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a b s t r a c t

Carbon dioxide-enhanced oil recovery (CO2-EOR) has gained widespread attention in light of the
declining conventional oil reserves. Moreover, CO2-EOR contributes to the reduction of the global
emissions of greenhouse gases through CO2 sequestration in subsurface geologic formations. This
method has been largely used in the petroleum industry for several decades especially for extracting oil
from light-to-medium oil reservoirs approaching an advanced state of maturity. Traditionally, CO2 is used
in a continuous flooding scheme for EOR. However, continuous CO2 flooding tends to be problematic due
to unfavorable mobility, viscous fingering/channeling and early breakthrough of CO2, especially in the
presence of reservoir heterogeneities. In this paper, recent developments in the methods used to over-
come these problems are reviewed. These developments include CO2water-alternating-gas (WAG) in-
jection, polymer-assisted CO2 injection, surfactant-assisted CO2 mobility control (CO2-foam injection),
and nanoparticle-assisted CO2 flooding. Each method addresses, to an extent, one or more of the
problems associated with conventional CO2 flooding. Furthermore, incorporating more than one method
can provide better performance in terms of CO2 mobility control and oil recovery. In comparison with
CO2-WAG and CO2-foam injection methods, the use of polymers and nanoparticles with CO2 flooding is
relatively new. These two new methods were mostly investigated experimentally, at the laboratory level,
and they still need further development prior to field implementation.

© 2021 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Globally, crude oil recovery is divided into three phases: pri-
mary, secondary and tertiary recoveries [1e3]. In the primary re-
covery, oil flows out of the reservoir depending on its own pressure
[4,5]. The three main drive mechanisms of the primary recovery
include solution-gas drive (common in the production of heavy oil)
[6,7], gas-cap drive [8] and water drive [9]. During the primary
recovery, the rate of oil production declines because of the
continuous reduction in the reservoir pressure, which is consistent
with Darcy's law [10]. In the secondary recovery, water is typically

injected into the reservoir through several injection wells to
maintain the reservoir pressure and displace additional oil. How-
ever, in heterogeneous reservoirs, water may start to flow in
pathways of high permeability extending between the injection
and productionwells. Consequently, several regions in the reservoir
are left unswept by the injected water. Moreover, water-oil inter-
facial tension traps oil ganglia in small interstices existing between
the grains of the rock, as illustrated in Fig. 1, which further impedes
oil flow [11].

It is estimated thatmore than 50% of original-oil-in-place (OOIP)
remains unrecovered after the primary and secondary phases of oil
recovery [12e14]. Therefore, enhanced oil recovery (EOR) is applied
as a tertiary recovery phase to reduce the residual oil saturation
utilizing various techniques such as chemical flooding [15,16], gas
injection [17,18], microbial recovery [19,20] and thermal recovery
[21,22]. In an oil reservoir, EOR processes can improve the overall oil
displacement efficiency, which involves both the microscopic and
macroscopic displacement efficiencies [23,24]. Such improvement
is accomplished by decreasing oil viscosity [25,26], interfacial
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tension (IFT) [27,28] and capillary forces [29,30] in addition to
changing the mobility ratio between the displacing and displaced
fluids to more favorable values [31,32].

CO2 injection is one of the most commonly used EOR methods
that aims to increase oil recovery [33e35]. This method of EOR has
been used for decades in the petroleum industry [36e38]. One of
the earliest studies on the use of CO2 to achieve a higher oil
displacement efficiency was carried out by Holm [39]. In that study,
experiments of CO2 flooding were conducted on Berea sandstone
and McCook dolomite cores. The experiments showed that CO2
flooding followed by the injection of carbonated water could result
in 50%e150% additional oil recovery compared to conventional
waterflooding at pressures above 900 psig. Later, Welge et al. [40]
used CO2 as a part of a multicomponent gas, containing other gases
such as nitrogen and methane, which could displace crude oil from
porous media indicating the possibility of using such gas in actual
oil fields. Holm [41] conducted CO2 flooding experiments where
CO2 was injected followed by water injection. This process was
described as a solvent flooding process in which oil recovery was
affected by CO2-oil miscibility, the viscosity and density ratios be-
tween oil and CO2 and the variations in rock permeability (sand-
stone versus dolomite).

CO2 flooding has received further attention over the years. For
instance, Kelly-Snyder field (located in West Texas) began to be
injected with CO2 in the early seventies after 17 years of water-
flooding. CO2 flooding was implemented in that field because large
amounts of oil, around 56% of OOIP, were remained underground
and a new economical method was required to recover additional
oil. At first, two alternatives were considered including propane-
enriched residue gas injection and CO2 injection. However, labo-
ratory and feasibility studies indicated that miscible CO2 injection
would be effective and less costly [42]. CO2-EOR produced 250,000
barrels of oil per day in the United States in 2008 [43,44]. Globally,
the technology was recently introduced in comparison with the
United States [45]. However, it has gained more interest in the
recent years [46e48]. Currently, CO2-EOR is becoming globally
acknowledged as amethod for geologic CO2 storage [49e52], which
results in several environmental advantages.

CO2 can be injected into a reservoir under miscible or immis-
cible conditions [53,54]. In miscible injection, CO2 is injected above
the minimum miscibility pressure (MMP) at which CO2 becomes
miscible with crude oil through a process called multi-contact
miscibility resulting in increased oil displacement efficiency [55].
On the other hand, immiscible flooding involves the injection of

CO2 at a pressure below the MMP leading to increased oil recovery
mainly through oil swelling [56]. Research studies indicated that
miscible CO2 flooding is more efficient compared to immiscible CO2
flooding [57e59]. Moreover, during CO2 flooding and under certain
pressure conditions, part of the injected CO2 dissolves in the for-
mation water, leading to mineral dissolution processes affecting
rock porosity and wettability. These dissolution processes occur
mostly in carbonate reservoirs, leading to changes in the capillary
pressure and relative permeability. The main mechanism involved
in these changes is the enlargement of pore throats, which creates
additional flow channels that increase the connectivity of the pores
in the system [60]. In addition to its advantages in EOR, CO2 can be
injected in natural gas reservoirs, during the processes of enhanced
gas recovery, to alleviate condensate banking around wellbore [61].

Despite its popularity as an EOR method, CO2 flooding still does
not recover all of OOIP, irrespective of the implementation of
waterflooding at the reservoir [62]. Insufficient oil recovery asso-
ciated with CO2 flooding is mainly connected to the density and
viscosity of the injected CO2 [62e64]. The low density of CO2
compared to oil, even under high pressure, results in CO2 gravity
override, which reduces oil recovery at the lower parts of the
reservoir. Along with that, the viscosity of liquid CO2 and super-
critical CO2 (scCO2) at normal reservoir conditions ranges between
0.05 cp and 0.1 cp. These values are much smaller than the common
values of viscosity of in-situ oil and brine leading to unfavorable
mobility ratios; hence, viscous fingering occurs causing additional
issues including early breakthrough of CO2, high ratios of CO2-usage
and reduced rates of oil production [62]. Furthermore, the mobility
problem is aggravated by reservoir heterogeneities [65e67], such

Fig. 1. Oil trapping due to capillary effects after the secondary recovery (waterflooding). Based on the description given in Ref. [11].

Fig. 2. Problems caused by high CO2 mobility in an oil reservoir: (a) poor areal sweep
(b) gas channeling, and (c) gravity override. Reproduced from Ref. [68].
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as permeability variation between different reservoir layers. Fig. 2
depicts problems induced by high gas mobility in a reservoir dur-
ing CO2 injection [68]. The problems of highmobility ratio and poor
sweep efficiency motivated researchers to develop methods to
improve the performance of CO2-EOR.

In this paper we review the literature on fourmainmethods that
have been used to improve the mobility and/or the performance of
CO2 flooding for enhancing the oil recovery. These methods include
CO2water-alternating-gas (WAG) injection (Section 2), polymer-
assisted CO2 flooding (Section 4), surfactant-assisted CO2 mobility
control (Section 6), and nanoparticle-enhanced CO2 flooding (Sec-
tion 8). Furthermore, we compare the aforementioned methods,
and discuss their performance based on pilot and field studies.
Finally, we propose several future prospects for further improve-
ment of CO2 flooding, and provide a summary of the review.

2. CO2-WAG injection

WAG is considered a reliable method that increases oil recovery
by combining the advantages of both waterflooding and gas in-
jection [69e72]. In a WAG process, the gas provides high micro-
scopic sweep efficiency, and the presence of water allows for an
improved macroscopic sweep efficiency [73e75]. CO2-WAG injec-
tion reduces the consumption of CO2 [76]. As stated by Jarrell [77],
CO2-WAG is effective in stratified reservoirs as it reduces gas cycling
in layers of high velocity (k/4) by impeding the flow of CO2 in these
layers. According to Han and Gu [78], several technical advantages
are gained by CO2-WAG injection. As a gas, CO2 can readily become
miscible with light crude oil because of the low MMP between
them. Further, water injection increases reservoir pressure to levels
higher than the MMP, providing improved mobility control by
reducing the relative permeability to CO2. Besides, CO2-WAG in-
jection combines both the high volumetric sweep efficiency of
waterflooding and the improved microscopic displacement effi-
ciency of CO2 injection. Dai et al. [79] stated that CO2-WAG process
involves the injection of CO2 slugs alternately with certain volumes
of water, as depicted in Fig. 3. The process can be optimized to
maximize oil production and increase CO2 sequestration by
adjusting operational parameters such as the distance between
injection and production wells and the ratio between CO2 injection

time and water injection time. These operational parameters are
substantially impacted by intrinsic reservoir parameters including
porosity, permeability, depth and thickness.

Despite being studied and implemented for decades in many oil
fields [81,82], researchers still investigate further aspects of CO2-
WAG injection. For instance, Yan et al. [83] conducted a nonequi-
librium molecular dynamics (NEMD) simulation study in a silica
nanochannel to explore the mechanism of oil recovery of CO2-WAG
injection at supercritical conditions. The LAMMPS package was
used to perform the NEMD simulation, where a simple point-
charge (SPC) model and EPM2 CO2 model were employed in the
simulation. The researchers selected asphaltene and decane to
represent the polar and apolar fractions of crude oil, respectively.
The simulation considered reservoir conditions of 56.8�C and
2900.7 psi, which correspond to water and scCO2 densities of
0.993 g/cm3 and 0.743 g/cm3, respectively. Furthermore, NEMD
simulation was conducted at a constant number of molecules and
constant volume and temperature. Additionally, a velocity of 1 m/s
was applied to the rigid silica sheet to represent that of the fluid
being pushed across the nanochannel. Results from the simulation
demonstrated that scCO2 plays a major role in dissolving apolar
components of oil. On the other hand, water slugs provide a stable
water-scCO2 interface that propels miscible oil-scCO2 slugs out of
the nanochannel. Therefore, CO2-WAG injection is expected to
provide higher oil recovery compared to either water or CO2 in-
jection. Lei et al. [84] studied oil recovery performance of CO2-WAG
after continuous CO2 injection at miscible and immiscible condi-
tions. Core flooding experiments were conducted on composite
cores consisting of layers that have three permeability levels (low,
medium and high). It was shown that oil recovery increased after
implementing CO2-WAG injection by about 12e17% of OOIP. It was
also shown that the contribution of low- andmedium-permeability
layers in the total oil recovery increased due to CO2-WAG injection
at both conditions of miscibility. Wang et al. [85] also investigated
the effect of CO2-WAG injection on oil recovery and permeability
properties after conducting continuous CO2 injection. Flooding
experiments were carried out on sandstone reservoir cores at
miscible conditions (25 MPa, 98�C). It was found that the ultimate
oil recovery increased from about 52% to 73% due toWAG injection.
Experimental work also indicated that inorganic precipitation (i.e.,

Fig. 3. CO2-WAG injection process at miscible pressure [79,80].
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metal carbonates) and asphaltene deposition occurred due to CO2
injection causing a reduction in the permeability of the core sam-
ples. Therefore, it was recommended to consider the use of
chemical inhibitors to maintain oil production during CO2-EOR. Al-
Otaibi et al. [86] compared the effect of continuous scCO2 flooding
and scCO2-WAG injection on oil recovery in core plugs obtained
from a carbonate reservoir. After secondary waterflooding,
continuous scCO2 flooding and scCO2-WAG injection achieved
additional oil recovery of 17.5% and 23.3% of oil initially in the cores,
respectively. The increase in oil recovery was attributed to
improved mobility control reached using the WAG mode. Kamali
et al. [87] studied oil recovery performance of continuous-gas-
injection (CGI), simultaneous-water-and-gas (SWAG) injection
and WAG injection inside Bentheimer sandstone. CO2 gas was uti-
lized at 70�C under various miscibility conditions where the pres-
sure was varied from 1300 psi to 2100 psi. It was found
experimentally that WAG results in the highest oil recovery fol-
lowed by SWAG and CGI. To model the laboratory experiments, the
researchers conducted numerical simulation using GEM (CMG
2014), which is a commercial compositional simulator. A 2-Dcross-
sectional model with grid blocks of 100 � 1 � 5 was built to
simulate the injection processes. The same experimental conditions
(i.e., 1300 psi to 2100 psi and 70�C), considering rock properties
(4 ¼ 23.8% and k ¼ 1.7 Darcy) and fluid properties, were employed
in the simulation. It is worth noting that the oil used was a 2-
component hydrocarbon that consists of C6 (mole
fraction ¼ 0.65) and C10 (mole fraction ¼ 0.35). Additionally, a PVT
simulator (WinProp) was utilized to determine the properties of oil,
water and CO2 that were used in the simulation, depending on the
PengeRobinson equation of state (PR EOS). Numerical simulation
showed that CO2 relative permeability was remarkably reduced in
both WAG and SWAG injection especially under miscible condi-
tions. Moreover, the vertical sweep efficiency was improved in
those schemes of injection. Hosseini [88] carried out core flood
experiments on sandstone cores using three modes of injection
including water injection, CO2 injection and CO2-WAG injection. Oil
recovery was measured in each mode in the absence and presence
of asphaltene deposition. Results summarized in Fig. 4 demonstrate
that CO2 injection and CO2-WAG injection could effectively improve
oil recovery compared to water injection. However, the presence of
asphaltene causes a reduction in oil recovery because it reduces the
relative permeability to oil and alters the wettability of the rock to
oil wet. Therefore, a surfactant can be employed in the process to
alleviate the adverse effects of asphaltene deposition. Wang et al.
[89] studied the effectiveness of using CO2-WAG injection to in-
crease oil recovery after CO2 injection at miscible conditions

(18 MPa, 70�C). They found that CO2 injection achieved an oil re-
covery of 27.6%, and this value was increased to 44.5% utilizing CO2-
WAG injection that also delayed CO2 breakthrough. It was also
observed that the permeability of the cores was reduced. This
observation can be ascribed to the blockage of pore throats due to
asphaltene precipitation and possible inorganic interactions
occurring between CO2, brine and rock, as depicted in Fig. 5.

