale cores.

Number  Plagioclase Calcite Quartz Clay Feldspar Dolomite
#1 24.0 21 447 10.7 11.9 6.6
#2 15.0 6.0 48.0 9.7 12.3 9.0
#3 5.0 13.0 33.0 34.0 9.0 6.0
#4 24.0 6.0 24.0 18.0 16.0 12.0
#5 26.7 2.3 44.0 9.0 10.0 8.0
#6 19.0 6.8 48.1 12.0 9.1 5.0
#7 23.2 3.0 32.0 15.0 6.8 20.0
#8 18.6 9.2 42.7 14.0 8.7 7.0
#9 104 7.4 44.2 18.0 4.0 16.0
#10 21.5 7.7 41.8 16.0 4.0 9.0
#11 21.9 8.7 374 15.0 9.0 8.0
#12 28.0 6.1 45.6 8.2 6.1 6.0
#13 16.9 13.0 46.1 5.0 12.0 7.0
#14 23.3 5.4 384 10.0 13.9 9.0
#15 22.5 5.9 43.4 9.0 11.2 8.0

Table 2. Porosity and permeability parameters of cores.

Number Length/cm Diameter/cm Porosity/% Permeability/mD
#1 478 248 13.55 5.40 x 1072
#2 4.74 2.48 7.73 1.60 x 1072
#3 477 248 10.25 2.30 x 1072
#4 4.79 246 9.81 3.30 x 102
#5 4.86 2.49 15.34 1.17 x 1071
#6 4.76 2.48 12.34 1.12 x 1071
#7 4.75 2.47 12.66 5.40 x 1072
#3 5.75 247 8.14 3.30 x 1072
#9 5.29 248 5.53 3.00 x 1073
#10 5.14 2.48 11.34 1.17 x 1071
#11 3.81 2.48 11.67 1.12 x 107!
#12 4.77 2.47 12.89 8.82 x 107!
#13 3.56 248 5.53 3.00 x 1073
#14 5.04 2.47 11.34 1.70 x 1072
#15 4.32 2.47 12.89 8.82 x 107!

Table 3. Ion contents of formation water.
Ion Species Ion Content/(mg/L)
CaZ* 5683.46
Mg2* 421.803
Ba2* 169.06
Na* 15,030.60
Sr2 44325
K* 292.26

COz2~ -

HCO3™ 252

2.2. CO,—Water—Rock Static Reaction

The experimental equipment is shown in Figure 1, including the CO, cylinder, the
CO,-water reaction cylinder, the vacuum pump, the hand pump, and the oven.
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Figure 1. CO,-water reaction: installation diagram of high-temperature and -pressure cylinder.

Prior to conducting the experiment, the leakage of the reactor was tested and the
main ions present in the formation water were determined through an ICP-MS (inductively
coupled plasma-mass spectrometry) analysis. Formation water and core samples were
added to the reactor. CO, was injected after evacuation and a hand hump was used to raise
the pressure of the entire system to a specified level. The reactor was subsequently placed
inside a constant-temperature oven for a defined duration. After the experiment, the gas
was slowly released and left undisturbed for a specified duration. Subsequently, the pH
meter was employed to measure the variation in the pH value of the formation water prior
to and after the CO,—formation water reaction. The concentrations of cations, HCO3;~, and
CO3%~ in the formation water were determined using the titration and ICP-MS methods.
Moreover, the alterations observed in the mineral composition of the core, and the extent of
core porosity dissolution subsequent to the reaction, were investigated utilizing the ICP-MS
and electron microscopy scanning techniques. We studied the influence of different factors
on the amount of precipitation by changing the experimental temperature and pressure.

2.3. CO,—Water—Rock Dynamic Displacement Experiment

The experimental equipment is shown in Figure 2, including the high-pressure micro-
metering pump, core holder, pressure gauge, electronic balance, thermostat, and nuclear
magnetic resonance (NMR) instrument.

CcOo, +— Gas flowmeter

back-pressure

Gas-liquid
separation
device

Figure 2. Image of CO, displacement experimental device based on NMR technology.

