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Abstract. Introduction. Development of effective, cheap and environmentally friendly methods for
increasing oil recovery of reservoirs is one of the relevant problems of the oil industry all over the world
due to the decrease in the extraction of oil due to the decline in reservoir energy. In this regard, various
methods of increasing oil recovery in the fields are applied, including gas flooding. Enhanced oil recovery
(EOR) techniques play a crucial role in maximizing oil production from reservoirs. The purpose of this
work to investigate the integration of nanoparticles which has gained significant attention due to their
potential to address challenges associated with traditional EOR methods. Discussion. The paper focuses
on the fundamentals and application of surfactants and nanoparticle mixtures for enhancing oil recovery
through CO: flooding. One of the key challenges when using COz to increase oil production is controlling
gas mobility. Conclusion. In this paper, the potential of using surfactants and a mixture of surfactants with
nanoparticles to create a stable foam that reduces gas mobility and increases oil production is investigated.
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1. Introduction

The oil industry faces two important challenges: enhanced oil recovery
(EOR) and environmental protection. The effects of petroleum products on soil,
water and air require special attention. A key factor in process optimization is the
study of the physical and chemical properties of petroleum emulsions and soil
dispersions. In this context, it is important to consider the effects of surfactants,
polymers, alkalines and nanoparticles. Modern materials science is actively
engaged in the development of new nanodisperse materials. The study of the
formation of surface-active adsorption layers at the interface of phases, as well as
picketing emulsions, is important for the prediction and development of effective
EOR methods.

Injecting carbon dioxide (CO.) into oil reservoirs has emerged as a
promising technique for enhanced oil recovery (EOR). Not only does this
approach enhance oil production, but it also contributes to mitigating climate
change by sequestering CO. underground. However, one of the significant
challenges faced by CO- injection projects is mobility control. High CO, mobility
can lead to unfavorable and unsuccessful outcomes.

The study by Yousef at al. (2020) investigates the ability of this novel
approach to generate stable foam in porous media, even at extreme conditions
such as supercritical CO; (sc-CO,) and high temperatures. Coreflood experiments
demonstrate that the use of surfactants and surfactant-nanoparticle mixtures
significantly improves oil recovery compared to traditional methods. The addition
of nanoparticles to surfactants further enhances recovery rates, making this
approach a promising avenue for efficient EOR [1].

Nanotechnology has emerged as a promising tool for EOR from mature
reservoirs. The study by Cheraghian et al. (2020) provides a comprehensive
overview of the application of nanotechnology in EOR. The authors discuss the
various types of nanomaterials used in EOR, including nanoparticles, nanofluids,
and nanoemulsions. They also highlight the different mechanisms by which
nanomaterials can improve oil recovery, such as wettability alteration, interfacial
tension reduction, and mobility control. The review also addresses the challenges
and limitations associated with the use of nanotechnology in EOR, such as high
costs, environmental concerns, and the need for further research and development.
Overall, the study emphasizes the significant potential of nanotechnology to
revolutionize EOR and contribute to sustainable oil production [2].

The use of nanoparticles in EOR has gained significant attention in recent
years. The study by Iravani et al. (2023) provides a comprehensive review of the
application of nanoparticles for EOR purposes, covering both the history and
current challenges. The review highlights the various mechanisms by which
nanoparticles can improve oil recovery, including wettability alteration,
interfacial tension reduction, and mobility control. The authors also discuss the
challenges associated with the use of nanoparticles in EOR, such as nanoparticle
stability, transport, and retention in porous media. The review concludes by
highlighting the potential of nanoparticles to revolutionize EOR and the need for
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further research to address the existing challenges and unlock their full potential

[3].
In this paper, we delve into surfactant and nanoparticle interactions, explore
their industrial applications, and discuss the potential impact on oil recovery.

2. Surface-active properties

A recent study investigated an enhanced foam-flooding system that
incorporates nanoparticles and polymers under geological conditions of a
reservoir.

2.1 Foam Formulation

The system primarily consists of an anionic foaming agent (CQS-1) and a
nonionic surfactant (FH-1). Researchers screened 17 foams based on foaming
volumes and foam half-lives. Nanoparticles were selected after evaluating each
foam’s concentration, the ratio of the main agent to the auxiliary agent, and the
foam stabilizer dosage [4].

2.2 Microstructure and Rheological Properties

The selected system’s microstructure and rheological properties were
analyzed. This included assessing the reservoir’s adaptability to temperature
resistance, salt tolerance, and adsorption resistance. The study supported the field
application of CO, foam flooding.

Surface dilational rheology is a critical aspect of foam behavior. It involves
determining the surface dilational moduli by observing changes in surface
tensions and interface area during bubble sinusoidal oscillation (Hongsheng, et
al., 2016). Understanding these properties helps optimize foam stability and
performance [5].

