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Abstract
Carbon dioxide  (CO2) sequestration through  CO2 enhanced oil recovery (EOR) in oil reservoirs is one way to reduce this 
gas in the atmosphere. Undesirable chemical reactions that occur during these operations can affect the reservoir structure 
and characteristics. In this study, the effect of  CO2-water-rock interaction on the rock permeability alteration and final oil 
recovery has been evaluated experimentally during  CO2 injection into a carbonate rock. The effect of flow rate, displacement 
type and pressure were investigated during  CO2 EOR injection. Different scenarios of miscible/immiscible displacement, 
secondary/tertiary recovery has been evaluated for different levels of connate water salinity and injection rate. The results 
show that the severity of damage is directly related to the injection rate, however change in displacement type from miscible 
to immiscible reduce the intensity of chemical reactions in porous medium. Moreover, in the tertiary  CO2 injection, the 
chemical reactions become more severe due to the higher water saturations. Interestingly, this growth in the level of chemical 
reactions has a negligible impact on permeability reduction, since the major volume of possible reactions occurs in coarse 
and high permeable pores. Results reveal that damage is more intense in the case of more saline water.
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Introduction

Greenhouse gas emissions have raised concerns about rising 
global temperatures. To reduce greenhouse gas emissions 
such as  CO2, researchers have proposed solutions such as 
storage of this gas in underground formations. Sequestra-
tion of this gas will reduce its concentration in the Earth’s 
atmosphere Bachu and Adams 2003. Also, after water flood-
ing of oil reservoirs,  CO2 injection can be considered as a 
proper candidate for tertiary EOR as it helps to decrease 
 CO2 atmosphere (Aycaguer et al. 2001; Beckwith 2011; 
Han et al. 2016; Eliebid et al. 2017; Hamid et al. 2017). 
 CO2 injection method has been studied in various light and 
heavy oil reservoirs (Mangalsingh and Jagai 1996; Nobakht 
et al. 2007; Ghedan 2009; Zekri et al. 2013; Ma et al. 2016; 
Seyyedsar et al. 2016). Effective parameters of this process 

based on the laboratory investigation, field application or 
simulation are reported by some researchers (Trivedi and 
Babadagli 2009; Ghani et al. 2015; Jaber and Awang 2017; 
Lashkarbolooki et al. 2017; Zarghami et al. 2017; Rostami 
et al. 2018; Bhatti et al. 2019; Biyanto et al. 2019; Fakher 
et al. 2019; Zivar and Pourafshary 2019).

Generally, in the process of  CO2 injection into aquifer for-
mations in order to sequester this gas, the reaction between 
the  CO2 and the aquifer formation plus the salts present in 
the environment yields acids and soluble as well as insoluble 
compounds in the formation depending on the type of salt. 
This can affect the formation and change its petrophysical 
characteristics by activating the dissolution and sedimenta-
tion processes. During the secondary or tertiary recovery 
of oil by  CO2, such reactions can also be repeated by the 
interaction between  CO2 and formation water.

The injection of  CO2 into the reservoirs alters the physical 
rock properties, including permeability and porosity result-
ing from the dissolution of rock minerals (Izgec et al. 2006, 
2008). Changes that result from the interaction between  CO2 
and formation water in the aquifer formations along with 
its effect on the quality of the formation has a substantial 
study background. However, the interaction between  CO2 
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and irreducible water in oil reservoirs due to the insignificant 
percentage of transportable water and its effect on the EOR 
process has not been studied so far.

The mechanism by which the sedimentation process 
reduces the permeability involves deposition on the pore 
walls. This way, some of the particles block the pore spaces 
and others pass through these spaces and are produced 
(Izgec et al. 2006, 2008; Pruess et al. 2001, 2003).

CO2-brine-rock interaction makes EOR and/or seques-
tration processes more complex.  CO2 dissolution into the 
formation water causes to change in thermodynamic equi-
librium of minerals that may result into further mineral dis-
solutions or depositions. The created acidic fluid can change 
mineral composition or reservoir properties such as porosity 
and permeability. Permeability reduction due to chemical 
reaction is been studied using simulation and experimental 
tools by many researchers (Izgec et al. 2006; Zhao et al. 
2015; Sandeep et al. 2016). This reduction can reach to 
about 90% of the initial permeability as its intensity is a 
function of rock mineralogy and cementation, initial per-
meability, temperature, injection rate and injection duration 
(Moghadasi et al. 2004).