The air tightness of the core holder was tested. Through the analysis of the main
ions in the formation water before the experiment using the ICP-MS method, it was clear
that the cations which are easy to react with CO, form precipitated cations. After 48 h
of drying, the dry weight was weighed and the formation water was saturated through
pressure saturation. The porosity was calculated by comparing the mass difference before
and after saturation with the total volume of the core, and transverse relaxation time (T5)
spectrum sampling was carried out using NMR. The saturated core was placed into the core
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holder, and the displacement pump conducted CO; displacement of the formation water
in constant-pressure mode, with the pressure difference controlled by the back pressure
valve set to 1 MPa. Based on the experimental plan, various experimental conditions were
established for displacement, aiming to investigate the influence of CO, flooding water
on reservoir pore physical properties, under varying temperatures (30 °C, 40 °C, 50 °C,
60 °C), displacement pressures (5 MPa, 10 MPa, 15 MPa, 20 MPa), and displacement PV
values (25 PV, 50 PV, 75 PV, 100 PV). After completing the displacement, the T, spectrum
of the core’s re-saturated formation water was sampled and the core permeability was
tested. The T, spectrum difference of the saturated water before and after displacement
was compared to analyze the changes in the core’s physical properties following the CO,—
water-rock reaction.

3. Results and Discussion
3.1. Influence of Pressure and Temperature Conditions on Formation Water pH Value

Figure 3 shows the influence of different temperatures on the pH value of the produced
liquid at 20 MPa. As the solubility of CO; in the formation water decreases due to the rise
in temperature, the CO; dissolved in the formation water also decreases. The reduction in
CO; results in a decrease in carbonic acid and a subsequent reduction in H* in the formation
water. Simultaneously, elevated temperatures promote the ionization reaction of carbonic
acid toward the product, leading to an increase in H* in the formation water. Consequently,
the pH of the resulting liquid increases after the CO,—formation water reaction takes place.

473

472+

4.71 /
4.70

£4.69 L
468 -
4.67 -

4.66 |

4.65 - -/.

4.64 .
20 25 30 35 40 45 50 55 60 65

temperature/°C

Figure 3. The pH of the system after the reaction of 25% CO, at 20 MPa.

Figure 4 demonstrates the impact of varying pressures on the pH value of the resulting
liquid at 60 °C. When pressurizing the high-temperature and high-pressure reactor at a
specific temperature, the solubility of CO; in formation water increases correspondingly,
resulting in an elevation in carbonic acid due to the increased dissolution of CO; in the
formation water. The rise in CO, levels facilitates the ionization reaction towards the
product direction, resulting in an increase in the ionized H* concentration and consequently
leading to a decrease in the pH of the formation water. Additionally, the increase in pressure
accelerates the rate of the ionization reaction, thus promoting the continuous ionization of
H,CO; and HCO; ™ into H* ions and leading to a decrease in the pH value of the formation
water. The H* concentration of the formation water increases under the combined action
of the two effects, and the pH value of the formation water enhances towards acidity,
gradually decreasing with the increase in pressure.
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Figure 4. The pH of the system after 5% CO, reaction at 60 °C under different pressures.

3.2. Change in Ion Concentration in Formation Water during Static Reaction

Based on the X-ray diffraction (XRD) analysis of the core, it was found that the core
contains a higher concentration of minerals such as plagioclase, potassium feldspar, and
dolomite, which are more susceptible to reacting with CO, during injection. In order to
verify the reaction of the core under the influence of carbonic acid, the formation water in
the original static experiment was replaced with distilled water, the core fragments were
placed in a high-temperature and high-pressure reactor, the distilled water was saturated
after a vacuum, and the CO, was injected and left to stand for 40 h. Subsequent to the
completion of the experiment, the resulting liquid was collected for ion detection. The
changes in ion content within the produced liquid were then analyzed under different
influencing factors, as presented in Table 4.

Table 4. Ion content of produced liquid.

Experiment Number

Pressure/MPa  Temperature/°C p(K*)/(mg-L-1) p(Na*)/(mg-L-1) p(Ca®")/(mg-L-1)

IO WN -~

5 60 2.34 17.64 80.32
10 60 4.67 21.56 115.68
15 60 6.23 27.83 174.36
20 60 7.68 37.97 220.71
20 30 3.31 16.51 100.03
20 40 4.37 24.88 167.28
20 50 5.96 30.45 190.33
20 60 7.68 37.97 220.71