There were several attempts to improve the performance of
CO2-WAG injection by modifying the salinity of the injected water.
For example, Le Van and Chon [91] investigated the effect of slug
size of injectants (0.2, 0.4, and 0.6 PV) and salinity of injected water
(up to 5 wt%) on oil recovery under miscible conditions
(MMP ¼ 1830 psi at 70�C). CO2-WAG injection was conducted at a
fixed ratio of 1:1 on Berea sandstone cores (4 ¼ 16.9%e18.4% and
k ¼ 143.1 mDe156.0 mD). It was reported that the optimal salinity
of injected water and the optimal slug size were 4 wt% and 0.4 PV,
respectively. In addition, Le Van and Chon [91] used the response
surface methodology (RSM) to predict the recovery factor (RF)
based on the experimental data and the design variables (CO2 slug
size and salinity of injected water). The results from the experi-
mental work were comparable to those obtained by their numerical
calculations, which indicated that the optimal salinity and the
optimal slug size were 4.313 wt% and 0.455 PV, respectively. Teklu
et al. [92] and Al-Saedi et al. [93] reported that CO2 has higher
solubility in low salinity water (LSW) compared to high salinity
water (HSW); therefore, LSW increases the oil recovery in the case
of CO2-WAG processes. AlQuraishi et al. [94] compared the effects
of LSW and HSW on the oil recovery performance of CO2-WAG
injection. It was stated that for Berea sandstone cores, LSW (diluted
sea water) provides higher ultimate oil recovery compared to HSW
(undiluted sea water) during CO2-WAG injection. However, the
effect of LSW was not significant for Bentheimer cores. The reason
behind these observations was attributed to the existence mobi-
lizable clayminerals in Berea sandstone that can be affected by LSW
rather than HSW. Dang et al. [95] carried out a simulation study to
evaluate the oil recovery resulted from low salinity WAG (LSWAG)
and high salinity WAG (HSWAG) in which CO2 was the injected gas.
GOCAD™ software and GEM™ were both employed in the simu-
lation, which considered awide range of reservoir conditions. Their
models demonstrated that LSWAG achieves additional oil recovery
of 4.5%e9% of OOIP in comparison with HSWAG. Moreover, oil re-
covery in these models depended on factors such as reservoir
miscibility conditions, reservoir minerals (dolomite and calcite),
reservoir heterogeneity, ionic composition of injected fluids, type
and content of clayminerals and the initial wettability conditions of
the reservoir.

Fig. 4. Oil recovery at different injection modes and the effect of asphaltene deposition
[88].

Fig. 5. Schematic diagram of a pore throat blocked due to asphaltene precipitation in
the presence of inorganic particles [89,90].
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Seyyedi and Sohrabi [96] considered the injection of carbonated
water (CW) prior to CO2 injection. They found that the injection of
CW could improve the sweep efficiency of CO2. CW interacts with
crude oil and causes its swelling. Therefore, the saturation of
remained oil increases. Further, oil swelling allows isolated oil
ganglions to reconnect making oil more accessible to CO2. Because
of these changes, the researchers recommended that pre-flushing
of CW be utilized to improve the performance of CO2 or CO2-
WAG inaction.

3. Discussion on CO2-WAG injection

Research studies showed that the performance of CO2-WAG
injection as a method for CO2 mobility control can be validated at
the molecular, core and field scales in both miscible and immiscible
conditions. The main role of CO2-WAG is to increase the saturation
of water in the reservoir, thereby decreasing the relative perme-
ability to CO2. Previous simulation and experimental studies also
showed that CO2-WAG injection can effectively increase the oil
recovery and reduce the consumption of CO2 during EOR processes,
which implies the achievement of additional economic returns
compared to waterflooding or continuous CO2 injection. The
reduction in CO2 utilization ratios is important to increase the
profitability especially in offshore projects with limited CO2 supply
or in regions that have high costs attributed to the capture, trans-
port and storage of CO2 of proper quality. To accomplish incre-
mental oil recovery, several parameters need to be considered
during the design of CO2-WAG injection. These include fluid and
rock characteristics, fluid saturation, reservoir heterogeneities,
reservoir pressure and temperature, relative permeabilities to
various phases, CO2-WAG ratio, injection patterns, injection rates
and intrinsic reservoir parameters such as porosity, permeability,
depth and thickness. The performance of CO2-WAG can be further
improved bymodifying the salinity of the injected water (mainly in
the presence of clay minerals) and by incorporating carbonated
water in the process. A summary of research studies reporting on
the performance of CO2-WAG is given in Table 1.

CO2-WAG has the potential to reduce the effect of viscous
fingering, poor sweep efficiency and early breakthrough of CO2 (as
shown in Fig. 6), yet it does not prevent the phenomenon of gravity
segregation resulting from density differences between the phases
existing in the reservoir. Other challenges of CO2-WAG are related
to asphaltene precipitation and tubing corrosion, which necessitate
the use of appropriate chemical methods (e.g., inhibitors) and/or
mechanical methods to assure the continuous production of
hydrocarbons.

In Section 4, we present research studies conducted on various
types of polymers that have been used to increase the density and
viscosity of CO2. We also present the studies that investigated the
use of polymers specifically to increase the oil recovery as
demonstrated by core-flooding experiments.

4. Polymer-assisted CO2 flooding

4.1. Polymers for direct thickening of CO2

Polymers are defined as long-chain molecules that consist of a
large number of small repeating subunits, which are known as
monomers [97e99]. When a polymer consists of two (or more)
distinct types of monomers, it is referred to as a copolymer.
Otherwise, it is called a homopolymer and in this case it is
composed of a single type of monomer [100e102]. Polymers are
also classified into three types according to their tacticity, which is
related to the stereochemistry of the polymer chain. These include
isotactic, syndiotactic and atactic polymers [103]. In isotactic

polymers, all functional/pendant groups are arranged on the same
side of the polymer chain. In syndiotactic polymers, the side groups
are arranged in an alternating pattern on both sides of the polymer
chain. Finally, in atactic polymers, the side groups are arranged
randomly along the polymer chain [104]. Fig. 7 illustrates variations
of polymer tacticity.

The main objective for the use of CO2 thickeners is to control the
mobility of CO2 by directly increasing its viscosity. These com-
pounds are designed to dissolve in the injected CO2 to form a
single-phase and thermodynamically stable solution that has a
viscosity similar to (or slightly larger than) that of the displaced oil.
The viscosity of CO2 can be controlled by varying the concentration
of the added thickeners [62]. Polymers can be used as direct CO2
thickeners for EOR applications [107e109]. One main drawback of
the use of some polymers is the reduction in solubility with the
increase in their molecular weight [110]. Therefore, oligomers,
which have lowmolecular weight, were also introduced as possible
thickeners of CO2 for EOR processes [111e113].

Heller et al. [114] investigated the ability of different polymers to
dissolve in CO2 and increase its viscosity and density aiming for CO2
mobility control in EOR processes. The results showed that 18
polymers were able to dissolve in CO2 resulting in different levels of
density and viscosity enhancement. The solubility of the polymers
in CO2 was influenced by different factors. For instance, tacticity
was one of the main factors that controlled the solubility. Polymers
of isotactic form exhibited less solubility in CO2 compared to atactic
polymers. For example, atactic poly(butene) is soluble in liquid CO2

contrary to isotactic poly(butene). This means that the amorphous
nature of the polymers increases their solubility in CO2 unlike
polymers of crystalline nature. It was also found that polymer
solubility in CO2 increases with the presence of aliphatic side chains
on the backbone of the polymer such as in poly(propylene) and
poly(isobutylene). In contrast, aromaticity reduces the solubility of
polymers in CO2. Moreover, the increase in the molecular weight of
the polymer tends to reduce its solubility in CO2. Although Heller
et al. [114] did not directly conduct EOR experiments using visco-
sified CO2, their work allowed other researchers to identify possible
polymers that could be used to improve the performance of CO2
flooding.

Siloxane polymers have a noticeable tendency to thicken CO2
[115e117]. Bae and Irani [118] conducted a study on the use of
polydimethyl siloxane (PDMS), a commercially available silicon
polymer, as a thickener for (scCO2) at 2500 psi and 130�F. The CO2-
polymer mixture consisted of 4 wt% of the polymer, 20 wt% of
toluene, as a cosolvent, and 76 wt% of CO2. The results demon-
strated that the viscosities of neat CO2 and CO2-polymer mixture
were 0.04 cp and 1.2 cp, respectively. Moreover, solubility mea-
surements showed that the addition of toluene reduced the mini-
mum pressure needed to achieve the polymer solubility. Bae and
Irani [118] also proved through core flooding experiments that,
with the addition of the polymer, oil recovery was accelerated and
increased, and CO2 breakthrough was delayed. In different cores,
the residual oil saturation was reduced by 3.4%e9% of the pore
volume (PV) with the use of viscous CO2. Xiong and Kiran [119]
investigated the effect of PDMS on the density and viscosity of sc-
CO2. PDMS was added to CO2 at concentration reaching 5 wt%. The
study was conducted under pressure (up to 70 MPa) and at a
temperature range of 380 Ke400 K. The results indicated that
PDMS, which is highly soluble in scCO2, caused a significant
improvement in the density and viscosity of scCO2. The improve-
ment increased with the increase in pressure, which was more
prominent at lower temperatures. Li et al. [120] synthesized a sil-
icone ternary copolymer and used it in the presence of a toluene
cosolvent (7 wt%) to enhance the viscosity of CO2. Viscosity mea-
surements indicated that the copolymer could be effectively used
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to improve the viscosity of pure CO2 when added up to 3 wt% ac-
cording to the results summarized in Fig. 8 and Fig. 9.

Huang et al. [121] synthesized a copolymer using styrene and
fluoroacrylate to enhance the viscosity of liquid CO2. They found
that adding 1 to 5 wt% of the copolymer could effectively increase
CO2 viscosity. They also found that the optimal composition of the
copolymer included 71 mol% fluoroacrylate and 29 mol% styrene.
Depending on that, Xu et al. [122] studied the performance of
fluoroacrylate-styrene copolymer (also called polyFAST [123]), as a

direct thickener for CO2. The copolymer was prepared using fluo-
roacrylate (71 mol%) and styrene (29 mol%) without a cosolvent. Xu
et al. [122] demonstrated that up to 5 wt% of the copolymer can be
dissolved in CO2 depending on pressure and temperature values.
For instance, at 18 MPa and 298 K, 3 wt% of fluoroacrylate-styrene
could be dissolved in CO2 leading to a significant increase in CO2
viscosity. Moreover, pressure-drop measurements in sandstone
indicated that fluoroacrylate-styrene could effectively control the
mobility of CO2 even at a concentration of 1.5 wt%.

Table 1
Summary of studies on the use of WAG as a method of CO2 mobility control.

Reference Type of porous
media

Experimental
conditions

Oil properties Injection
fluid

Injection scheme WAG
ratio

Slug size (PV) Ultimate oil recovery (%
OOIP)

Rahimi et al.
[76]

Sandstone T ¼ 96.1�C
P ¼ 3800 psi

ro ¼ 0.940 g/cm3

mo ¼ 7.62 cP
Water Secondary injection e e 37.7%
CO2 Secondary injection e e 61.5%
CO2 þ Water Secondary WAG injection 1:1

1:1
1:1
2:1
1:2

0.15 PV
0.25 PV
0.50 PV
0.15 PV
0.15 PV

84.3%
82.9%
78.6%
93.4%
83.7%

Han and Gu
[78]

Sandstone T ¼ 56�C
P ¼ 1450.4 psi

ro ¼ 0.745 g/cm3

mo ¼ 1.48 cP
Water Secondary injection e e 43.2%
CO2 Secondary injection e e 63.4%
CO2 þ Water Secondary WAG injection 1:1

1:1
1:1
2:1
1:2

0.500 PV
0.250 PV
0.125 PV
0.250 PV
0.250 PV

78.8%
88.2%
92.9%
78.8%
92.9%

CO2 þ Water Secondary GAW injection 1:1
1:1

0.250 PV
0.125 PV

66.2%
75.0%

Lei et al. [84] e T ¼ 98�C
P ¼ 15 MPa
and 25 MPa

ro ¼ 0.761 g/cm3

mo ¼ 2.16 cP
CO2 Secondary injection e e 21.0% @ 15 MPa and

21.5% @ 25 MPa
CO2 þ Water Tertiary WAG injection

(after CO2 flooding)
1:1 0.1 PV 33.01% @ 15 MPa and

39.43% @ 25 MPa
Wang et al.