On the other hand, the dissolution of formation minerals 
during  CO2 injection, can increase the rock permeability 
(Wang and Gu 2011). Effect of  CO2 injection on perme-
ability and porosity has been commonly studied (Zhao et al. 
2015) but, rare study has been conducted for  CO2-EOR pro-
jects due to the low percentage of immobile connate water 
saturation in the main body of the reservoir. A better under-
standing of  CO2-brine-rock interactions and mechanisms in 
 CO2-EOR can be obtained through laboratory studies.

In this paper, the influence of  CO2-EOR injection on the 
carbonate rock’s physical properties has been studied experi-
mentally. Specifically, the permeability alteration of the rock 
has been investigated. The initial permeability (absolute per-
meability) and permeability after flooding tests were com-
pared. Indeed, this study intends to answer the question of 
whether the interaction of  CO2 and irreducible water is sig-
nificant during flooding experiment, and what its effects are 
on the reservoir characteristics and how these changes affect 
the final recovery. High pressure-high temperature experi-
ments of  CO2 injection into carbonate cores are conducted 
to investigate how the injection rate, miscibility region, type 
of injection (secondary/tertiary) and value of connate salin-
ity may affect the permeability and the oil recovery factor.

Materials and methods

Fluid properties

Oleic phase used in the experiments (kerosene) and injected 
gas phase (carbon dioxide) are introduced in Table 1. The 

reason for using Kerosene is that the aim of the present study 
is to investigate the rate of chemical interaction between rock 
and  CO2 in the presence of water. The use of crude oil in 
the reservoir adds many uncertain factors to the experiment 
making it impossible to examine various parameters.

NaCl (Merck Company) was used to make synthetic 
brine with concentration of 40,000 ppm.

Rock properties

Different rock samples, were extracted from reservoir car-
bonate rocks. The cores dimensions were 8.8 cm in length 
and 3.8 cm in diameter as their porosity and absolute per-
meability varied in range of 22–27% and 1–5 md, respec-
tively. X-ray powder diffraction (XRD) analysis and core 
CT-scan was conducted to recognize rock’s mineralogy 
and possible heterogeneity.

The result of XRD test (presented in Table 2) indicated 
that the rock sample is a carbonated one mainly consisted 
of calcite.

Rock porosity and permeability can also be estimated 
using indirect methods such as CT-scan imaging (Houns-
field 1975; Hunt et al. 1988) when direct measurements are 
impossible, for instance; during conduction of an experi-
ment. In carbonated rocks porosity can be introduced as a 
function of CT number (output of CT-scan setup that is a 
measure of X-ray absorption) using following correlation 
(Saadat et al. 2011):

As an example, variation of porosity at different cross 
sections of one of the cores has been illustrated in Fig. 1. 
As is shown, rock is almost homogeny. Other studies have 
used similar methods, such as a linear X-ray machine, to 
investigate the homogeneity of the sample and to obtain 
porosity profile (Hassani et al. 2016).

(1)Φ = −0.0234 × CT Number + 63.617

Table 1  Oil and injected gas phase properties (T = 63  °C, P = 1000 
psi)

Name Viscosity (cp) Density (g/cm3)

Kerosene 0.72 0.82
Carbon dioxide 0.44 0.14

Table 2  Rock sample mineralogy

Component Formula Percentage

Calcite CaCO3 96.1
Illite Al2Si3AlO10(OH),  KH3O 3.9
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Experimental setup and procedure

Tests’ temperature was fixed at 63 °C as a typical value 
of oil reservoirs. The MMP of kerosene was considered 
about 1500–1800 psi. Therefore, to reduce the uncertainty 
of experiments, miscible and immiscible experiments have 
been designed to be conducted at test pressure of 2700 psi 
and 1000 psi, respectively. To study the effect of injection 
rate on the changes of permeability and oil recovery, three 
tests were introduced at different injection rates of 10, 20 and 
30 cc/h. The changes in permeability were measured after 25 
pore volumes injection into the core. Salinity variation was 
also considered in two different levels of 40,000 PPM and 
130,000 PPM. Table 3 summarizes the specifications of the 
conducted experiments.

The core-flood experiments have modeled  CO2 injection 
into the saturated rock samples to study the effect of  CO2/
water chemical interaction on permeability evolution and 
final oil recovery. The design followed the basic principles 
of conventional core-flood experiments for multi-phase flow 
in porous media.