Following the completion of the experiment, the concentration of common cations
within the resulting solution was determined utilizing the ICP-MS method. K*, Na*
and Ca?* could be detected in the produced liquid after the reaction by passing CO,
into the high-temperature and high-pressure reactor. Since the distilled water in the
reactor did not contain the above ions, the ions detected in the produced liquid were all
generated through the dissolution of reservoir minerals. The presence of Na* and K* can
primarily be attributed to the dissolution of plagioclase and potassium feldspar, respectively,
indicating varying degrees of dissolution for these minerals within the core. Because the
mineral content of plagioclase in the core is relatively high, the Na* concentration in the
produced solution increases significantly, while the K* concentration in the produced
solution increases due to the dissolution of potassium feldspar under the action of the
acid solution. However, due to the low content of potassium feldspar in the core, the
concentration only increases slightly. The presence of Ca?* in the solution primarily
originates from the dissolution of carbonate minerals like dolomite and calcite. Due to
the reactivity of carbonate minerals with H*, the concentration of Ca?* in the resulting
solution tends to increase more significantly compared to other ions. Simultaneously, it can
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be observed that as the pressure increases, the concentrations of Na*, K*, and CaZ* in the
resulting liquid gradually elevate. Under the influence of pressure, the dissolution capacity
of rocks gradually amplifies as the pressure increases. When the pressure exceeds the critical
level, the dissolution degree further increases. The elevation of temperature additionally
serves to stimulate the dissolution of core minerals, particularly after surpassing the critical
pressure. High temperatures continue to advance the dissolution reaction within the core.
Therefore, the formation’s high-temperature and -pressure conditions are conducive to the
dissolution of rock minerals.

The alterations in particle size and PDI (polydispersity index) of formation water
before and after the CO,—water—rock static tests were analyzed using a Malvern laser
particle size analyzer. The PDI represents whether the particle size distribution is uniform,
and the smaller the PDI value, the more uniform the particle size distribution and the more
uniform the particle size. On the contrary, the larger the PDI value, the wider the particle
size distribution and the more uneven the particle size. The alterations in the particle size
and PDI of the formation water were compared before adding core fragment samples and
after the formation water reacted with the core samples and supercritical CO; at a pressure
of 20 MPa and temperature of 60 °C. The results are presented in Table 5.

Table 5. Particle size and PDI before and after reaction.

Particle Size/nm PDI

1377 0.296

Pre-reaction 1081 0.284
1130 0.296

2500 0.362

Post-reaction 2854 0.423
2971 0.534

As depicted in Table 5, the average particle size of the formation water prior to the
reaction is recorded as 1196 nm, with a PDI of 0.292. Conversely, after the reaction, the
average particle size of the formation water increases to 2775 nm, accompanied by a
raised PDI of 0.439. Following the reaction, the average particle size of the formation water
experienced a significant increase of 1579 nm, while the PDI witnessed a noticeable elevation
of 0.147. The uniformity of mineral particles on the surface of rock samples is rather
inadequate, rendering them susceptible to dissolution and reaction when exposed to high-
temperature and -pressure conditions. Carbonate minerals such as dolomite and calcite
exhibit instability under acidic conditions, leading to the release of secondary minerals
and crystalline substances from reacting salts into the formation water. Consequently,
this process contributes to the increase in particle size in the formation water. After the
dissolution of clay cements and other minerals, the cementation weakens and dislodges into
the formation water, contributing to an increase in the average particle size and enhancing
the particle size heterogeneity in the water.

After conducting the CO,—water-rock static experiment, SEM was utilized to observe
the microscopic changes on the core’s surface and the dissolution state. The surface of the
core sample was smoothed and then scanned with an electron microscope. The specific
results are shown in Figures 5 and 6. Figure 5 clearly illustrates that, prior to the reaction,
the surface of the core was smooth and even, devoid of any fine particles. Once the
pressure increased to 5 MPa, the rock surface underwent a transformation, becoming
rough and experiencing slight acidic corrosion from the carbonic acid. This lead to the
emergence of minute pores at the marked locations in the figure. As the pressure increases,
mineral dissolution becomes more intense and results in the emergence of more and more
micro pores. In addition, the dissolution of minerals causes cemented clay minerals to
disintegrate, leading to an increase in debris, as depicted in Figure 5c. When CO; reaches
the supercritical state, the reaction becomes highly efficient. In Figure 5d,e, numerous
small irregular particles are observed adhering to the surface of the rock. These particles
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may be derived from newly formed mineral particles resulting from the reaction between
CO,, water, and minerals, or they could be fine particles produced after the dissolution
of initially larger minerals. Under intensified dissolution, the small pores formed due
to the initial dissolution process also enlarge, forming solution pores with a larger size.
However, the surfaces of these solution pores may be partially obstructed by clay particles
and newly formed fine particles. At varying temperatures, Figure 6 demonstrates that as
the temperature increases, the dissolution process becomes more pronounced. This leads to
a gradual augmentation in the number of small pores. After the critical condition of CO, is
reached, the particles on the core surface increase in number, the small pores become larger,
large pores such as solution pits appear, and the dissolution effect on the minerals on the
rock surface is strong.