[85]
Sandstone T ¼ 98�C

P ¼ 25 MPa
ro ¼ 0.776 g/cm3

mo ¼ 2.08 cP
CO2 Secondary injection e e 51.97%
CO2 þ Water Tertiary WAG injection

(after CO2 flooding)
1:1 0.05 PV 73.15%

Hosseini [88] Sandstone P ¼ 900 psi e Water Secondary injection e e 50.7%e64.3%
CO2 Secondary injection e e 65.3%e71.7%
CO2 þ Water Secondary WAG injection 1:1 1.6 PV (Total injected

volume)
71.8%e90.0%

Wang et al.
[89]

Sandstone T ¼ 70�C
P ¼ 18 MPa

ro ¼
(0.725 ± 0.002)
g/cm3

mo ¼
(3.88 ± 0.05) cP

CO2 Secondary injection e e 27.64%
CO2 þ Water Tertiary WAG injection 1:1 0.1 PV 44.49%

Le Van and
Chon [91]

Berea sandstone Miscible
conditions

ro ¼ 0.952 g/cm3

mo ¼ 355.5 cP
Water Secondary injection e e Sorwf ¼ 40.6%e44.24%
CO2 þ Water Tertiary WAG injection

(after WF)
1:1 0.2, 0.4 and 0.6 PV (size

of CO2 slugs)
38.01%e52.33% of Sorwf

AlQuraishi
et al. [94]

Bentheimer and
Berea sandstones

T ¼ 60�C
P ¼ 3200 psi

ro ¼ 0.834 g/cm3

mo ¼ 3.58 cP
Water Secondary injection e e 47.30%e64.20%
CO2 þ Water Tertiary WAG injection

(after WF)
1:1 0.2 PV 65.20%e85.18%

WAG ¼ Water alternating gas, GAW ¼ gas alternating water, WF ¼ water flooding, Sorwf ¼ residual oil saturation after waterflooding.

Fig. 6. Comparison of CO2 flow behavior in continuous CO2 injection and in CO2-WAG injection.
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Kilic et al. [124] investigated the ability of different types of
aromatic acrylate-fluoroacrylate copolymers to enhance the vis-
cosity of CO2. At a temperature of 295 K, the investigated

copolymers were generally miscible with CO2 under pressures less
than 15MPa. Moreover, the copolymers could increase the viscosity
of CO2 to different extents. The results showed that phenyl acrylate-
fluoroacrylate (PHA-FA) copolymer is an effective viscosity
enhancer. For instance, when 29%PHA-71%FA was used at a con-
centration of 4 wt%, the viscosity of CO2 was increased approxi-
mately by 60 folds. The results also indicated that the enhancement
in viscosity increases with the increase in the pressure. This is
because CO2 becomes a stronger solvent for the copolymers at
higher pressures.

Zaberi et al. [125] studied polyfluoroacrylate (PFA), which has
high molecular weight, as a possible CO2-mobility controller. After
PFA synthesis, they conducted several experiments including
evaluating the solubility of PFA in CO2 and measuring the viscosity
of CO2-PFA mixtures in addition to conducting core flooding ex-
periments. It was observed that PFA is strongly soluble in CO2. At
1450 psi and 24�C, the solubility of PFA in CO2 ranged from 1 to 8 wt
%. Further, PFA at a concentration of 1 wt% and under 3000-psi
pressure could increase the viscosity of CO2 by about 4 times
compared to pure CO2. In terms of oil recovery at miscible condi-
tions, Zaberi et al. [125] reported that thickened CO2 achieved
significant increase in oil recovery compared to pure CO2. However,
there was a noticeable increase in the pressure drop with the
addition of PFA, which resulted from permeability reduction due to
the adsorption of PFA on the rock surface. Such observations led the
authors to question the appropriateness of PFA to be used as a CO2
thickener despite its ability to control CO2 mobility.

Haghtalab et al. [126] stated that some polymers can thicken
scCO2 and alleviate the problem of viscous fingering. The solubility
of polymers in scCO2 is affected by the molecular weight and the
concentration of the polymers as well as pressure and temperature
conditions. The solubility of some polymers in CO2 can be intensi-
fied by the addition of specific polar groups to themain backbone of
the polymer. In their work, Haghtalab et al. [126] used a modified
quadrupole cubic-plus-association (mqCPA) equation of state (EOS)
to predict the MMP as affected by various types of polymers dis-
solved in scCO2 including poly(vinyl acetate-alt-dibutyl maleate)
(PVAc-alt-PDBM), poly(1-O-(vinyloxy) ethyl-2,3,4,6-tetra-Oacetyl-
b-d-glucopyranoside) (P(AcGlcVE) and poly(lactic acid) (PLA). Their
calculations demonstrated that these CO2-polymer systems resul-
ted in reducedMMP values with respect to pure CO2 at supercritical
conditions, which can subsequently facilitate future CO2-EOR
processes.

To overcome the problem of unfavorable mobility of CO2, Al
Hinai et al. [127] attempted to find possible CO2 viscosifiers by
investigating various types of commercially available polymers.
First, they determined the solubility of 26 polymers using a gravi-
metric extraction method. Three polymers were found to be
significantly soluble in scCO2 including poly(ethyl vinyl ether)
(PVEE), poly(iso-butyl vinyl ether) (Piso-BVE) and (poly(1-decene)
(P-1-D). According to viscosity measurements, it was concluded
that only PVEE and P-1-D could be used effectively to thicken CO2 as
summarized in Table 2. For instance, the viscosity of pure CO2 was
increased from 0.076 cp to 0.142 cp using 3 wt% of P-1-D, at 53 MPa
and 377 K. Based on that, Al Hinai et al. [128] considered the use of
P-1-D as a thickening agent for gases injected in EOR. As part of that
study, CO2 was thickened using 3 wt% P-1-D and then injected at an

Fig. 7. Variations of polymer tacticity: (a) isotactic, (b) syndiotactic, and (c) atactic
polymers, where A and R represent the repeating unit of the polymer backbone chain
and the side group, respectively. Based on [105,106].

Fig. 8. Relative viscosity of thickened CO2 with the use of silicon copolymer (1 wt%)
and toluene (7 wt%) [120].

Fig. 9. Relative viscosity of thickened CO2 with the use of silicon copolymer (3 wt%)
and toluene (7 wt%) [120].

Table 2
Polymers-achieved improvement in CO2 viscosity [127].

Polymer Temperature range Concentration Increase in CO2 viscosity

PVEE 329�377 K 1.2e2 wt% 1.2e2.1 folds
P-1-D 358�377 K 0.81e5 wt% 1.2e2.77 folds
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alternating scheme with an un-thickened associated gas (AG)
containing CO2, CH4, C2H6 and C3H8. As shown in Fig. 10, oil re-
covery increased when thickened CO2 was used within the injec-
tion scheme in both nonfractured and fractured cores, at 53 MPa
and 377 K. However, the researchers did not consider a scheme
where pure CO2 is solely injected into the cores; therefore, this case
can be considered in another research.

Zhang et al. [107] studied the effects of the polymers PVEE and
P-1-D on the interfacial tension (IFT), CO2 viscosity and oil recovery.
Generally, it was reported that the addition of the polymers to CO2
reduces the IFT between thickened CO2 and light crude oil. The
causes of this reduction in IFT were traced to the slight increase in
the density of thickened CO2 and its increased solubility in oil.
Moreover, the addition of PVEE (0.0067e0.008, mass fraction) and
P-1-D (0.0056e0.81, mass fraction) increased the viscosity of CO2
approximately by 14e15 folds. It was also found the direct injection
of polymer-thickened CO2 results in higher oil recovery compared
to direct injection of pure CO2. For instance, at about 0.47 PV in-
jection, the recovery factor of pure CO2, P-1-D- CO2 and PVEE- CO2
injection was approximately 0.51, 0.63 and 0.62, respectively. It
should be mentioned that the viscosity values obtained by Zhang
et al. [107] are not consistent with those obtained by Al Hinai et al.
[128]. In other research, Gu et al. [129] studied interactions be-
tween pure polymer-thickened CO2 and crude oil under actual
reservoir conditions. Their research showed that PVEE and P-1-D
could reduce CO2-oil MMP and IFT between CO2 and oil. They
stated that the changes in the MMP and IFT can directly influence
the success of CO2 flooding.

Chaturvedi et al. [130] used carbonated water injection (CWI) as
a method to control the mobility of CO2 and delay its breakthrough.
Polyacrylamide (PAM) viscosifier was tested in CWI to improve CO2
absorption in water. Different concentrations of PAM in deionized
water were considered starting from 0.2 up to 2 g/L. At small PAM
concentrations (0.5 g/Le1 g/L), the CO2 uptake and retention in
water was remarkably improved. Oil recovery and pressure drop
tests showed that PAM-CWI, at a concentration of 1 g/L, was able to
provide the best performance. Moreover, PAM-CWI provided a
better performance compared to conventional CWI or PAM-water
flooding without CO2.

4.2. Polymer gels for CO2 conformance control

Polymer gels are cross-linked networks of polymers, which
swell in solvents such as oil (in the case of lipogels) and water (in

the case of hydrogels) [131,132]. Polymer gels are used in several
applications within the petroleum industry, including CO2 confor-
mance control during EOR processes. There are two main systems
according to which polymer gels can be employed to control the
mobility of CO2 in EOR. The first system involves in-situ gel for-
mation. In this system, hydrocarbon reservoirs are treated by
injecting gelants, which consist of monomers/polymers, cross-
linkers and additives. Subsequently, these components react
together, leading to the formation of gels under reservoir condi-
tions. Eventually, the formed gels induce a plugging effect that
controls fluid flow within hydrocarbon reservoirs. The second
system, on the other hand, is based on the use of preformed gels,
which are fully formed prior to the injection process into the for-
mation [133e135]. A summary of recent laboratory-scale studies
conducted on polymer gels for CO2 conformance control is given in
Table 3.

5. Discussion on polymer-assisted CO2 flooding

Earlier research studies demonstrated that several types of
polymers can improve the density and viscosity of liquid and su-
percritical CO2 can be used in EOR applications. A summary of such
studies is given in Table 4. The improvement of the properties of
CO2 increases with the increase in the solubility of the polymers in
CO2, which in turn depends on several parameters including the
pressure and temperature conditions, the molecular weight of the
polymer, tacticity properties, molecular structure (amorphous
versus crystalline forms) and the presence or absence of certain
moieties on the backbone of the polymer. Therefore, these pa-
rameters should be considered during the design and synthesis of
such polymers in addition to any possible economic and environ-
mental costs. Besides affecting the properties of injected CO2,
polymers are expected to reduce the severity of corrosion and
prevent oil trapping resulting from the increase in water saturation
during CO2-WAG injection. Additionally, polymers are used to
prepare polymer gels in the presence of crosslinkers and other
additives, which are used to control the mobility of CO2 by directly
reducing the permeability of the formation. Several types of poly-
mers exhibit such ability as shown previously in Table 3. In fact, the
use of polymer gels in CO2-based EOR is more common compared
to direct thickening of CO2. This is mainly because the solubility of
polymers in CO2 is not always achievable at reservoir conditions
due to high-pressure requirements, whereas polymer gels can be
used in the field at a wider range of reservoir conditions.

To evaluate the performance of polymers, several variables are
usually studied such as polymer solubility, CO2 absorption kinetics,
density and rheological properties of CO2, relative permeability to
CO2, pressure drop, CO2-oil MMP, CO2 breakthrough time and
changes in oil recovery. Research studies identified a wide range of
polymers as possible CO2 thickeners such as PDMS, PHA-FA, PFA,
PVAc-alt-PDBM, P(AcGlcVE), PLA, PVEE, P-1-D and PAM. However,
most studies were focused on the direct effect of the polymers on
the properties of CO2 rather than the effect of modified CO2 on oil
recovery. Hence, this area of research requires further exploration
considering core-flood experiments.

Next, in Section 6, we review research studies that were con-
ducted on the use of surfactants to generate CO2 foams that can
possibly improve the oil recovery in comparison with conventional
CO2 flooding. We also briefly discuss the role of microemulsions,
created in the presence of surfactants, which may improve the
performance of CO2-EOR.

6. Surfactant-assisted CO2 mobility control

Foam is a dispersion of gas inside a liquid phase prepared and

Fig. 10. Oil recovery factor at two injection patterns of unthickened associated gas (AG)
and thickened CO2 in non-fractured and fractures cores [128].
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stabilized using a surfactant. The liquid phase contains gas bubbles,
which are separated by lamellae (thin films of liquid) [145e147].
The ability of foam to improve the sweep efficiency of injected CO2
or other gases has been investigated because foam has a signifi-
cantly larger effective viscosity compared to gas. Foam can alleviate
gravity override and viscous fingering phenomena associated with
the low density and viscosity of the gases injected for oil recovery.
Furthermore, foam is used to divert the injected fluids from high-
permeability layers to those of low permeability by controlling
the local flow resistance [148].