Figure 2 demonstrates the schematic of our experimen-
tal setup. The flooding setup consisted of a core holder, 
two hydraulic transfer vessels for gas and oil injection, 
a positive displacement pump, and an air bath. A back 
pressure regulator was used to guarantee the stability of 
test pressure. The collected data was sent to a computer 
for monitoring and further controlling of major parts of 

the systems. During the experiments, the core holder was 
adjusted to the vertical position and  CO2 was injected 
into the oil saturated core samples in presence of connate 
water from the upper input port. Total oil recovery was 
calculated based on the amount of produced oil, correct-
ing the oil volume variation from reservoir condition to 
standard condition. Rock permeability has been calculated 
before and after each test in order to monitor the evolution. 
Experimentally, the initial permeability is absolute perme-
ability. Using Darcy’s equation, absolute permeability was 
measured at different flow rates. In the following figures, 
the permeability measured after flooding is defined based 
on initial permeability for easier comparison.

Results and discussion

Several experiments were designed and summarized in 
Table 3 in order to cover all major aspects of  CO2 chemi-
cal and physical impacts on the core permeability and oil 
production.
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Fig. 1  Calculated porosity at different cross sections

Table 3  Design of expriments conducted in this study

Test number Injection 
rate (cc/h)

Salinity 
(× 1000 ppm)

Test pres-
sure (psi)

Porosity (%) Absolute per-
meability (md)

Pore volume (cc) Connate 
water (%)

Recovery 
factor (%)

1 10 40 2700 22.8 1.95 22.66 24 91
2 20 40 2700 24.7 2.30 24.62 13 92
3 30 40 2700 22.0 4.72 21.76 20 95
4 30 40 1000 24.1 1.81 24.00 27 60
5 30 40 2700 24.1 1.95 24.04 24 68
6 30 40 1000 25.44 2.71 25.33 25 52
7 30 130 2700 26.73 2.13 26.55 31 80

Fig. 2  Schematic of experimental setup
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The effect of injection rate (tests 1, 2 and 3)

Test 1, test 2 and test 3 have been initiating and operating at 
the same condition (miscible condition) the only difference 
was their injection rate. Figure 3 depicts the trend and the 
amount of oil production versus  CO2 pore volume injection.

As is expected, there is no significant difference in oil 
recovery of these tests because of the miscibility regime. 
The permeability alternation is strongly dependent on the 
injection rate (Fig. 4). As the injection rate increases, ratio 
of permeability after flooding to initial permeability reduces 
and permeability alteration is turned into core damage.

Vertical flow injection could result in rock’s mineral dis-
solution in the upper part of the core and precipitation in 
lower part. In a vertical process, if dissolution occurs in the 
system, particles inside the core are displaced and move to 
the bottom of the core. So, particle removal from the envi-
ronment will lead to increased permeability, where if the 
particles cannot be removed from the core and accumulate 
at the end of the core, this can lead to reduced permeability. 
Verticality and horizontality of the flow and its effects on 
the process have been studied by other researchers (Izgec 
et al. 2006, 2008).

In addition, it may result into fine migration that could 
lead to either permeability improvement of rock or perma-
nent damage to the core plug depending on the rock’s min-
eralogy and/or fine’s diameter. Increase of the injection rate 
could accelerate the fine grain displacement process. As the 
connate water is placed in the fine pores of the core plugs, 
the chemical reaction mainly occurs within fine pores.

In test 1, the permeability does not depict a significant 
change. We could conclude that in test 1, there was a balance 
between the dissolution and precipitation in porous media. 
Test 2 has a lower connate water saturation which result less 
chemical reaction, and in consequence slight permeability 
damage was observed. Test 3 has a highest impact on the 
permeability evolution of the carbonate rock. It expresses 
clearly how exceeding from the optimum injection rate dur-
ing a  CO2 injection process could result in severe reduction 
in permeability. It was predicted that if dissolution and pre-
cipitation processes occur within the core, with increasing 
flow rate, the permeability would diminish. Because in this 
case, the extent of particle displacement to the bottom of 
the core increases and since the particle outflow capacity is 
limited, this would decrease the permeability. Note that per-
meability was reassessed after cleaning the core by chemical 
solvents.