3.3. Changes in Core Physical Properties after CO, Displacement
3.3.1. Effect of Injection PV Number

Table 6 shows core flooding information and displacement conditions. Samples of
saturated water, both before and after displacement, were collected and compared by
analyzing their respective T, spectra.

Table 6. CO, flooding conditions.

. Displacement Displacement Pressure Experimental
Experiment Number Pressure/MPa PV Number Difference/MPa Temperature/°C
1 10 25 1 60
2 10 50 1 60
3 10 75 1 60
4 10 100 1 60

Figure 5. SEM diagram of core dissolution under different pressures: (a) 0 MPa; (b) 5 MPa; (c) 10 MPa;
(d) 15 MPa; (e) 20 MPa. Red box denotes the change on the sample.
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Figure 6. SEM diagram of core dissolution under different temperatures: (a) 20 °C; (b) 30 °C; (c) 40 °C;
(d) 50 °C; (e) 60 °C. Red box denotes the change on the sample.

Figure 7 shows the T, spectra of saturated water before and after 25 PV flooding.
From Figure 7, it can be observed that after CO, flooding of 25 PV in saturated water—rock
cores, the quantity of secondary saturated water is significantly lower than that of the
initial saturated water. This indicates that, following the 25 PV flooding, the pore throat
becomes obstructed by the newly formed minerals resulting from the water-rock reaction
of CO, and the debris generated by the mineral corrosion from carbonic acid formation.
The saturation of water before and after CO, flooding undergoes a significant change
between 1 ms to 100 ms, implying that the water-rock reaction of CO, primarily impacts

the intermediate and larger-sized pores during the initial stages of CO, flooding.

3000

—=— Saturated water after flooding
2500 | —* Saturated water before flooding

N

2000 R
2 S
E LAY
Z 1500 | F
: g 3
< s .
1000 | & 5
s %

500 |- [

N A |

0.01 0.1 1 10 100 1000 10,000
T,/ms

Figure 7. Saturated water T, spectra before and after 25 PV flooding.

Figure 8 shows the T, spectra of saturated water before and after 50 PV flooding. After
the 50 PV injection, it can be seen from the figure that the pore water saturation at 0.1-1 ms



Energies 2024, 17, 477

11 of 20

is reduced to a certain extent, which indicates that blockage occurs in the small hole. The
saturation of water also exhibited a certain level of change before and after displacement
between 10 and 100 ms. This implies that, as the reaction time increased, the debris created
through the dissolution process following CO, injection gradually accumulated in the
larger-sized pores, leading to the formation of partial blockages.

2500
—=— Saturated water before flooding

—o— Saturated water after flooding
2000

1500 [

Amplitude

1000 [

500 +

0 L 1 1 1 k
0.001 0.01 0.1 1 10 100 1000 10,000

T,/ms

Figure 8. Saturated water T, spectra before and after 50 PV flooding.

Figure 9 shows the T; spectra of saturated water before and after 75 PV flooding. After
injecting 75 PV of fluid, the saturated water volume in the small pores (represented by
1-10 ms) and the saturated water volume in the larger pores (represented by 10-100 ms)
decreased significantly. This suggests a more severe pore blockage and a reduction in the
pore throat volume. However, the saturated water volume of the small pores (represented
by 0.1-1 ms) only decreased slightly, indicating that, with the increasing reaction time, the
plugging at mesopores and larger pores decreased, resulting in an increase in pore volume.
Nonetheless, CO; still reacted with water in the small pores, resulting in a certain degree

of plugging.

3000
—=— Saturated water before flooding

2500  —*— Saturated water after flooding

2000

Amplitude
&
S
S
T

1000

500

0
0.001 0.01 0.1 1 10 100 1000 10,000
T,/ms

Figure 9. Saturated water T, spectra before and after 75 PV flooding.