Boud and Holbrook [149] were first to demonstrate that gas-
drive oil recovery could be improved utilizing a surface-active
agent (surfactant) that is soluble in water and can produce foam

inside the reservoir rock under miscible and immiscible conditions.
Holm [150] used a surfactant called ammonium lauryl sulfate to
control the mobility of CO2 in a sand-pack system through foam
formation. The results showed that the foam prevented the free
flow of gas, i.e., the effective gas permeability and gas flow rate
were reduced. This research implied that foam could be used to
enhance the performance of gas drive in oil reservoirs by reducing
the permeability, changing the mobility ratio and preventing the
channeling problems. Over time, foam-assisted CO2 flooding has
gained more importance. Several research studies [151e156] re-
ported that this method was successfully used to overcome the
unfavorable mobility problem and to increase the sweep efficiency
of CO2 flooding.

Table 3
Summary of studies on the use of polymer gels for CO2 conformance control.

Reference Type of porous media Experimental
conditions

Chemical composition of gel Performance

Sun et al.
[135]

Sandstone cores (k ¼ 24.4
e390.7 mD)

T ¼ 45�C
P ¼ 1100 psi

- Methylene-bis-acrylamide
- Copolymerized acrylamide and
methacrylic acid 2-(dimethylamino)
ethyl ester

- Ammonium persulfate initiator

- CO2-resistant gel (CRG) was prepared.
- CRG was stable under ScCO2.
- CRG effectively increased the resistance to the flow of CO2 and
water.

Pu et al.
[136]

Cores from Baikouquan tight
reservoir (k ¼ 0.85e0.96 mD)

T ¼ 68�C
P ¼ 435.1 psi

- Acrylamide
- Methylene-bis-acrylamide as a
crosslinker

- Acryloyl fatty alcohol polyoxyethylene
ether (AFAPE-20)

- 2-(dimethylamino) ethyl
methacrylate (DMAEMA)

- Ethanol, 4,4-azobis (4-cyanovaleric
acid) (AVCA)

- CO2-responsive preformed gel particles (IPN-PAASP) were
prepared.

- IPN-PAASP injection significantly increased the injection pressure.
- CO2-EOR increased by 23.1% of OOIP due to the presence of IPN-
PAASP.

Zhou et al.
[137]

Natural core plugs
(k ¼ 2.52 � 10�3 mm2)

T ¼ 68�C
P ¼ 1160.3 psi

- Acrylamide
- Sodium 4-phenylethylsulfonate (SSS)
- 2-acrylamide-2-methylpropane sul-
fonic acid (AMPS)

- Dimethyldiallylammonium chloride
(DMDAAC)

- N,N0-methylene bisacrylamide (MBA)
as a crosslinker

- Ammonium persulfate initiator
- Polyethylene glycol (PEG-200)

- Acid-resistant preformed particle gel (AR-PPG) was prepared.
- AR-PPG swelled at a ratio of 1.41 in an acidic environment
(pH ¼ 3).

- AR-PPG had good viscoelasticity and shear-resistance properties.
- AR-PPG exhibited excellent plugging properties in the presence of
ScCO2.

Sun and Bai
[138]

Sandstone cores (k ¼ 100
e1200 mD)

T ¼ 45�C
P > CO2

supercritical
pressure

- SNF AN907 polymer
- Cr(III)-acetate crosslinker

- HPAM-Cr(III) polymer gel is degradable in the presence of CO2.
- HPAM-Cr(III) polymer gel exhibited poor plugging in high-
permeability cores compared to those of low permeability.

Durucan
et al.
[139]

- Guiting carbonate
(kg ¼ 670e1012 mD)
- Doddington sandstone
(kg ¼ 579e764 mD)

T ¼ 22�C
P ¼ 55.1 psi

- Polyacrylamide-based polymer (AN
1506)

- Water based zirconium chelate as a
crosslinker

- In both types of rock, CO2 permeability was reduced by more than
99% following the injection of the polymer gel.

Shen et al.
[140]

Artificial cores
(k ¼ 4.15e5.32 mD)

T ¼ 25 and
50�C
P ¼ 580.2 psi

- N, N-Dimethyl erucamide tertiary
amine (DMETA)

- The viscosity of the hydrogel (150 Mm DMETA) reached
605,700 mPa$s.

- The hydrogel could effectively restrain CO2 channeling in the
cores.

- The hydrogel exhibited good temperature resistance.
- CO2-EOR increased by 21.7% of OOIP due to the presence of the
hydrogel.

Fakher
et al.
[141]

Highly permeable silica sand
pack (grain sizes ¼ 30 mesh)

T ¼ 60�C
P ¼ 1100 psi

- Superabsorbent crosslinked
acrylamide/acrylic acid copolymer

- The increase in the solution salinity reduced the swelling ratio and
increased the strength of the preformed particle gel (PPG).

- The plugging of CO2 and water flow increased with the increase in
the strength of PPG.

- Residual oil had a negative impact on the performance of PPG.
Hadi

Mosleh
et al.
[142]

Doddington sandstone
(kg ¼ 450e619 mD)

T ¼ 40 and
60�C
P ¼ 100 psi

- Polyacrylamide-based polymer
(AN1506)

- Water-based zirconium crosslinker

- CO2 permeability was reduced to less than 10 Md following the
injection of the polymer gel.

Li et al.
[143]

Quartz sand pack (grain
sizes ¼ 60e100 mesh)

T ¼ 90�C
P ¼ 1491 psi

- Modified polyacrylamide (PAM)
polymer

- Resorcinol and methenamine as
crosslinkers

- A PAM concentration of 1 wt% was recommend in terms of the
strength and injectivity of the formed gels.

- An effective gel viscosity was maintained at high temperature in
the presence of CO2.

- Gel treatment significantly reduced CO2 permeability and
improved oil recovery by ~20% above that achieved without gel
treatment.
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As shown in Fig. 11, surfactants are amphiphilic compounds,
meaning that they consist of hydrophilic head and hydrophobic tail.
They are generally classified (according to the charge of the head
group) into four types: nonionic, anionic, cationic and zwitterionic
surfactants [157]. Ren and Nguyen [158] used a nonionic surfactant
known as 2-ethylhexanol (2-EH) alkoxylate to improve the vertical
sweep efficiency of CO2 flooding. The performance of 2-EH alkox-
ylate, which is soluble in CO2, was compared to that of an anionic
non-CO2-soluble surfactant commercialized under the name CD-
1045. It was found that at 1500 psi and 35�C, the surfactant 2-EH
alkoxylate provides a better mobility control of CO2 compared to
CD-1045 in Berea sandstone cores. Moreover, continuous injection
of 2-EH alkoxylate dissolved in CO2 resulted in improved foam
stability and propagation compared to alternating injection of CO2
and 2-EH alkoxylate solution. In similar research, Ren et al. [159]
investigated the oil recovery performance of CO2 foams prepared
using three types of surfactants. The first two types were 2 EH-PO5-
EO15 and 2 EH-PO5-EO9, which are both nonionic CO2-soluble
surfactants based on 2-ethyl-1-hexanol. The third type was the
water-soluble anionic surfactant CD-1045. Different tests were
carried out such as phase behavior and core flooding in Silurian

dolomite cores. It was shown that the three surfactants had a slight
effect on the IFT between crude oil and water. However, core
flooding experiments showed that oil recovery could be increased
according to the type of the surfactant and the injection scheme, as
summarized in Table 5. Ren et al. [159] reported that, in general, the
performance of the co-injection of CO2 and surfactants outmatched
that of pure CO2 injection and CO2-water co-injection.

Surfactants based on tallow ethoxylated amines were used to
decrease the mobility of CO2 in porous media as given by Zhang
et al. [160]. The used surfactants were commercially available, and
they included C16-18N(EO)15, C16-18N(EO)10 and C16-18N(EO)5 where
C, N and EO indicate alkyl carbon chain, tertiary amine and
ethoxylate units, respectively. Solubility tests indicated that the
studied surfactants were soluble in scCO2 with higher solubility in
the case of C16-18N(EO)5. The surfactants with higher EO number
exhibited higher bulk scCO2-foam stability compared to those of
low EO number. It was shown through flooding experiments that
co-injection of CO2 and surfactant results in faster and more effi-
cient foam formation in contrast to surfactant-only injection. Sagir
et al. [161] examined the effectiveness of nonyl phenol ethoxylate
sulphonate surfactant, referred to as (NPES), a foaming agent that
may control the mobility of CO2 in EOR. They reported that NPES is
a CO2ephilic surfactant that can substantially reduce the IFT be-
tween CO2 and brine. In core flooding experiments, foam was
generated by alternating injection of CO2 and surfactant. The foam
was capable of controlling CO2 mobility as indicated by pressure
drop data. The final oil recovery achieved was 94% of OOIP using
this method of mobility control.

Zhang et al. [162] used three surfactants based on alkyl propyl
dimethylamine as stabilizing and foaming agents for CO2. The

Table 4
Summary of studies on the use of polymer thickeners to control the mobility of CO2.

Reference Type of
porous
media

Experimental
conditions

Oil
density

Oil viscosity Injection fluid Injection scheme Ultimate oil recovery

Temperature Pressure

Bae and
Irani [118]

Berea
sandstone

54.4�C 2500 psi 0.818 g/
cm3

4.7 cP @ 54.4�C
and 2500 psi

Water Secondary water injection 63.0%e74.9% of PV
Pure CO2 Tertiary pure CO2 injection (after

WF)
78.5%e94.7% of PV

PDMS (4 wt%) and toluene
cosolvent (20 wt%) in CO2

Tertiary thickened CO2 injection
(after WF)

84.3%e99.6% of PV

Zhang et al.
[107]

Sandstone 56�C 15.2 MPa 0.815 g/
cm3

1.0 cP @ 56�C
and 1 atm

Pure CO2 Secondary CO2 injection (no WF) 46% of OOIP (measured
at 0.47 PV injection)

PVEE Secondary CO2 injection (no WF) 60% of OOIP
P-1-D Secondary CO2 injection (no WF) 61% of OOIP

Gandomkar
et al. [144]

Limestone 80�C 3050 psi 0.904 g/
cm3

1.48 cP @ 80�C
and 3050 psi

Pure CO2 Secondary pure CO2 injection 32%e48% of OOIP
PDMS (8 wt%) in CO2 Secondary thickened CO2

injection (after pure CO2

injection)

50%e65% of OOIP

Al Hinai
et al. [128]

Carbonate
cores

103.6�C 53 MPa 0.810 g/
cm3

2.7 cP @ 103.6�C
and 53 MPa

AG Secondary AG injection (no WF) 80.0%e90.3% of OOIP
P-1-D at 3 wt% in CO2 CO2-alternating-AG (secondary

injection, no WF)
95.2%e96.9% of OOIP

Zaberi et al.,
2020
[125]

Berea
sandstone

24e25�C 3000 psi e 2.39 cP @ 25�C Pure CO2 Secondary pure CO2 injection (no
WF)

79% of PV

PFA at 1 wt% in CO2 Secondary thickened CO2

injection (no WF)
95% of PV

WF ¼ water flooding, AG ¼ associated gas, PDMS ¼ Polydimethyl Siloxane, PFA ¼ Polyfluoroacrylate, PVEE ¼ Poly (Vinyl Ethyl Ether), P-1-D ¼ Poly (1-Decene).

Fig. 11. Classification of surfactants: (a) nonionic, (b) anionic, (c) cationic, and (d)
zwitterionic surfactants [157].

Table 5
Recovery factor at different CO2-Surfactant injection schemes [159].

Injection scheme Recovery factor

Pure CO2 injection 24%
CO2-water co-injection 32%e35%
Co-injection of CO2 and CD-1045 54%
Co-injection of CO2 and 2 EH-PO5-EO15 71%
Co-injection of CO2 and 2 EH-PO5-EO9 92%
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surfactants were named UC11AMPM, UC17AMPM, UC22AMPM ac-
cording to the length of the carbon chain as shown in Fig. 12. They
reported that the aqueous solutions of the three surfactants could
be used to produce foams by a stirring process with gaseous, liquid
or supercritical CO2. Moreover, the viscosity and stability of the
foams were enhanced with the increase in the carbon chain length.
Subsequently, improving CO2mobility control was verified by sand-
pack flooding tests. Zhang et al. [163] investigated the effect of
temperature on the stability of CO2 foams generated using the
surfactants cocoacyl propyl dimethylamine (UC11AMPM), sodium
dodecyl sulfate (SDS) and their mixture. It was reported that the
stability of the foam decreases with the increase in temperature.
However, the impact of temperature decreases when UC11AMPM
and SDS are used synergistically in the porous medium.

Alpha olefin sulfonate (AOS) and Triton TX-100 (octylphenol
ethoxylate) surfactants were used to prepare CO2 foams that can be
possibly used in EOR. AttarHamed and Zoveidavianpoor [164]
found that a mixture of AOS and TX-100 results in an improved
foaming performance in aqueous CO2 foams compared to each of
them used separately. Memon et al. [165] used AOS, TX-100 and a
third surfactant called lauramidopropyl amine oxide (LMDO) to
control the mobility of CO2 and increase oil recovery. Surfactant
alternating gas (SAG) injection was conducted after waterflooding
on Berea sandstone using different combinations of CO2 and sur-
factant solutions at 1400 psi and 96�C. According to core flooding
experiments, CO2-SAG based on (0.6 wt% AOS þ 0.6 wt% TX-100)
achieves the highest oil recovery as depicted in Fig. 13. Despite
that, this research did not consider implementing pure CO2 injec-
tion, which had to be a reference case to clearly evaluate the
effectiveness of CO2-SAG injection. Xu et al. [166] used AOS as a
surfactant (foaming agent) to control the mobility of CO2 in porous
media. Core flooding experiments were carried out according to

threemodes. The first mode involvesmixing CO2 and the surfactant
solution directly inside a foam generator and the mixture (the
foam) was injected into core samples after waterflooding. In the
second mode, the surfactant solution and CO2 were alternatingly
injected into core samples, after waterflooding, to allow for in-situ
foam formation. The third mode involves an alternate injection of
foam (as generated in mode 1) and the surfactant solution
following waterflooding. Different values of oil recovery, which
varied according to the miscibility conditions, were achieved based
on each mode as shown in Fig. 14. A shortcoming of this study is
that it did not consider a mode in which only CO2 is injected after
waterflooding.