Surfactant properties play a key role in the processes of improving oil
production using mixtures of surfactants and nanoparticles. Let's look at some
aspects related to this topic:

Surface tension: Surfactants reduce the surface tension between oil and
water, which contributes to the formation of effective foam systems. This makes
it possible to increase the contact between the phases and improve oil production.

Stabilization of foaming: Surfactants and nanoparticles stabilize foaming in
the COy/water system. This helps to reduce CO: mobility and increase oil
production.

Research in this area is ongoing, and understanding the surface-active
properties of surfactant and nanoparticle mixtures will help develop more
effective methods to improve oil production.

2.2.1 Interfacial Tension Reduction

The interfacial tension (IFT) between CO; and crude oil is a critical factor
influencing the success of CO; flooding in enhanced oil recovery (EOR). The
injection of CO; into a reservoir can lead to a reduction in IFT, promoting better
miscibility and mobilization of the trapped oil. The extent of this IFT reduction is
significantly influenced by both pressure and temperature, as highlighted in the
study by Yang et al. (2015) [6].
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The Impact of Pressure

The researchers observed a general trend of decreasing IFT with increasing
pressure, which can be attributed to the enhanced solubility of CO, in the oil
phase at higher pressures. This increased solubility leads to swelling of the oil and
a reduction in its viscosity, facilitating its flow through the reservoir. However,
the presence of heavy components, such as asphaltenes and resins, in crude oil
can hinder this IFT reduction at elevated pressures. The study observed that the
IFT reduction rate slowed down considerably at higher pressures, particularly for
heavier crude oils. This phenomenon can be attributed to the precipitation of
asphaltenes at high pressures, which can adversely affect the interfacial properties
and hinder oil recovery.

The Impact of Temperature

Temperature also plays a significant role in influencing IFT. The study
revealed that increasing temperature generally leads to a further decrease in IFT.
This behavior can be explained by the increased molecular motion and decreased
viscosity of the fluids at higher temperatures, which promotes better mixing and
interaction between CO, and oil.
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Figure 1 - Interfacial Tension of CO2 + Crude Oil Systems at Different Temperatures

The figure 1 shows that interfacial tension leads to pressure change for the
state of crude oils. In addition, the rate of regulation of interfacial tension is also
dependent on temperature, with higher temperatures resulting in a faster initial
decrease in interfacial tension.

The study by Alvarado et al. (2010) investigated the interfacial tension (IFT)
between CO; and reservoir crude oils, as well as CO; and hexadecane, under high
pressure and temperature conditions. The researchers observed that IFT decreased
rapidly with increasing pressure initially. However, as pressure continued to rise,
the decrease in IFT slowed down due to the presence of heavy components in the
crude oils. The study also highlighted that ultra-low or zero IFT was not achieved
in CO, + crude oil systems, whereas CO, + hexadecane systems exhibited
vanishing IFT and miscibility at 318.15K [7].
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2.2.2. Adsorption at Interfaces

Surfactants play a crucial role in various applications due to their unique
adsorption properties and surface activities. Specifically, when surfactants adsorb
at the gas-liquid interface, they form a protective monolayer around gas bubbles.
This monolayer acts as a barrier, effectively preventing gas bubble coalescence
and drainage (Yang, et al., 2015). The phenomenon of surfactant adsorption at
solid/liquid interfaces is also of interest, as it significantly influences the
wettability of solid surfaces and provides stability to dispersions of solid particles
in liquids [6].

3. Methods of stabilizing CO; foam

During CO; flooding of oil reservoirs, foam stabilization plays a crucial role.
Foam reduces the mobility of injected CO-, inhibits gas channeling, and improves
sweep efficiency. There are several methods of foam stabilization (Hartono, et al.,
2024) [8].

3.1 Sol-Gel Method

The stability of CO, foam is essential for its effectiveness in various
applications, including enhanced oil recovery (EOR) and in-situ carbonation. The
study by Ngo et al. (2024) explored the use of a sol-gel method to stabilize CO,
foam for enhanced in-situ carbonation in foamed fly ash backfill materials. The
researchers found that the addition of CO and sodium silicate (SS) to an anionic
surfactant solution led to the formation of a stable foam with reduced drainage
and strengthened liquid films. The gel network formed by the reaction of SS with
CO; further enhanced foam stability by adhering to the foam surface. The
stabilized foam exhibited improved mechanical properties, making it suitable for
use in foamed backfill materials. The enhanced in-situ carbonation achieved with
the sol-gel-stabilized CO, foam has the potential to improve the strength and
durability of backfill materials, contributing to more sustainable mining practices
[9].