Figure 10 shows the T, spectra of saturated water before and after 100 PV flooding.
As the CO; flooding time increased, the signal volume after CO, flooding decreased
significantly, revealing a more severe degree of plugging. The most significant change
occurred in the region of mesopores and larger pores (represented by 10-100 ms), indicating
that rock debris particles generated by CO,-water-rock dissolution were concentrated in
the area of larger pores. Conversely, the signal volume in the small and medium pores
(represented by 0.1-10 ms) increased, indicating an increase in the saturated water volume.
Therefore, it can be inferred that the dissolution caused small cracks in the pore channels,
leading to an increase in pore volume in the small and medium pores.
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3000

—=a— Saturated water before flooding
2500 L Saturated water after flooding
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Figure 10. Saturated water T, spectra before and after 100 PV flooding.

After the reaction between CO,, water, and rock, secondary minerals and stripped
particles are formed and migrate with the fluid, blocking the pores and reducing the overall
pore volume of the core. Utilizing the principle of nuclear magnetic resonance, the peak
area of the T, curve reflects the signal quantity emitted by hydrogen in the entire core,
which corresponds to the amount of saturated water in the core. The T, spectra of saturated
water are measured before and after CO; flooding to characterize these changes. Figure 11
shows the schematic diagram for calculating the degree of pore plugging.
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A
2000 o5 ®
) e e
< °
g :
=,1500 oF
= on &
< sEs2y
1000 [ o &
L]
o «
500 - j %
@
N A S
0.001 0.01 0.1 1 10 100 1000 10,000
T,/ms

Figure 11. Schematic diagram of core pore-plugging calculation.

The figure illustrates the schematic diagram of the degree of core pore plugging.
Assuming that the peak area of the T, spectrum of saturated water before CO, flooding
is represented by S1, and the peak area of the T, spectrum of saturated water after CO,
flooding is represented by S;; the pore plugging rate (B) can be obtained by comparing the
difference in the T, spectrum before and after saturation, as shown in Equation (10).

51 -5

B= 5 (10)
where B is the pore plugging rate; Sy is the peak area value of saturated water before CO,
flooding; and S is the peak area value of saturated water after flooding. Table 7 shows
the pore permeability changes of the core before and after CO, displacement. From the
table, it is evident that the permeability of the core decreases after CO, flooding compared
to its initial value, with a reduction ranging from 9% to 18%. Similarly, the porosity of
the core also decreases after CO, flooding, with a reduction ranging from 6% to 17%.
With the increase in the PV number, the pore permeability change rate and pore plugging
rate still increased significantly, indicating that with the continuous injection of CO,, the



Energies 2024, 17, 477

13 of 20

precipitation plugging effect generated by the CO,-water—rock reaction was greater than

the dissolution effect of CO, on different minerals.

Table 7. Table of changes of porosity and permeability before and after CO, flooding.

Core Permeability Permeability Rate of Porosity Porosity Rate of Pore Throat
Number (before) (after) Change (before) (after) Change Blockage
/ mD / mD / % / % / % / % Rate/ %
#1 330 x 1072 4.90 x 1072 9.26 13.55 12.66 6.56 7.21
#2 3.30 x 1072 1.40 x 102 12.50 7.73 7.12 7.89 8.42
#3 2.30 x 1072 2.00 x 1072 13.04 10.25 8.84 13.75 11.66
#4 330 x 1072 2.70 x 1072 18.18 9.81 8.14 17.06 17.94