Farajzadeh et al. [167] also attempted to improve the perfor-
mance of CO2 flooding using AOS surfactant as a foaming agent. In
their research, CO2 was injected following surfactant injection. The
results showed that oil recovery was improved when the injection
occurs at miscible conditions. However, compared to CO2 injection
without the presence of surfactant, there was no significant in-
crease in oil recovery when the injection was conducted below the
MMP. In research conducted by Jeon and Lee [168], it was found
that the presence of AOS surfactant in a brine-clay mineral system
leads to increased CO2 solubility in the brine. Moreover, mineral
trapping of CO2 increased due to incorporating AOS in the system.
Therefore, they highlighted the importance of such results for CO2-
EOR processes.

Microemulsions consist basically of surfactants, hydrocarbons,
cosurfactants and water [169]. Developing CO2 microemulsions is
considered a promising approach that can overcome limitations
related to scCO2-EOR including the low viscosity of scCO2 relative to
oil and the poor solubility of polar materials in scCO2 [170]. CO2
microemulsions were studied to find their impacts on the perfor-
mance of EOR. Dong et al. [171] prepared microemulsions using
scCO2 and a surfactant called sodium bis(2-ethylhexyl) sulfosucci-
nate (AOT) in the presence of a cosurfactant (C2H5OH) and water.
Experimental work demonstrated that the density and viscosity of
scCO2 microemulsion were significantly higher than that of pure
scCO2. Also, slim tube tests showed that the MMP between CO2 and
crude oil decreased from 24.55 MPa to 22.02 MPa at 45�C with the
addition of AOT and C2H5OH to scCO2. The researchers concluded
that scCO2 microemulsions can increase oil recovery achieved by
CO2 flooding. However, they did not perform flooding experiments
in actual core samples to confirm their conclusion. According to
Xing et al. [172], surfactants that are readily soluble in the aqueous
phases rather than in dense CO2, have more potential to develop

Fig. 12. Molecular formula of alkyl propyl dimethylamine surfactants [162].

Fig. 13. Oil recovery of OOIP in response to tertiary CO2-SAG injection [165].
Fig. 14. Oil recovery under different injection modes of CO2/surfactant (AOS) foams
[166].
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stable CO2-in-brine emulsions that can be used to improve the EOR
processes.

7. Discussion on surfactant-assisted CO2 mobility control

Section 6 presented recent research studies that investigated
the performance of CO2 injection in the presence of foams prepared
using surfactants. A summary of such studies is shown in Table 6. It
was shown that there are three main schemes according to which
surfactants are incorporated into oil recovery processes. First, CO2
foams are externally generated then injected into the porousmedia.
Second, surfactant solution and CO2 can be co-injected simulta-
neously to form foam in the porous media. And third, CO2 and
surfactant solution can be injected in an alternating pattern known
as SAG injection. The advantages of surfactants reside mainly in the
alleviation of viscous fingering, gravity segregation and early CO2
breakthrough mostly by altering the magnitudes of viscous and
gravity forces. We can depict these improvements as illustrated in
Fig. 15, which implies that the mobility of CO2 is reduced using
foaming agents that improve the apparent viscosity and density of
CO2. When CO2 is trapped inside a surfactant solution, in the form
of bubbles, it can be diverted to oil-rich zones of the reservoir
where significant quantities of oil are bypassed in normal recovery
phases. Subsequently, residual oil contacted by CO2 swells and its
viscosity decreases resulting in increased oil recovery. The most
studied surfactants in recent research are 2-ethylhexanol (2-EH)

alkoxylate, NPES, AOS, Triton TX-100, LMDO, CD-1045, SDS and
AOT. Besides immobilizing CO2, surfactants tend to reduce the IFT
between the reservoir fluids, lowering the capillary forces and
facilitating the production of oil.

In the following part, we generally discuss the importance of
nanoparticles in tertiary oil recovery, in addition to the mecha-
nisms throughwhich nanoparticles can improve the stability of CO2
foams. We will also discuss several research studies that incorpo-
rated nanoparticles in CO2-foam stabilization and CO2-EOR
experiments.

8. Nanoparticle-enhanced CO2 flooding

Although being proposed and used as major methods for CO2
mobility control in oil recovery applications, WAG, polymer thick-
ening of CO2 and CO2-foam injection show some shortcomings. In
WAG injection, oil can be trapped by the injected water in the
reservoir causing difficulties in accessibility and oil recovery due to
the water-blocking effect [78,177,178]. Also, the process of CO2-
WAG injection can be associated with problems such as scale for-
mation, asphaltene precipitation and corrosion [82,179]. In addition
to that, tubing failure may occur due to stresses induced by the
differences in temperature between the injected gas and water,
which can result in well shut-in Ref. [82]. In the case of polymers,
those which have low solubility in CO2, they are difficult to be used
as CO2 thickeners [180]. CO2 is considered a weak solvent for high-

Table 6
Summary of studies on the use of foam/surfactants in CO2 mobility control.

Reference Type of porous media Experimental
conditions

Oil
properties

Surfactant type Injection fluid Injection scheme Ultimate oil
recovery (% OOIP)

Sagir et al.
[161]

Berea sandstone T ¼ 90�C
P ¼ 1800 psi
S ¼ 3.40% (NaCl)

e NPES (anionic) CO2 þ NPES (0.5%) Tertiary SAG injection (after
WF)

94%

Memon
et al.
[165]

Berea sandstone T ¼ 96�C
P ¼ 1400 psi
S ¼ 3.41%

ro ¼ 0.789 g/
cm3

mo ¼ 1.591 cP

AOS (anionic)
LMDO (zwitterionic)
TX-100 (nonionic)

Water Secondary injection 34.15%e38.46%
CO2 þ AOS (0.6%) Tertiary SAG injection 72.70%
CO2 þ AOS
(0.6%) þ LMDO (0.6%)

Tertiary SAG injection 83.70%

CO2 þ AOS
(0.6%) þ TX-100
(0.6%)

Tertiary SAG injection 91.90%

Ren et al.
[159]

Silurian dolomite
(carbonate)

T ¼ 35�C
P ¼ 1500 psi

ro ¼ 0.860 g/
cm3

mo ¼ 7.1 cP @
35�C

CD-1045 (anionic)
2 EH-PO5-EO9

(nonionic)
2 EH-PO5-EO15

(nonionic)

Pure CO2 Secondary injection 24%
CO2 þ CD-1045
(0.2%)

Secondary (co-injection) 52%e54%

CO2 þ 2 EH-PO5-EO9

(0.2%)
Secondary (co-injection) 85%e92%

CO2 þ 2 EH-PO5-EO15

(0.2%)
Secondary (co-injection) 64%e71%

Yang et al.
[173]

Sandstone T ¼ ambient
temperature
P ¼ 297.3 psi
(back pressure)
S ¼ 4.28%

ro ¼ 0.849 g/
cm3

mo ¼
(5.28 ± 0.6)
cP

Bio-Terge AS-40
(anionic)

Water Secondary injection 56.43%e62.9%
CO2 þ Bio-Terge AS-
40 (1.0%)

Tertiary co-injection of CO2 and
surfactant (after WF)

77.42%e77.79%

Li et al.
[174]

Artificial cores (quartz
sand þ epoxy resin)

T ¼ 25�C
P ¼ 435.1 psi
(back pressure)

ro ¼ 0.825 g/
cm3

mo ¼ 2.81 cP

Span 20 (nonionic)
Fluorochemical
surfactant F-1
(nonionic)

Pure CO2 Secondary injection 17.8%e29.2%
CO2 þ Span 20
(0.67%) þ F-1 (0.33%)

Secondary injection 64.3%e67.7%

Phukan
et al.
[175]

Sandstone T ¼ 70�C
S ¼ 0.35%

ro ¼ 0.871 g/
cm3

mo ¼ 4.46 cP

AOS (anionic) Water Secondary injection 39.26%e38.67%
AOS (0.5%) þ Na2CO3

(0.75%)
Tertiary AS flooding (after WF) 54.80%

CO2 þ AOS
(0.5%) þ Na2CO3

(0.75%)

Tertiary ASAG flooding (after
WF)

63.74%

Wei et al.
[176]

Berea sandstone T ¼ 108�C
P ¼ 3190.8 psi
S ¼ 0.42%

e Betaine (zwitterionic)
Alkyl benzene sulfonate
ABS (anionic)

Water Secondary injection 32.97%
ABS (0.3%) Secondary injection 34.88%
CO2 Secondary injection 38.25%
CO2 þ Water Secondary WAG injection 40.82%
CO2 þ ABS (0.3%) Secondary SAG injection 44.40%

SAG ¼ surfactant alternating gas, WF ¼ water flooding, AS ¼ alkali-surfactant floofing, ASAG ¼ alkaline-surfactant-alternated-gas flooding, NPES ¼ Nonyl Phenol Ethoxylate
Sulphonate, AOS ¼ Alpha Olefin Sulfonate, LMDO ¼ Lauramidopropyl Amine Oxide, TX-100 ¼ Triton X-100, ABS ¼ Alkyl Benzene Sulfonate.
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molecular weight polymers unlike hydrocarbon solvents or water
[111]. Subsequently, researchers tried to develop CO2 thickeners by
adopting two strategies, first, by synthesizing oligomers that have
low molecular weight and therefore, they are soluble in CO2, and
second, by introducing CO2-moieties to polymers to increase their
solubility in CO2 [181]. Despite that, some polymers can be asso-
ciated with concerns related to their high cost and environmental
impacts [111,181,182]. Regarding foam injection, the process poses
some challenges that need to be tackled during the design of EOR
processes. For example, some types of foam are not stable under
harsh reservoir conditions. Breakdown of foam lamellae occurs
when the foam is exposed to certain ranges of temperature or
salinity. Foams can also be destabilized by crude oil that may absorb
the surfactant from the liquid phase in the foam, or else foam
lamellae can absorb substances from oil, which adversely affect the
state of foaming. Moreover, oil can be emulsified by the surfactant
allowing oil droplets to breach into the interface between gas and
liquid causing rupture of the foam bubbles [183]. Foam stability can
also be compromised by surfactant adsorption onto rock surfaces in
oil reservoirs [184]. CO2 foams are generally less stable than N2
foams at high pressure conditions. This is because CO2 becomes
more soluble in both water (hydrophilic) and oil (lipophilic) at high
reservoir pressures; and therefore, the selection of CO2 foaming
agents is quite challenging [185].

For the previous reasons, researchers have been incorporating
novel materials such as nanoparticles (NPs) to improve the per-
formance of CO2 flooding. NPs (or nanomaterials) are defined as
materials that consist of particles with sizes or dimensions that
range between 1 nm and 100 nm [186e188]. In the recent years,
NPs have gained importance as they can improve the performance
of EOR through different mechanisms, which mainly involve: (a)
wettability alteration [189e191]; (b) applying disjoining pressure
between oil droplets and the rock surface [192e194]; (c) pore
channels plugging [195,196]; and (d) IFT reduction [197e199].
However, in relation to CO2 EOR, NPs affect the process by two
major mechanisms including the reduction of mobility ratio be-
tween the injected fluid and the displaced oil [200e202] and by
preventing asphaltene precipitation [203e205]. It is important to
indicate that the impacts caused by incorporating NPs (or any other
material) on the IFT and rock wettability are not regarded as
changes in the fluidmobility, yet they can improve the performance
of EOR in general. Lastly, NPs have been incorporated in CO2 foams
to improve their stability over time [206e208], which is demon-
strated in the following parts.

Al-Anssari et al. [209] studied the effects of hydrophilic and
hydrophobic silica (SiO2) NPs, ranging in size from 5 nm to 10 nm,
on the IFT between CO2 and brine. Hydrophobicity was achieved by
surface modification of SiO2 NPs using the chemical compound

H2N(CH2)3Si(OC2H5)3 as a surface modifying agent. Various nano-
fluids were prepared by mixing brines with SiO2 NPs at various
concentrations. It was found that hydrophobic SiO2 NPs signifi-
cantly reduces the CO2-brine IFT compared to the hydrophilic SiO2
NPs. As depicted in Fig. 16, the hydrophobic NPs are distributed on
the CO2-water interface, which affects CO2-brine IFT. On the other
hand, hydrophilic NPs seems to be tightly aggregated in the bulk
liquid phase. Lu et al. [210] explored the effect of NPs on the CO2-oil
IFT and asphaltene deposition during CO2 flooding. They found that
Al2O3 NPs could adsorb asphaltenes in solutions prepared from
toluene and dissolved asphaltene implying that these NPs could be
used to inhibit asphaltene deposition during CO2 injection in
porous media. This result was also verified using core flood ex-
periments, which indicated that Al2O3 NPs alleviated permeability
reduction that may occur due to asphaltene deposition. Moreover,
the CO2-crude oil IFT, measured using pendant-drop tensiometer,
was reduced upon the addition of Al2O3 NPs. Similar results were
also observed by Kazemzadeh et al. [211] who showed that NPs of
metal oxides influence the IFT between scCO2 and crude oil. The
NPs of NiO, Co3O4, and Fe3O4 were added to crude oils of different
asphaltene content. The used NPs were effective in terms of IFT
reduction. NiO presented the highest impact and Fe3O4 presented
the lowest one. The reduction in the IFT was attributed to the
adsorption of asphaltenes around the NPs preventing their pre-
cipitation. According to Parsaei et al. [212], iron oxide NPs can be
used to reduce the IFT between oil and CO2. Also, the presence of
these NPs contributes to the reduction of asphaltene precipitation
and prevents CO2 injection mode to alter from miscible to immis-
cible in EOR processes. Other studies [213,214] also reported that
NPs can effectively reduce the CO2-oil IFT and reduce the intensity
of asphaltene precipitation.