Miscible/immiscible displacement (test 3 and test 4)

From the fourth experiment until the end of the experimental 
process, the flow rate was considered constant to allow the 
possibility of examining the influence of other parameters 
on the process. Pressure was assumed to be 1000 psi in the 
fourth experiment where the experiment was in an immis-
cible mode. Figure 5 compares the variation of oil recovery 
factor versus injected pore volume of  CO2 for an immiscible 
and miscible vertical flood. As is shown, there is a great dif-
ference in the final results. In an immiscible displacement, 
low flexibility of fluid’s interface causes a large amount of 
oil saturation to remain against fine pore thoughts or to be 
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Fig. 4  Permeability alteration as 
a function of injection rate
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bypassed in fine dead-end-pores. Therefore, lower ultimate 
oil recovery factor can be gained during immiscible  CO2 
injection. In addition, in this regime of injection, minimum 
chance of chemical reactions does exist due to disability of 
 CO2 to enter the fine pores where connate water is allocated. 
Thus, permeability does not change significantly during 
immiscible injection (Fig. 6). While during miscible injec-
tion rock permeability has been improved, considerably. In 
immiscible  CO2 flooding test, the injection gas is not able 
to penetrate the micro pores of the core. Thus, in addition to 
the fact that part of the fluid volume within the core is almost 
not recoverable anymore, the effect of  CO2 injection on the 
irreducible formation water, generally present in the micro 
pores, is reduced. Eventually, this will lead to a decline in 
acid production and consequently a reduction in chemical 
reactions as well as permeability changes. In contrast, the 
miscible state allows  CO2 to penetrate the micro pores of 
the core more easily, and enhance the recovery of the fluids. 
Then, the miscible state allows  CO2 to more easily access 
and interact with irreducible formation water, resulting in 
more acid production and ultimately more dramatic changes 
in the physical properties of the rock.

Tertiary recovery (test 5 and test 6)

Test 5 (tertiary miscible injection) and test 6 (tertiary immis-
cible injection) have been performed to be compared with 
the secondary injection tests in tertiary recovery, strong 
chemical reaction is expected due to the presence of large 
amount of water saturation through the coarse and high per-
meable pores.

In these two tests, water flooding of the core was first 
performed with brine to remove all Kerosene that could 
be removed by water from the system. This stage of the 
experiment was carried out under ambient temperature and 
pressure, so that it would have the minimum effect on the 
physical conditions of the formation during the injection. 
 CO2 injection was then performed at a flow rate of 30 cc/h. 
The reason for the presence of water was to create a mobile 
aqueous phase along with the mobile oil phase inside the 
sample and to augment the water saturation percentage in the 
system. This would allow observing what the rate of reaction 
is and examining its impact on the rock with the presence of 
a higher percentage of water in the system, which is mobile 
unlike previous tests.

Before starting the  CO2 injection, three phase can be 
detectable within the porous media, saturation of mobile 
water, oil phase and immobile connate water. The fraction 
of each fluid is mentioned in Table 4.

Figure 7 shows the oil recovery factor versus injected 
pore volume of  CO2 for an immiscible and miscible vertical 
flood in tertiary mode. As is evident, similar to tests 3 and 
test 4, the ultimate oil recovery and permeability alteration 
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Fig. 6  Permeability alteration as 
a function of miscible/immisci-
ble displacement
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Fluid Test 5 Test 6
Saturation% Saturation %

Connate water 24 25
Kerosene (oil phase) 29 18
Injected (mobile) water 47 56
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of tertiary injection experiments are significant in misci-
ble flood. However, the results depict a smaller difference 
between the miscible and immiscible injection in tertiary 
tests. As the oil phase was drained out from main paths dur-
ing secondary water injection, limited in placed oil phase 
was available to be recovered during tertiary  CO2 injection.

The permeability in tests 5 and 6 does not depict a con-
siderable change. Furthermore, due to more water saturation, 
the effect of chemical reactions is much greater than tests 
1, 2 and 3. Although stronger chemical interactions should 
result in severe dissolution–precipitation process, the perme-
ability almost remain intact in tests 5 and 6. As is expected, 
high concentration of chemical reactions is occurred in 
coarse and high permeable pores with greater transmis-
sion capacity. This could be compared with low transmis-
sion capacity of fine and low permeable pores which are 
the accordance places of main chemical interactions in tests 
1, 2 and 3. When dissolution–precipitation process could 
reverse the effects of each other, even with severe chemical 
reactions, the permeability could remain intact. In Fig. 8, 

the test with immiscible injection regime (test 6) reveals 
a slight growth in permeability. Like test 4, this could be 
expressed with small amounts of  CO2–water interaction in 
porous media.