3.3.2. Effect of Pressure

In this experiment, the CO, flooding pressure conditions were modified while keeping
other conditions constant, as depicted in Table 8. Figure 12 shows the T, spectra of saturated
formation water before and after CO, flooding under different pressures. It is apparent in
Figure 12a that the larger pores are the first to experience blockage, leading to a significant
decrease in secondary saturation flag; the smaller and medium-sized pores of the core
(0.1~10 ms) show little change in their secondary saturation flag. Figure 12b shows the
T, spectra of saturated formation water before and after CO, flooding at a pressure of
10 MPa. As the CO; flooding pressure increased, both the temperature and pressure were
higher than the critical conditions of CO; (31.6 °C, 7.39 MPa). CO, transitioned from a
gaseous state to a supercritical state. In the larger pores, represented by 10-100 ms, the
semaphore of the T, spectrum exhibited a significant reduction following the CO; flooding.
This suggests that the blockage resulting from the water-rock reaction was intensified in
these larger pores. As the CO, flooding pressure increased, the amount of debris generated
by dissolution also increased and began to gradually accumulate within the micropores.
At the same time, the change rate of the core porosity and permeability also indicates that
the CO,—water—rock reaction intensifies with the increase in the CO, flooding pressure.
Figure 12¢ shows the T spectra of saturated formation water before and after CO; flooding
under a pressure of 15 MPa. As the CO, flooding pressure increases, the peak value of
the T, spectrum measured with saturated water after CO; flooding shifts towards the
left. This shift indicates a reduction in the overall pore diameter of the core, in which the
pores become blocked due to the CO,-water-rock reaction. The amount of saturated water
in larger pores decreases, which suggests the gradual accumulation of debris generated
by dissolution or the formation of new minerals. This accumulation ultimately leads to
a decrease in secondary saturated water. The semaphore of small and medium pores
increased slightly after displacement, indicating that small fractures were produced by
dissolution, the pore volume of small pores increased, and the change rate of the pore
permeability did not continue to increase. After the injection pressure rises to 20 MPa, it is
obvious from Figure 12d that the CO,—water-rock reaction becomes more and more intense
under the influence of the rising pressure, and the signal volume of the T, spectrum of the
core after CO, flooding becomes less and less, but the secondary saturated water in small
and medium pores increases. The observed trend indicates that as the pressure rises, the
dissolution process becomes more pronounced, leading to the formation and connection
of small fractures with larger pores. Dissolution plays a predominant role in driving the

water—rock reaction.
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Table 8. Core displacement conditions.
. . Displ t .
Experiment Displacement 1splacemen Experimental
Number Pressure/MPa PV Number Pressure Temperature/°C
Difference/MPa P
1 5 50 1 60
2 10 50 1 60
3 15 50 1 60
4 20 50 1 60
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Figure 12. Saturated water T spectra before and after CO, flooding at different pressures: (a) 5 MPa;

(b) 10 MPa; (c) 15 MPa; (d) 20 MPa

Table 9 shows the pore permeability changes of the core before and after CO, flooding
under different pressure conditions. The table illustrates that the permeability of the core
after CO; flooding was lower than that of the core before CO; flooding, with a reduction
of approximately 10-15%. The porosity of the core after CO, flooding also exhibited a
decrease of around 11-17% when compared to the initial porosity before CO, flooding.
When CO, was injected into the core, the CO,-water-rock reaction caused the dissolution
of some minerals, resulting in the generation of new small pores. During the continuous
flooding, the dissolved minerals were transported to the macropores, and some of the

pores were blocked. With the increase in the injection pressure, the amount of injected

CO; increases, and the CO,—water—rock reaction becomes more violent, which will lead

to more minerals shedding, and there is a greater probability that the macropores will be

blocked during the migration process. As the CO; flooding pressure increases, the rate
of change in pore permeability and pore throat plugging initially rises and then declines.

This trend suggests that at low pressures, the plugging effect of the CO,—water—rock
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reaction in larger pores is predominant. However, at high pressures, the CO,—water—rock
reaction leads to the generation of new small pores, indicating that dissolution becomes the
dominant mechanism.

Table 9. Changes in porosity and permeability before and after CO, flooding under different
pressures.

Core Displacement Permeability Permeability = Rate of Porosity  Porosity Rate of Pore Throat
Number Pressure (before) (after) Change (before) (after) Change Blockage
/MPa /mD /mD [% 1% 1% 1% Rate/%
#5 5 117 x 1071 1.05 x 10°? 10.26 15.34 13.51 11.93 8.21
#6 10 112 x 1071 095 x 107! 15.20 12.34 10.16 17.67 8.74
#7 15 540 x 1072 4.60 x 1072 14.81 12.66 10.46 17.37 13.41
#8 20 330 x 1072 2.90 x 1072 12.12 8.14 6.78 16.71 13.27

3.3.3. Effect of Temperature

In this group of experiments, temperature conditions were changed, and other condi-
tions remained the same, as shown in Table 10.

Table 10. Core information and displacement conditions.