NPs can be used as effective additives to improve the properties
of CO2 and increase the sweep efficiency. Mahdavi et al. [215] used
computational methods to evaluate the effect of 1% volume fraction
addition of Al2O3 NPs on the rheological properties of scCO2 at a
pressure of 200 bar considering various temperatures (350 K, 380 K
and 410 K) and NPs diameters (1 nm, 2 nm and 3 nm). The MD
simulations, conducted by LAMMPS, showed that the viscosity of
scCO2 increases with the increase in the size of NPs or with the
increase in temperature. Dezfuli et al. [216] attempted to experi-
mentally alter the properties of scCO2 using nanosilica. They re-
ported that nanosilica-CO2 nanofluids have higher viscosity
compared to CO2 without nanosilica. Core flooding experiments
conducted on Berea sandstone revealed that nanosilica increases
the recovery factor of light crude oil, as summarized in Fig. 17.

Silica NPs can improve oil recovery when incorporated in CO2-
WAG EOR. In research conducted byMoradi et al. [217], different oil
recovery mechanisms were evaluated in carbonate cores. These

Fig. 15. Comparison of CO2 flow behavior in continuous CO2 injection and in CO2-foam injection.
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mechanisms include waterflooding, pure CO2 flooding, WAG in-
jection and nanofluid alternating gas (NWAG) injection. In the last
injection scheme (NWAG), silica NPs were dispersed in the injected
water at a concentration of 0.1 wt% using an ultrasonic dispersion
method. The nanofluid was found to be stable over a period of one
week. Afterwards, core flooding experiments were carried out
showing that NWAG injection achieves the highest oil recovery.
Characterization experiments demonstrated that silica NPs had a
positive impact on rock wettability, CO2-oil IFT, and viscosity of the
injected fluid, which all contributed to the increased oil recovery.
Raghav Chaturvedi et al. [218] examined the effect of hydrophilic
silica NPs on CO2 absorption by polyacrylamide (PAM) aqueous
solutions. Here, the term absorption refers to the encapsulation of
the bubbles of CO2 in the solution. First, visual stability of different
nanofluids was evaluated against the sedimentation of the NPs.
Nanofluids prepared with PAM aqueous solution exhibited higher
dispersion stability of the NPs when compared to nanofluids con-
taining no PAM. Raghav Chaturvedi et al. [218] demonstrated
through studying absorption kinetics and microscopic images that

the addition of NPs to a certain limit improved the absorption of
CO2 in the nanofluid containing PAM; however, further increase in
the concentration of the NPs had an adverse effect on CO2 ab-
sorption due to the aggregation effect.

Although CO2-foams, generated using surfactants, were suc-
cessfully used in EOR pilot tests, in some cases, full-field application
appeared to be uneconomical. This is attributed to the adsorption
and instability of surfactants under reservoir conditions, which
entails compensating through increasing the concentration of the
surfactant or the use of sacrificial surfactants [219]. In the recent
years, there has been a considerable amount of research on the use
of NPs to stabilize CO2-foams aiming for improved CO2 mobility
control [220e222]. Researchers proposed several mechanisms to
explain how NPs increase the stability of foams in a surfactant-
nanoparticle system [223e225]. One explanation for the increase
in foam stability in the presence of nanoparticle is related to the
mechanism of growing aggregates, which is illustrated in Fig. 18. In
this mechanism, NPs and surfactant gradually aggregate together
leading to the formation of corks that plug the flow of liquid at the
foam Plateau borders or node intersections in an effect similar to
that of traffic jamming. Subsequently, foam films swell, and the
velocity of foam drainage reduces resulting in improved foam sta-
bility [226]. Another stabilization mechanism is described by the
arrangement of the NPs during the drainage of the foam film, as
shown in Fig. 19. In this mechanism, a liquid film is stabilized by the
NPs as they form: (1) amonolayer of bridging particles; (2) a bilayer
of close-packed particles; or (3) a network of particle aggregates
inside the liquid film. It should be emphasized that third case re-
sults in the highest foam stability where the bubbles remain
effectively separated; hence hindering the drainage and coales-
cence of foam [227].

The static foam stability increases with the addition of SiO2 NPs to
a foaming solution [229e231]. Moreover, rheological studies
demonstrated that the viscosity of CO2 foams increases with stabi-
lization using SiO2 NPs [232e234]. Such observations motivated
researchers to incorporate SiO2 NPs in CO2 EOR applications based on
the use of surfactants. Li et al. [235] produced CO2 utilizing a sur-
factant called sodium dodecyl sulfate (SDS). Partially hydrophobic
SiO2 NPs of 20-nm diameter could improve the foamability and oil

Fig. 16. Distribution of hydrophilic and hydrophobic NPs in CO2-water system. Reproduced from Ref. [209].

Fig. 17. Recovery factor of light crude oil as affected by the presence nano silica in
supercritical CO2 [216].
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recovery of CO2-SDS foams. They reported that there was a certain
SDS/SiO2 concentration ratio of 0.17 that maximized the volume and
the half-life of the foam. This optimum behavior takes place when
1.5 wt% SiO2 NPs is added to the aqueous solution of SDS, which
results in the maximum oil recovery. Li et al. [235] also showed that
SiO2 NPs had a slight impact on the permeability without any sig-
nificant damage to the porous media. Risal et al. [236] investigated
the effect of different types of treated and untreated SiO2 NPs on CO2
foam stability and oil recovery in porous media. Static stability of
foam prepared using CO2 and SDS surfactant was improved in the
presence of SiO2 NPs at a concentration of 0.01 wt%. The impact on
foam stability was more prominent in hydrophobic SiO2 NPs (sur-
face-modifiedwith g-aminopropyltriethoxysilane) compared to bare
SiO2 NPs. Flooding experiments conducted in glass-bead packs
showed that CO2 foam stabilized using hydrophobic SiO2 NPs
resulted in maximum pressure drop and oil recovery (73% of OOIP).
Al Yousef et al. [237] explored the impact of surface-modified silica
NPs on CO2 mobility control and tertiary oil recovery in cores of
Bentheimer sandstone. They demonstrated that CO2-surfactant foam
with silica NPs maintained higher pressure drop after reaching the
steady state in comparison with foam containing no silica NPs. Also,
the use of silica NPs had a positive impact on oil recovery, as shown
in Fig. 20.

AttarHamed et al. [238] studied the effect of silica NPs of three
diameters (15 nm, 70 nm and 250 nm) on the foaming behavior of
an anionic surfactant, alpha olefin sulfonate (AOS), used to prepare
CO2 foams. AOS was added at a constant concentration (1000 ppm)

Fig. 18. The process of aggregate growing in the direction of flow inside a Plateau border leading to cork formation and jamming effect. Reproduced from Ref. [226].

Fig. 19. Possible stabilizing mechanisms of a foam film: (a) a monolayer of bridging particles, (b) a bilayer of closed-packed particles, and (c) a network of particle aggregates inside
the film [227,228].

Fig. 20. Impact of silica NPs on ultimate oil recovery in Bentheimer sandstone [237].
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to deionized water, and then CO2 was injected into the solution to
generate foam. As given in Fig. 21, at low dosages of NPs in the AOS
solution, NPs with the diameter of 250 nm provided a better
foaming performance compared to other NPs. However, this
behavior was not observed when the dosages of the NPs were
increased in the solution. Guo and Aryana [239] investigated oil
recovery performance of NP-stabilized CO2 foam generated using
three types of surfactants, namely, SDS, AOS and lauramidopropyl
betaine (LAPB). Two types of nanomaterials were used, which are
silica NPs and nanoclay. Oil recovery was conducted in a quasi-2D
microfluidic device saturated with crude oil where 8 pore vol-
umes (PVs) of water were first injected as a secondary recovery.
Next, tertiary oil recovery was conducted by injecting CO2 gas and
NP-surfactant solution into the porous medium until observing
foam breakthrough. As shown in Fig. 22, oil recovery was affected
by both material type and PVs injected. Therefore, these factors
were recommended by Guo and Aryana [239] to be considered
during the selection of the proper scheme for CO2 foam
stabilization.

The effect of silica NPs on CO2 foams prepared in the absence of
surfactants was considered in some studies. For example, Fu et al.
[240] prepared foams by co-injection of CO2 and brine with and
without silica NPs dispersion in cores of Berea sandstone at various
pressures and temperatures. According to pressure drop data, an
injection of 1.5 PV of CO2 and brinewas required to reach the steady
state; however, this number was increased to 11 PV in the presence

of silica NPs. Oil recovery increased with the addition of NPs.
Furthermore, oil recovery from CO2-nanosilica injection increased
by 12.4% when the pressure changed from 1200 psi to 2500 psi.
Contrarily, at a constant pressure of 2000 psi, the increase in
temperature (from 25�C to 60�C) had an adverse effect on oil re-
covery. Yu et al. [232] studied the effect of hydrophobicity of silica
NPs on CO2 foammobility in a porous medium of glass beads. Based
on contact angle measurements, three types of silica NPs were
selected and classified as strongly hydrophilic, moderately hydro-
philic and hydrophobic. They reported that hydrophobic silica NPs
were the most effective in reducing the mobility of CO2 foam, as
depicted in Fig. 23.

The mobility reduction factor (MRF) is one of the indicators that
describe foam performance in core samples. Generally, when the
differential pressure is build up remarkably inside a core, it is safe to
conclude that foam is being generated and it impedes the flow
[241]. The MRF is defined as the ratio between the pressure drop
across the core during foam injection to the pressure drop of the
injection process in the absence of foam under the same steady-
state experimental conditions [173]. Several researchers used the
MRF to evaluate CO2 mobility control using foams [242e244].
Rahmani [245] attempted to stabilize CO2 foam utilizing two types
of surface-modified silica NPs using coatings of methyl or poly-
ethylene glycol (PEG). It was reported that the MRF increased with
the addition of silica NPs indicating that the mobility of CO2 foam
was improved. For the foam stability, Fig. 24 shows that the half-
time of NPs-stabilized CO2 foam increases with the increase in
temperature up to certain limit. Also, the stability was higher in the
case of methyl-coated NPs compared to PEG-coated NPs.

Besides SiO2 NPs, researchers have been investigating other
types of NPs to stabilize CO2 foams [64,246,247]. Bayat et al. [248]
contrasted the effect of TiO2, CuO, Al2O3 and SiO2 NPs on the
properties of CO2 foams, and their impacts on oil recovery. CO2
foams were prepared by injecting CO2 gas into the NPs dispersions.
Generally, there was an optimum concentration of about 0.008 wt%
of the NPs in their dispersions that results in the highest foam
stability, as depicted in Fig. 25. Moreover, it was found that oil re-
coverywasmaximum in the presence of SiO2 NPs in CO2 foam (seen
in Fig. 26). Lastly, Bayat et al. [248] linked the improvement in oil
recovery to the increased foam stability after the addition of NPs.
Kumar and Mandal [249] investigated the ability of five types of
NPs to stabilize CO2 foams generated using anionic, cationic and
nonionic surfactants. These NPs were SiO2, Al2O3, BN, CaCO3 and
ZrO2 NPs. Their results showed that the ionic surfactants provided

Fig. 21. Effect of the size and concentration of silica NPs in the surfactant solution on
the initial volume of CO2 foam [238].

Fig. 22. Oil recovery resulted from NPs-stabilized CO2 foam prepared using different
combinations of surfactants [239].

Fig. 23. Effect of hydrophobicity of silica NPs on the mobility of CO2 foams at different
volume ratios between the liquid dispersion and liquid CO2 [232].
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higher foam stability in comparison with the nonionic surfactant.
Moreover, boron nitride (BN) presented the highest improvement
of CO2 foam stability with both types of surfactants. Manan et al.
[250] studied the stabilizing effect of SiO2, Al2O3, CuO and TiO2 NPs
on CO2 foams generated in the presence of the anionic surfactant

AOS. It was reported that Al2O3 provided the maximum stability for
CO2 foam. Furthermore, a dosage of 0.1 wt% of all tested NPs in a
dispersion containing 0.5 wt% of the surfactant seems to provide
the best performance of foam stability.