Effect of salinity (test 3 and test 7)

The salinity of connate water could affect the  CO2-water 
chemical reaction magnitude. Generally as the water salinity 
increase, solubility of  CO2 in water decreased. It means, at 
the same condition with increasing the salinity of water, the 
less solubility is observed and subsequently, there is lower 
acid production and lower intensity of the chemical reac-
tion (Duan and Sun 2000; Jarrell 2008). This is especially 
important in aquifer formations that are the target of  CO2 
injection for storage. But in oil reservoirs, with respect to 
the low saturation of connate water, its immobile nature and 
exposure in low permeable and dead end pores, the primary 
theory predicted no significant change in chemical reaction 
based on change in soluble salt during the  CO2 injection 
process. Tests 3 and 7 were performed at the same condition 
(miscible regime with flow rate of 30 cc/h) in order to inves-
tigate the effect of salinity. In test 7, the salinity of connate 
water increased to 130,000 ppm.

Figure 9 displays the production rate under two differ-
ent salinity of the brine. As mentioned, the lower reaction 
intensity in the seventh experiment could be attributed to 
the lower recovery rate. This question may arise here that 
as the increase in chemical reactions in the core could mean 
enhanced degradation and diminished permeability, how 
could it be considered as a reason to increase the recovery 
factor. Note that, according to the production diagrams, it 
is clear that a high percentage of recovery was obtained at 
the initial time intervals of the experiment; this is when the 
dissolution process was occurring in the core and when a 
large proportion of the particles have not yet precipitated or 
reduced the permeability. On the other hand, reduction of 
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the permeability does not always mean diminished recov-
ery capacity. During a  CO2 flooding operation, the reaction 
between  CO2 and the formation fluid can lead to the dissolu-
tion and reopening of the pores of core, which were other-
wise blocked and could not be used to increase the recovery 
factor. At the same time, long-term precipitation can lead to 
a severe reduction of permeability and may affect the long-
term recovery rate. This may be the case in near-wellbore 
areas that have been injected by  CO2 for a long time, which 
can cause severe financial losses. Therefore we extended the 
experiment’s time to model the condition of near-wellbore 
areas, and monitor any possible hazard of pore plugging or 
injectivity reduction.

Considerable difference between two tests permeability 
alteration due to the possibility of more limited chemical 
reaction in test 7 is expected. As it is evident in Fig. 10, 
the permeability alteration in test 7 is negligible, however 
the permeability shows severe reduction in test 3, which 
has about 30% of the water salinity compared with test 7. 
Indeed, due to the lower solubility of  CO2 in more salty 
water, the reaction intensity and the permeability changes 
are expected to be lower. It should be noted that visual tests 

such as CT scans can help to achieve more accurate results 
on permeability alteration for future studies.

By considering that the remaining parameters between 
the two experiments are constant and equal, this major dif-
ference can be attributed to the effect of water salinity and 
concluded that in this process, this parameter can play a 
decisive role along with other parameters.

Conclusions

We performed various experiments to investigate the effect 
of  CO2 injection on permeability alteration of carbonate 
rocks. The results have been categorized in four parts: the 
injection rate alteration, miscible/immiscible displacement, 
secondary/tertiary recovery and change in salinity. Moreo-
ver, the results of experiments were compared and the main 
conclusions can be outlined as follows:

1. CO2–water interaction has a considerable role in  CO2 
injection into carbonate samples and could drastically 
altered the rock properties. The severity of permeability 
reduction will be increased with incrimination of injec-
tion rate. This situation could be simulated with high 
velocity near wellbore area. The results also specified 
that the injection rate does not have a significant influ-
ence on the oil recovery at the early time or for the short 
core length samples.

2. During miscible  CO2 injection, we faced more intense 
chemical reaction and permeability reduction, which 
occurred because of more intense  CO2–water interac-
tion in miscible flood. As expected, the final recovery 
has a greater value in miscible flood, which was related 
to the accessibility of  CO2 to the smaller pores of the 
core plug, lower capillary pressure and more efficient 
sweep.

3. In the case of high water saturation oil reservoirs (water 
flooded oil reservoirs), the chemical reactions that occur 
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after  CO2 injection would be crucial. Furthermore, the 
severe dissolution–precipitation processes in coarse and 
high permeable pores could be neutralized by each other. 
This represents the complexity of permeability alteration 
pattern in tertiary recovery. This part of study represents 
a new open field for further studies in tertiary  CO2-EOR 
projects.

4. Increasing the connate water salinity was a key vari-
able in permeability evolution in porous media. It was 
concluded that raising the connate water salinity could 
result in significant decrease in severity chemical reac-
tions in porous media. It can be concluded that the injec-
tion for improved oil recovery from the formation with 
saline connate water has less risk than low saline water 
rock.
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