3.2 Particle/Cationic Surfactant Mixtures

Foam stability is a critical factor in various industrial processes, including
enhanced oil recovery (EOR). The study by Amankeldi et al. (2023) investigated
the use of surfactant/SiO2 composite nanofluids as foam stabilizers. The
researchers examined the effects of different chain lengths and concentrations of
the cationic surfactant CTAB (cetyltrimethyl ammonium bromide) on the
performance of CTAB-SiO2 nanofluids. The results showed that the addition of
SiO2 nanoparticles enhanced foam stability compared to using CTAB alone. The
optimal concentration of CTAB for foam stability was found to be 0.5 mM. This
study highlights the potential of using surfactant/SiO2 composite nanofluids as
effective foam stabilizers in various industrial applications. Figure 2 by
Amankeldi et al. (2023) visually demonstrates how the interaction between
cationic surfactants and silica particles affects their behavior and, consequently,
the stability of the foam. In the absence of surfactants, the particles repel each
other due to the negative surface charge. As the surfactant concentration
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increases, monolayer adsorption occurs, leading to hydrophobic attraction and
particle flocculation. A further increase in surfactant concentration leads to the
formation of a bilayer and a change in the surface charge of the particles to
positive, which causes their redispersion due to electrostatic repulsion [10].
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Figure 2 - Microcosmic behavior of two silica particles during different stages of surfactant adsorption:
(a) without any adsorption; (b) monolayer adsorption; (c) bilayer adsorption.

(a) Pure C.TAB

Cio*Si Cu#Si CutSi Cis*Si

Figure 3 - Morphology of foams generated with (a) pure CnTAB and (b) CnTAB-SiO2 mixed sol

Figure 3a by Amankeldi, F. et al (2023) shows the foam morphology for the
pure surfactants at a concentration of 1 x 1073 mol/L, taken 10 minutes after foam
formation. It was observed that with increasing surfactant chain length, the bubble
size decreased and the bubble shape became more spherical. Figure 3b shows that
for all CnTAB-SiO2 blends, the bubbles generally appeared more spherical, more
uniform and smaller, resulting in an effective packing density without significant
bubble deformations [10].

3.3 Nanopatrticles and Viscosifiers

Nanocellulose-based Pickering emulsions face a challenge due to the
hydrophilic nature of nanocellulose, which prevents effective interactions with the
oil phase. However, in research by Agustin et al. (2023) they have found a
solution by incorporating lignin nanoparticles (LNPs) as co-stabilizers. These
LNPs help decrease oil droplet size and slow creaming, especially at pH 5 and 8,
with increasing LNP content. Interestingly, emulsification at pH 3, along with
LNP cationization, leads to droplet flocculation and rapid creaming. By adding

71



KA3AKCTAHHBIH XUMUA )KYPHAJIbI XUMHYECKHUY XYPHAJI KA3AXCTAHA

LNPs either before or simultaneously with nanocellulose, stability improves due
to enhanced interactions with the oil phase. Moreover, these Pickering emulsions
can be freeze-dried, resulting in a solid macroporous foam that acts as an
adsorbent for pharmaceutical pollutants. This innovative approach offers a green
and cost-effective method to stabilize biphasic systems using bio-based
nanomaterials without complex modification procedures [11].

4, Stabilization of Foam During CO- Flooding Using SiO, Nanoparticles

SiO: nanoparticles hold significant promise for enhanced oil recovery (EOR)
applications. However, their initial surface properties alone are insufficient to
play a substantial role in EOR. Recent studies by Iravani et al. (2023), Rizvi et al.
(2024), Cheraghian et al. (2020) have demonstrated that functionalizing SiO:
nanoparticles can significantly enhance their effectiveness in promoting EOR. As
a result, there is considerable interest in exploring the application of
functionalized SiO: nanoparticles in EOR These functionalized nanoparticles
exhibit various properties that enable mechanisms such as improved wettability,
reduced interfacial tension, enhanced thermal stability, selective plugging, fluid
diversion, and catalytic effects [3,12,2].

Engineered nanoparticles have shown great potential in enhancing oil
recovery (EOR) due to their unique properties and ability to interact with
reservoir fluids and rocks. The study by Ejike and Deumah (2022) provides a
concise overview of the application of engineered nanoparticles in EOR. The
authors discuss the different types of engineered nanoparticles used in EOR,
including silica nanoparticles, metal oxide nanoparticles, and carbon nanotubes.
They also highlight the various mechanisms by which engineered nanoparticles
can improve oil recovery, such as wettability alteration, interfacial tension
reduction, and mobility control. The study also addresses the challenges and
opportunities associated with the use of engineered nanoparticles in EOR. The
authors emphasize the importance of careful design and selection of nanoparticles
to ensure their effectiveness and minimize any potential environmental impacts.
Overall, the study provides a valuable overview of the current state of engineered
nanoparticle applications in EOR and highlights the potential for further
advancements in this field [13].