. Displacement Displacement Pressure Experimental
Experiment Number Pressure/Mpa PV Number Difference/Mpa Temperature/°C
1 10 50 1 30
2 10 50 1 40
3 10 50 1 50
4 10 50 1 60

Figure 13 shows the T, spectra of saturated formation water before and after CO,
flooding at different temperatures. Table 11 shows the pore permeability changes of the
core before and after CO; flooding under different temperature conditions. Figure 13a
shows the Ty spectra of saturated formation water before and after CO; flooding at 30 °C
(before reaching the critical temperature of CO,). The reaction between CO, and forma-
tion water rocks in the gas state is still weak, and the water quantity before and after
saturation is only slightly decreased, with the change rate of porosity decreasing at 4.58%
and permeability decreasing at 5.22%. Only a slight blockage occurs in the larger pores
represented by 10-100 ms, resulting in a decrease in the secondary saturated water quantity
after displacement. Figure 13b shows the T; spectra measured for the saturated formation
water before and after the core reaction at 40 °C. Compared with 30 °C, the critical tem-
perature of CO, was reached when the experimental temperature reached 40 °C, and CO,
was in a supercritical state, which intensified the water—rock reaction of CO,. The larger
pores represented by 10-100 ms have a certain degree of blockage. Figure 13c shows the
T, spectra measured for the saturated formation water before and after the core reaction
at 50 °C. As the temperature increases, the interaction between CO, and the water-rock
reaction is further intensified. Consequently, the secondary saturation of water in small
and medium pores decreases significantly, indicating a more severe blockage compared
to that at 40 °C. The overall porosity of the core shows a change rate of 12.86%, with
a corresponding decrease in permeability of 10.48%. Figure 13d shows the T, spectra
measured for the saturated formation water before and after the core reaction at 60 °C. At
60 °C, the degree of the COp—-water—rock reaction further intensifies, leading to the disso-
lution of minerals within the core. During the migration, the dissolved particles become
lodged in various pore throats, causing a reduction in the secondary water saturation after
displacement. This blockage affects both large and small pores to varying degrees. As a
result, the overall porosity of the core decreases by 15.2%, with a corresponding decrease in
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permeability of 15.88%. It is evident that an increase in temperature facilitates and enhances
the CO,—water-rock reaction.
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Figure 13. Saturated water T, spectra before and after CO, flooding at different temperatures:
(a) 30 °C; (b) 40 °C; (¢) 50 °C; (d) 60 °C.
Table 11. Changes in porosity and permeability before and after CO; flooding under different
temperatures.
Experimental = Permeability Permeability Porosity Porosity Rate of Pore Throat
Core Rate of
Number Temperature (before) (after) Change/ (before) (after) Change Blockage
I°C /mD /mD BT o 1% 1% Rate/%
#9 30 3.00 x 1073 2.90 x 1073 522 5.53 5.28 4.58 2.78
#10 40 117 x 1071 1.05 x 107! 10.21 11.34 10.28 9.34 7.84
#11 50 112 x 1071 1.00 x 1071 10.48 11.67 9.94 12.86 10.22
#12 60 8.82x 107! 742 x 107! 15.88 12.89 12.12 15.20 14.78

3.3.4. Effect of Core Permeability

For cores with different permeability, the experimental temperature is 60 °C, the CO,
flooding pressure is 10 MPa, the pressure difference is controlled at 1 MPa, and the injection
PV number is 50. Figure 14 shows the T, spectra of saturated formation water before and
after CO; flooding with different permeability. It can be seen from the comparison that the
core with low permeability is greatly affected by the water-rock reaction, and the secondary
saturated water volume decreases more than before the experiment. Considering the small
pore radius of cores with low permeability, the migration of secondary minerals formed
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by the CO,-water—rock reaction and shed clay particles tends to accumulate in these tiny
pores, resulting in significantly stronger plugging effects compared to the other two cores.
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Figure 14. Saturated water T, spectra before and after CO, flooding with different permeability:
(@) k=103 mD; (b) k=102 mD; (c) k =101 mD.

Table 12 shows the pore permeability changes of the cores with different permeability
before and after CO, flooding. The data presented in the table illustrate that the perme-
ability of the cores decreases after displacement, with a reduction ranging from 2.11% to
10.78%. Similarly, the porosity of the cores also experiences a decrease after CO, flooding,
ranging from 2.74% to 8.84%. As the core permeability decreases, there is a gradual increase
in both the pore permeability change rate and pore throat plugging rate, indicating that the
plugging effects resulting from the CO,-water—rock reaction’s precipitation have a more
significant impact on cores with lower permeability.