9. Discussion on nanoparticle-enhanced CO2 flooding

According to previous research, NPs generally contribute to the
improvement of oil recovery through mechanisms such as wetta-
bility alternation, IFT reduction, pore plugging and by applying
disjoining pressure. Besides, NPs affect CO2-EOR processes by
changing the mobility ratio and by increasing the stability of CO2
foam. NPs can be added to the different components injected into a
reservoir system. These include liquid and supercritical CO2, brine
solutions, CO2-polymer thickeners, CO2 foams, and carbonated
water. Most recent research was focused on the use of NPs with CO2
foams generated using surfactants, as shown in Table 7. Several
types of NPs were identified as possible stabilizers of these foams
including SiO2, Al2O3, BN, CaCO3 and ZrO2, TiO2. However, SiO2 NPs,
in their hydrophobic form, exhibit the best performance concern-
ing foam stability, foam mobility and oil recovery. This is because
hydrophobic SiO2 NPs are dispersed in a homogeneous manner
throughout surfactant aqueous solutions, which prevents their
precipitation in the presence of the surrounding CO2.

After presenting the different methods that were used for
improving the performance of CO2 flooding, we give a brief sum-
mary of the entire paper in addition to some research prospects
that can address specific issues and challenges within the pre-
sented methods.

10. Comparison between the various methods of CO2 mobility
control

Eachmethod of CO2mobility control provides several benefits to
CO2-based EOR processes. Table 8 compares the importance, ad-
vantages and disadvantages of each method. As noticed in Table 8,
the mobility of CO2 can be improved by reducing CO2 relative
permeability, increasing CO2 density and viscosity, and by reducing
the formation permeability. Beside mobility control, some methods
provide other advantages such as affecting the IFT properties,
where surfactants and NPs are incorporated in the flooding pro-
cesses. It should be indicated that the advantages and disadvan-
tages of polymer gels (given in Table 8) are mainly based on the
studies reported by Bai et al. [134], Sun et al. [251] and Amir et al.
[252].

Another important comparison between the different methods
of CO2 mobility control is the conditions of application. However,
the majority of research studies report on the reservoir conditions
recommended for CO2 flooding, focusing on miscible flooding. Ac-
cording to Shaw and Bachu [253], to ensure miscible CO2 flooding,
the upper temperature limit of a reservoir should not exceed
93�Ce121�C, while the reservoir pressure should be above 1100 psi
or even above 1500 psi, at the beginning of CO2 injection. Shaw and
Bachu [253] also reported another criterion to ensure miscibility.
This involves that at the beginning of CO2 flooding, the reservoir
pressure is recommended to be 200 psi above the MMP of CO2,
which is affected by reservoir temperature and oil gravity and
composition. Additionally, to ensure the development of multi-
contact miscibility, oil gravity should be in the range of 27� API to
48� API. It is worth noting that the viscosity of oil is not usually
regarded as a necessary screening parameter because it depends on
reservoir temperature and API gravity. Regarding reservoir
permeability, it is recommended to be > 5 mD to avoid any prob-
lems of CO2 injectivity. Finally, to achieve adequate economic
returns from CO2-EOR projects, the fraction of oil remained should

Fig. 24. CO2 foam stability (half-life time) in the presence of silica NPs at various
temperatures [245].

Fig. 25. Decay half-life time of CO2 Foams containing varying concentrations of
nanoparticles (NPs) [248].

Fig. 26. Results of secondary oil recovery (brine injection) and tertiary oil recovery
(NPs- CO2-foam injection) in sand packs [248].
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Table 7
Summary of studies on the use of nanoparticles (NPs) to improve the mobility of CO2.

Reference Type of porous media Experimental
conditions

Oil properties Nanoparticle type and
size

Injection fluid Injection
scheme

Ultimate oil
recovery
(% OOIP)

Dezfuli
et al.
[216]

Berea sandstone Supercritical
conditions

ro ¼ 0.880 g/cm3

ro ¼ 0.939 g/cm3 @
39.85�C and 1450
psi

SiO2 NPs (10 nm) Sc-CO2 Secondary
injection

13.8%e22.7%

Sc-CO2 þ SiO2 NPs (2.5 vol% e 5 vol
%)

Secondary
injection

22.1%e30.5%

Moradi
et al.
[217]

Carbonate cores T ¼ 50�C
P ¼ 800 psi (initial
injection
pressure)

ro ¼ 0.89 g/cm3 @
15.56�C and 14.50
psi
mo ¼ 30.30 cP @
15.56�C and 14.50
psi

SiO2 NPs (11e14 nm)
SiO2 NPs (30e40 nm)

Water Secondary
injection

55.8%

Pure CO2 Secondary
injection

40.1%

CO2 þ Water Secondary
WAG
injection

57.4%e63%

CO2 þ Water þ SiO2 NPs (0.1%) Secondary
NWAG
injection

79.3% (for the NP
size of 11
e14 nm)
70.0% (for the NP
size of 30
e40 nm)

Li et al.
[220]

Synthetic porous
medium (microscopic
model)

e ro ¼ 0.835 g/cm3 @
50�C and 1 atm
mo ¼ 89.1 cP g/cm3

@ 50�C and 1 atm

SiO2 NPs (40 nm) Water Secondary
injection

45.0%

CO2 þ water þ SiO2 NPs
(1.5%) þ CTAB (0.05%)

Tertiary
injection
(after WF)

74.3%

Li et al.
[235]

Sand pack (silica sand) T ¼ 50�C
P ¼ 1160.3 psi

mo ¼ 95 cP @ 50�C SiO2 NPs (20 nm) Water Secondary
injection

35.4%e36.9%

CO2 þwaterþ SiO2 NPs (1.5%)þ SDS
(0.03%e1.5%)

Tertiary
injection
(after WF)

41.4%e52.8%

Risal et al.
[236]

Glass-bead pack P ¼ 10 psi (back
pressure)

ro ¼ 0.73 g/cm3 @
25�C
mo ¼ 3 cP @ 25�C

Bare and surface-
modified SiO2 NPs (20
e30 nm)

Water Secondary
injection

50%e55%

Pure CO2 Tertiary
injection
(after WF)

58%

Water þ SDS (0.4%) Tertiary
injection
(after WF)

66%

CO2 þ bare SiO2 NPs (1%) þ SDS
(0.4%)

Tertiary
injection
(after WF)

70%

CO2 þ surface-modified SiO2 NPs
(1%) þ SDS (0.4%)

Tertiary
injection
(after WF)

74%

Al Yousef
et al.
[237]

Bentheimer sandstone T ¼ 50�C
P ¼ 1550 psi

mo ¼ 3.2 cP @ 50�C Surface-modified SiO2

NPs (30 nm)
Water Secondary

injection
32.8%e59.7%

Pure CO2 Tertiary
injection
(after WF)

66.9%e71.5%

CO2 þ water þ anionic surfactant
(0.5%)

Tertiary
injection
(after WF)

62.4%e76.1%

CO2 þ surface-modified SiO2 NPs
(0.5%) þ water þ anionic surfactant
(0.5%)

Tertiary
injection
(after WF)

70.5%e80.1%

Guo and
Aryana
[239]

Microfluidic chip P ¼ 20 psi ro ¼ 0.829 g/cm3 Nanoclay (356.3
e424.8 nm)
SiO2 NPs (179.3
e223.0 nm)

CO2 þ nanoclay
(0.05%) þ water þ SDS (0.005%)

Secondary
injection

80%

CO2 þ SiO2 NPs
(0.05%) þ water þ SDS (0.005%)

Secondary
injection

82%

CO2 þ nanoclay
(0.05%) þ water þ LAPB
(0.005%) þ AOS (0.005%)

Secondary
injection

92%

CO2 þ SiO2 NPs
(0.05%) þ water þ LAPB
(0.005%) þ AOS (0.005%)

Secondary
injection

95%

Bayat
et al.
[248]

Sand pack (quartz
sand)

T ¼ 27�C ro ¼ 0.863 g/cm3 @
mo ¼ (21.7 ± 0.02)
cP @ 26�C

CuO NPs (40 nm)
TiO2 NPs (40 nm)
Al2O3 NPs (40 nm)
SiO2 NPs (40 nm)

Water Secondary
injection

53.1%e54.3%

CO2 þ water þ CuO NPs (0.008%) Tertiary
injection
(after WF)

58.9%

CO2 þ water þ TiO2 NPs (0.008%) Tertiary
injection
(after WF)

59.6%

CO2 þ water þ Al2O3 NPs (0.008%) 65.7%
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be greater than 0.25.
Manrique et al. [254] reported criteria for the application of

WAG, as an EORmethod, based on data obtained from 56WAG field
projects. In these projects, CO2, N2 and hydrocarbon gases were
employed in theWAG processes. According toManrique et al. [254],
WAG is suggested to be applied after waterflooding in reservoirs
with crude oil that has viscosity, gravity and viscosity ratio of < 2 cp,
30�e45� API and 10e30, respectively. Furthermore, it is suggested
that the reservoir permeability should be < 100 mD and the
reservoir net thickness should be < 100 ft (unless dipping). It is
noteworthy, however, that the temperature, the depth and the type
of the formation were regarded as non-critical parameters for the
application of WAG.

Researchers also provided some criteria on the use of polymer
gels as conformance control agents in fractured heterogeneous
reservoirs with high permeability contrasts. For example, Fakher
and Bai [255] developed criteria for the application of HPAM-
chromium-acetate crosslinked gel (HPAM/CrAc) to plug high-
permeability zones of hydrocarbon reservoirs. Their criteria were
based on gels prepared with HPAM (8031.6 ppm), CrAc (998.6 ppm)
and brine (pH ¼ 6.89 and salinity ¼ 30,475 ppm), in which the
reported values are mean values obtained from 1053 experiments.
The developed screening criteria recommend the application of
HPAM/CrAc gels in sandstone lithologies with mean matrix
permeability and porosity of 1829.1 mD and 21.3%, respectively, at a
mean reservoir temperature of 42.7�C.

In the case of foam flooding, there were no specific criteria to
identify the conditions of application in the literature. However,
Sheng [256] stated that the criteria for foam flooding should be
similar to the criteria for surfactant flooding. In this case, the focus
remains mainly on the factors that directly affect the stability of
surfactant formulations. For instance, surfactants are recom-
mended to be used in low-salinity reservoirs with low concentra-
tion of divalent ions in formation water. Additionally, the reservoir
temperature should not exceed certain limits (e.g., 200�C) to
maintain the stability of the surfactants and foams. Sheng [256]
also stated that foam flooding is recommended in heterogeneous

reservoirs with high permeability, which reached the residual oil
saturation. Taber et al. [257] provided guidelines for flooding pro-
cesses that involve a wide range of materials including surfactants,
polymers, electrolytes, cosolvents and/or hydrocarbons. In such
processes, oil viscosity and gravity should be < 35 cp and > 20� API,
respectively. Regarding reservoir permeability, it should be > 10
mD, while the reservoir temperature and depth should be < 93.3�C
and < 9000 ft, respectively.

Lastly, it is important to indicate that screening criteria for the
application of polymer-thickened CO2 flooding and nanoparticle-
enhanced CO2 flooding were hardly discussed in the literature.
Therefore, future studies are required to identify the appropriate
field conditions for the application of these types of flooding.

11. Field-scale application of various CO2-Mobility control
techniques

Several field-scale studies reported on the successful application
of CO2-WAG to improve oil recovery from hydrocarbon reservoirs.
Hsie andMoore [258] reported on a CO2-WAG pilot implemented in
the Quarantine Bay, the U.S. Gulf Coast, which has sandstone li-
thology. A 16-month CO2-WAG injection was conducted under
miscible conditions starting at an initial reservoir pressure of 3534
psi. After that, waterflooding was implemented for a period of 4.66
years following the WAG processes. The increase in oil production
from the entire flooding processes was significant. Oil recovery was
increased by a total of 16.9% of OOIP, which was economically and
technically viable. Kumar and Eibeck [259] reported on a pilot test
that involved tertiary injection of a CO2 slug (35% HCPV) followed
by a slug of water (~45% HCPV) in the Garber field, Oklahoma, USA.
The pilot was conducted at miscibility conditions in the formation,
which has sandstone lithology. The increase in oil recovery within
the effective area of the pilot was estimated by 11% of OOIP. This
increase indicated that oilfields such as Garber are economically
attractive for CO2 flooding. Bou-Mikael [260] discussed the per-
formance of CO2-WAG injection implemented in the Port Neches
reservoir, Texas, USA. The reservoir is characterized by its

Table 7 (continued )

Reference Type of porous media Experimental
conditions

Oil properties Nanoparticle type and
size

Injection fluid Injection
scheme

Ultimate oil
recovery
(% OOIP)

Tertiary
injection
(after WF)

CO2 þ water þ SiO2 NPs (0.008%) Tertiary
injection
(after WF)

71.7%

Manan
et al.
[250]

Sand pack Room conditions e TiO2 NPs (10e30 nm)
CuO NPs (40 nm)
SiO2 NPs (20e30 nm)
Al2O3 NPs (40 nm)

Water Secondary
injection

56.3%e59.6%

CO2 þ water þ AOS (0.5%) Tertiary
injection
(after WF)

61.4%

CO2 þ water þ TiO2 NPs (0.1%)
þ AOS (0.5%)

Tertiary
injection
(after WF)

63.6%

CO2 þ water þ CuO NPs (0.1%)
þ AOS (0.5%)

Tertiary
injection
(after WF)

64.2%

CO2 þ water þ SiO2 NPs (0.1%)
þ AOS (0.5%)

Tertiary
injection
(after WF)

67.9%

CO2 þ water þ Al2O3 NPs
(0.1%) þ AOS (0.5%)

Tertiary
injection
(after WF)

71.9%

Sc-CO2 ¼ supercritical CO2, WF ¼ water flooding, NWAG ¼ nanofluid alternating gas, CTAB ¼ Hexadecyltrimethylammonium Bromide, SDS ¼ Sodium Dodecyl Sulfate,
LAPB ¼ Lauramidopropyl Betaine, AOS ¼ Alpha Olefin Sulfonate.
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sandstone lithology with a matrix of high porosity and high
permeability. Results from Port Neches project showed that CO2-
WAG could successfully delay CO2 breakthrough, improve the
sweep efficiency and effectively increase oil recovery. Brokmeyer
et al. [261] provided observations regarding CO2-WAG performance
in the Lost Soldier Tensleep field located in Wyoming, USA. This
reservoir has sandstone lithology, and it has net porosity and
permeability of about 9.9% and 31 mD, respectively. At a WAG ratio
of 1:1, the oil recovery increased from 44.3% of OOIP (following the

primary and secondary production) to 54.2% of OOIP subsequent to
the tertiary recovery processes.