Table 12. Changes in porosity and permeability of different core samples before and after
CO; flooding.
Core Permeability Permeability Rate of Porosity Porosity Rate of Pore Throat
Number (before) (after) Change (before) (after) Change Blockage
/mD /mD 1% 1% 1% 1% Rate /%
#13 3.00 x 1072 2.60 x 1072 10.78 5.53 4.79 8.84 9.02
#14 1.70 x 1072 1.60 x 1072 5.66 11.34 10.77 5.02 6.84
#15 8.82 x 107! 8.64 x 1071 2.11 2.89 12.56 2.74 2.07
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4. Conclusions

This paper explores the water—rock reaction conditions and their influence on the core
physical properties of continental shale reservoirs through static CO,—water-rock reactions
and dynamic CO, flooding experiments. The main conclusions are as follows:

(1) COj; has a notable effect on the pH value of the formation water. To mitigate this
influence during CO; injection for reservoir development purposes, it is necessary
to increase the injection pressure to reduce the pH value of the reservoir. By creating
an acidic environment, some minerals in the reservoir can be dissolved, and the
reservoir’s permeability can be enhanced to some extent.

(2) As the temperature increased, the solubility of CO, in the formation water decreased.
Consequently, the concentration of CO32~ ions decreased, and the amount of carbon-
ate precipitation gradually decreased. Conversely, increasing the pressure promoted
the ionization of carbonic acid and bicarbonate, leading to an increase in CO; solubil-
ity. Upon pressure release, the CO; concentration decreased, resulting in an increase
in formation water precipitation.

(38) The average particle size of the produced liquid increased by 1579 nm, and the PDI
increased by 0.147. It is important to note that the core is susceptible to corrosion
under high-temperature and -pressure conditions. As the temperature and pressure
increased, the degree of dissolution gradually intensified. The concentration of Na*
and K* ions primarily increased due to the dissolution of plagioclase and potassium
feldspar minerals. Furthermore, the concentration of Ca®* ions primarily increased as
a result of the dissolution of dolomite and calcite carbonate minerals.

(4) As the injected PV increased, CO, first entered the macropores, resulting in a decrease
in the amount of secondary saturated water within the macropores and an increas-
ing degree of pore throat blockage. As the injected PV continued to increase, the
dissolution process led to the formation of small cracks, resulting in an increased
amount of secondary saturated water compared to the initial stage, and the volume
of small pores increased. Pressure plays a significant role in the CO,—water-rock
reaction. When the pressure reaches the supercritical state, the dissolution process
intensifies at the pore throat. The resulting debris from dissolution can then block
the flow path, leading to a significant reduction in signal within larger pores and
causing severe blockage. Temperature also has an effect on the water-rock reaction.
As the temperature increases to the critical temperature, the macropores are the first
to become blocked, and the degree of blockage in the macropores gradually increases.
The small pores are also blocked, leading to a decrease in the porosity of the core.

In this study, the influence of CO,—water—rock reaction on the porosity and permeabil-
ity of shale cores under different temperature and pressure conditions was quantitatively
characterized. The results show that the blockage caused by CO,-water—rock reflection
mainly occurs in macropores, and the degree of blockage is higher than that of small pores.
Under high-temperature and -pressure conditions, due to the intensification of dissolution,
some new small pores can also be generated. These results provide a basic understanding of
the development plan and clarify the degree of formation damage caused by CO; injection
in shale reservoirs at different stages of development, which is helpful to determine the
CO; injection pressure and temperature. In addition, the results can also be used to predict
the content and stability of CO; stored in such reservoirs. Shale reservoirs have complex
lithologies, and not all samples of lithology are tested due to the long experimental period.
Other types of shale core testing require further conduct. The results do not take into
account the CO,—crude oil interaction and its effect on porosity and permeability. The
above contents will be systematically studied in future studies.
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Nomenclature

Abbreviations

SEM scanning electron microscopy

ICP-MS inductively coupled plasma-mass spectrometry

T, transverse relaxation time

NMR nuclear magnetic resonance

XRD X-ray diffraction

PDI polydispersity index

Symbols

PV the pore volume, dimensionless

B the pore plugging rate, fraction

S1 the peak area value of saturated water before flooding
Sy the peak area value of saturated water after flooding
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