Regarding the use of polymer gels for CO2 conformance control,
several studies were reported in the literature, focusing on this
subject. For example, Albidrez et al. [262] addressed the use of a
crystallized superabsorbent copolymer (CSC) to treat fractures and
vugular communication within formations in the central Permian
Basin, which are located in west Texas and southeast New Mexico,
USA. CSC is a water-swellable material that has resistance to

Table 8
Comparison between the different methods of CO2 mobility control.

Method Importance Advantages Disadvantages

CO2-WAG
Injection

- Increasing oil recovery as a result of the increased
microscopic sweep efficiency due to CO2 and the
increased macroscopic sweep efficiency due to water.

- Controlling the mobility of CO2 by reducing its
relative permeability.

- Providing an improved
performance compared to that of
continuous CO2 injection.

- Delaying CO2 breakthrough and
limiting the phenomenon of
viscous fingering.

- Earlier oil breakthrough.
- Lower CO2 gas production, which
is preferred in the case of CO2

geological storage.
- Limiting the required supply of
expensive CO2.

- Sustaining CO2 miscibility by
maintaining higher reservoir
pressure.

- The ability of using seawater in
CO2-WAG processes.

- CO2-WAG injection does not eliminate gravity
segregation.

- Additional costs due to water lifting and separation.
- Water injectivity problems are still applicable to CO2-
WAG injection.

- The system is exposed to asphaltene precipitation,
scaling and corrosion.

- Tubing failures may occur due to temperature
difference between CO2 and water.

- Oil can be trapped due to water-blocking effect,
which prevails in water-wet reservoirs.

- Large number of design parameters are involved in
the process.

Polymers for Direct
Thickening of CO2

- Controlling the mobility of CO2 by directly increasing
its viscosity.

- Several polymers can dissolve in
CO2 to form single-phase and
thermodynamically stable
solutions.

- Enhancement of CO2 density and
viscosity.

- Delaying CO2 breakthrough and
limiting the phenomenon of
viscous fingering.

- Thickened CO2 significantly
improves oil recovery compared
to pure CO2.

- Reduction in polymer solubility with the increase in
its molecular weight.

- Sensitivity of polymer solubility to tacticity,
crystallinity formation and the chemical nature of
the side-chain moieties.

- Polymer solubility in CO2 depends on the pressure
conditions (i.e., solubility mostly occurs above
supercritical conditions).

In-Situ Polymer
Gels for CO2

Conformance
Control

- Controlling themobility of CO2 by forming in-situ gels
that reduce the permeability of the formation.

- No injectivity problems as the
gelation takes place in the
reservoir.

- High flowability through the
formation.

- Susceptibility of the polymer gel to reservoir
conditions, which affects gel properties (e.g., gel
strength, gelation time, viscoelasticity, swelling ratio,
etc.).

Preformed
Polymer Gels for
CO2 Conformance
Control

- Controlling the mobility of CO2 by injecting
preformed gels that reduce the permeability of the
formation.

- Low susceptibility to reservoir
conditions as the gel is formed
before injection.

- Controlling and maintaining the
properties of the gel according to
polymer gel design.

- Injectivity problems may occur, which affects the
extent of areas reached by the gel.

- Their use is mainly limited to hydrocarbon
formations with extreme high permeability zones.

Surfactant-
Assisted CO2

Mobility Control

- Controlling the mobility of CO2 through foam
formation (dispersion of CO2 in a liquid phase)

- Preventing free flow of CO2 as the
CO2 relative permeability and CO2

flow rate are reduced.
- Alleviating the problems of
channeling and gravity
segregation.

- Possibility for different schemes
of application. (e.g., co-injection,
SAG, etc.).

- Lowering the IFT and the capillary
forces in the formation.

- Possibility for wettability
alteration.

- Surfactant screening for EOR applications is a lengthy
process.

- Surfactants formulations are susceptible to instability
under harsh reservoir conditions, if not designed
properly.

- Possibility for surfactant adsorption onto reservoir
rock.

Nanoparticle-
Enhanced CO2

Flooding

- NPs have the ability to improve the viscosity of liquid
and supercritical CO2.

- NPs have the ability to stabilize CO2-foams used for
CO2 mobility control.

- NPs tend to reduce the IFT
between CO2 and Oil.

- NPs can increase the viscosity of
CO2 foam.

- Some types of NPs can increase
the dispersion of CO2 in
polyacrylamide aqueous
solutions.

- Some NPs may agglomerate under certain reservoir
conditions, which affects nanofluid stability.

- NPs may impose health and environmental harm due
to their size.

O. Massarweh and A.S. Abushaikha Petroleum 8 (2022) 291e317

310



degradation induced by CO2. Field results showed that CSC had a
significant impact on the values of the pumping pressure obtained
before and after CSC treatment. Injection and production plots
indicated that CSE has the ability to fill up cracks and high-
permeability zones within dolomite and limestone formations.
Lantz andMuniz [263] reported on the use of a partially hydrolyzed
polyacrylamide (PHPA) with Cr3þ crosslinker (PHPA-Cr(III)) to treat
poor conformance in SACROC unit, Snyder County, Texas, USA. The
treated reservoir area had an average matrix porosity and perme-
ability of about 9.4% and 3 mD, respectively. However, the reservoir
was characterized by the presence of highly fractured and vuggy
zones, which resulted in CO2 channeling affecting oil production.
After the treatment using the PHPA-Cr(III) gel, the gas-to-oil ratio
(GOR) was reduced from 1000 to 100 and the life of the injection
pattern was extended by one and a half years. Eventually, the
treatment using PHPA-Cr(III) gel resulted in incremental oil pro-
duction of 90,000 bbls. Karaoguz et al. [264] discussed the success
of a pilot project implemented at Bati Raman heavy-oil field,
Turkey. The field had a carbonate lithology, and it was characterized
by its heterogeneities and the presence of naturally-occurring
fractures, which resulted in unfavorable mobility ratios of CO2

flooding. The pilot involved the treatment of three wells by
injecting a gel that was based on polyacrylamide polymer cross-
linked with chromium acetate (PAM-Cr(III)-acetate). The volumes
of the injected gel ranged between 6500 to 11,000 bbls. Pressure
data from the three wells demonstrated an increase in the CO2
injection pressure due to the treatment using PAM-Cr(III)-acetate
gel. Furthermore, oil production data obtained from 19 adjacent
production wells indicated an increase in oil rate from 645 stb/d to
720 stb/day, which was a 12% increase occurring after 1 year of
treatment.

Some field-scale studies reported on the successful application
of surfactants to improve the mobility of CO2. Alcorn et al. [265]
reported on a CO2 foam pilot implemented in a hydrocarbon
reservoir located in East Seminole field, Texas, USA. The reservoir
has a carbonate nature with an average permeability of 13 mD.
However, the reservoir contained a 223-mD high permeability
streak that adversely affected the process of CO2 injection. To
resolve this problem, foam was injected to the streak to divert CO2
to unswept zones of low permeability. The foam was prepared
using a nonionic surfactant (linear ethoxylated alcohol, C12 - 14
EO22). Results from the pilot showed that the foam could reduce the
injectivity of CO2 by 70% implying an improvement in CO2 mobility.
Mirzaei et al. [266] discussed the use of a CO2-soluble surfactant
(ELEVATE™) to generate foam used to solve CO2 conformance is-
sues in hydrocarbon reservoirs. A CO2 foam pilot was conducted in
a reservoir located in West Texas, USA, which is a heterogeneous
carbonate formation. Results showed that the used foam could
effectively mitigate the conformance problems in the pilot Area.
However, the oil-rate response was not sufficient as the pilot was
conducted without a completed model considering the various
operational factors (e.g, injection throughput, well shut-ins, etc.).
Nevertheless, Mirzaei et al. [266] concluded that field pilots need to
be completely simulated prior to field implementation to estimate
the oil response, which can be supported by experimental studies
and experience gained from previous pilots. Abushaikha and Ter-
ekhov [267] state that the management of production from hy-
drocarbon fields relies mainly on advanced numerical simulations.
This is because such fields are usually characterized by the presence
of pinchouts and faults. In addition, they consist of materials that
are mostly heterogeneous and anisotropic, where two or more
phases are commonly involved in the production process. All
together, these factors challenge reservoir simulation, necessitating
its continuous improvement and optimization.

Mukherjee et al. [268] reported on a CO2 foam pilot applied in a

formation located in the Salt Creek Field, Wyoming, USA. The for-
mation has a sandstone lithology with an average porosity and
permeability of 14% and 42 mD, respectively. Despite the successful
application of tertiary CO2 flooding in the formation, the processes
of tertiary recovery frequently exhibited early CO2 breakthrough as
well as high gas-to-liquid ratio (GLR). To address these issues, a CO2
foam pilot was conducted involving the injection of a surfactant
formulation designed according to the reservoir conditions (51.7 �C,
1750 psi). Results from the pilot showed a reduction of at least 40%
in CO2 injection rates. Furthermore, results from the pilot were
used in a reservoir model. It was indicated that gravity segregation
was a major problem occurring before surfactant injection. In
addition, the model predicted an important increase in oil
production.

Curiously, the field application of polymer-thickened CO2
flooding and nanoparticle-enhanced CO2 flooding was hardly dis-
cussed in the literature. In view of that, field and pilot tests are
required to better evaluate the performance of these types of
flooding.

12. Future prospects

Based on the reviewed studies, more research is needed to
further improve the various CO2-mobility-control methods. For
instance, there was a limited number of simulation studies that
were conducted to identify the effects of CO2-WAG ratio, injection
patterns, injection rates and tapering on ultimate oil recovery at
field scale. Therefore, this research area requires additional inves-
tigation. Besides, more studies are needed to explore the role of
low-salinity water in CO2-WAG injection. Furthermore, research
studies need to identify more environmentally friendly chemicals
to reduce the severity of corrosion, scale formation and asphaltene
precipitation aggravated by CO2-WAG injection.

Regarding the use of CO2-polymer thickeners, most previous
research related to these compounds was aimed to identify the
appropriate types of polymer thickeners focusing on their solubility
and rheology properties. Recently, researchers have started to
study the impacts of such polymers on CO2-EOR through experi-
mental and simulation studies. Previous research also showed that
some types of polymers can cause permanent permeability damage
despite being able to improve the properties of CO2. Other poly-
mers, such as those based on fluoroacrylate substances, were
shown to be effective as CO2 thickeners; however, these substances
have serious environmental impacts. Therefore, similar issues need
to be considered in future studies.

For CO2-foam mobility control, despite that this area has been
widely investigated, it remains open for research. For example,
modelling CO2-foam EOR is very challenging due to the complexity
of the underlying physics, which involves a relatively large number
of experimental parameters. Hence, simulation studies addressing
this issue are required in the future. Moreover, there is a new
research interest in surfactant alternating gas injection (SAG).
Development of CO2-SAG strategies can contribute to the preven-
tion of asphaltene deposition, gravity segregation and CO2 break-
through, which occur during conventional CO2-WAG injection.
Furthermore, synergies between different combinations of surfac-
tants (e.g., AOS and TX-100) seem to improve the performance of
CO2 foam; however, chromatography studies are needed to find the
optimum mixing ratios of these surfactants. Regarding foam sta-
bility, it is highly impacted under specific conditions of salinity and
temperature, thus more elaboration on this problem is required.

Moving to nanomaterials, most research on the use of NPs in
CO2-EOR applications is new and mainly validated at small labo-
ratory scales (bulk foam stability and core-flooding experiments)
without an adequate number of reservoir simulation studies or
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actual field implementations. In addition to that, incorporating NPs
in CO2 foams seems to be a promising approach that delays bubble
coalescence, improves foam stability and increases oil recovery.
However, more research work is required to develop cost-effective
NPs with minimal health and environmental impacts. Finally, pre-
vious literature demonstrated that particle agglomeration is one of
the main challenges that adversely affects the performance of NPs,
which necessitates thorough exploration to produce homogeneous
and stable nanofluids.

13. Summary

This paper provided an overview of the latest developments
achieved in CO2 mobility control for EOR applications. Four main
topics were covered including CO2-WAG injection, polymer-
assisted CO2 injection, foam-assisted CO2 injection and
nanoparticle-enhanced CO2 flooding. In each topic, we presented
the materials that were investigated in recent literature with an
emphasis on the effects of these materials on CO2 mobility and oil
recovery. It was shown that each method provides a certain
approach to address one or more of the challenges usually
encountered during CO2 flooding, including viscous fingering,
gravity segregation and early breakthrough of CO2, which all affect
the overall oil displacement efficiency. It was also shown that the
effectiveness of CO2-mobility-control methods is affected by
several parameters including porous media type, experimental
conditions (i.e., temperature, pressure, salinity, etc.), oil properties
(e.g., density and viscosity), incorporated materials (e.g., alkalis)
and injection schemes.
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