Another important outcome of the core flooding experiment was the oil
recovery factor (RF) during foam flooding. Tables 1 and 2 show recovery factor
during SF and NAF flooding to cores (cores 3 and 4) saturated with oil 1 and oil
2, respectively.
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Table 1 — Recovery Factor (oil 1)
Cumulative oil Cumulative oil Original Recovery Recovery
(no produced for produced for oil in factor for factor for
asphaltene) SDS SDS + NPs place SDS SDS + NPs
5ml 8.10 ml 13.36 ml 37.42 % 60.65 %
Table 2 — Recovery Factor (oil 2)
Cumulative oil Cumulative oil Original Recovery Recovery
(high produced for produced for oil in factor for factor for
asphaltene) SDS SDS + NPs place SDS SDS + NPs
4 ml 9ml 13.19 ml 30.33% 68.23%

The recovery factor increase from approximately 38 % to 61 % demonstrates
that the foam flooding technique improved oil recovery, but its efficiency is
limited without the destabilizing effect of asphaltenes. The addition of
nanoparticles in the foam formulation further increases oil recovery, suggesting
that nanoparticles enhance foam stability and mobility control. The recovery
factor for oil 2 reached almost 69 %, indicating that nanoparticle-stabilized foam
is highly effective for heavy oil with high asphaltene content. The higher recovery
factor compared to synthetic oil implies that nanoparticles can counteract the
destabilizing effects of asphaltenes and significantly improve foam performance.

Overall, the results underscore the importance of incorporating nanoparticles
into surfactant-based foam formulations to optimize oil recovery, particularly in
reservoirs with challenging oil compositions. The comparison between the two
oils highlights that nanoparticle-enhanced foams can effectively increase the
recovery factor by providing better stability and mobility control, even in the
presence of high asphaltene content

5. Conclusion

In summary, the application of surfactants and nanoparticles in enhanced oil
recovery (EOR) processes holds significant promise. By reducing interfacial
tension and enhancing foam stability during CO. flooding, these additives
improve oil recovery from reservoirs. Key areas of focus include surface-active
properties, microstructure, rheological properties, and adsorption at interfaces.
Additionally, methods such as the Sol-Gel approach, particle/cationic surfactant
mixtures, and SiO; nanoparticles contribute to stabilizing CO; foam.
Understanding the role of polymers in liquid lamellae is crucial for optimizing
EOR efficiency. Overall, this research area continues to evolve, offering
innovative solutions for sustainable oil production.
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Tyiiinaeme. Kipicne. MyHaii eHIIpyi apTTBIPYABIH THIMII, ap3aH >KOHE JKOJOTMSUIBIK Ta3a dJiCTepiH
Kacay KabaT OSHEprusiChIHBIH TOMEHJeyiHe OaillaHbICTBl MYHAil ©HIpY KeJIeMiHiH TeMeHeyiHe
OaililTaHBICTHI JYHHE XKY3iHIEri MyHall ©HEpKoCiOiHIH e3eKTi MocenenepiHiH Oipi OoNbII TaObLIAIBL.
OcplfaH 0ailIaHBICTBI KEH OpPBIHAAPBIHIA MYHAHIBIH OepiayiH apTThIpy YILIH OpTYpii ojicTep
KOJIIaHBLIA/Ibl, COHBIH IIIiHJAE a3 TacKbIHbl. MyHall eHIIpYIiH JKETUAIpUIreH omicTepi KabaTrapaaH
MyHail eHJipyai OapblHIIA apTTHIPyJa MaHBI3IBI POl aTKapaabl. byn owcymvicmely Makcamsl MyHan
OHIPYAIH JOCTYpli JKaKcapTBUIFaH OficTepiMeH OalaHBICTBI MOCENCIepAl MLICIIyre oJeyeTiHiH
apKachlHAa YIIKSH Ha3zap aylapbUlFaH HAHOOOJIIEKTepAl MaijainaHyabl 3epTTey OOJNbIT TaObLIAIbL
Tanxvinay. byn makanaga CO2 TacKbIHBI apKbLIbI MYHAH/IbI KaKCAPTY YIIiH OCTTIK OejceH/i 3aTTap MeH
HaHOOOUIILIEK KOCHAJIapbIHBIH HEri3epi MeH KOJIAaHbUIYbl TAJIKbUIAHAAbl. MyHalIbIH OepinyiH apTThIpy
yuin CO2 maiijananynarbl HEri3ri KHBIHABIKTApAbIH Oipi Tra3jiblH KO3FAIFBIIITHIFBIH OaKpuiay OOJBIIN
Tabbutanbl. Kopuimeinovl. By KyKat ra3iplH KO3FalIFbILITHIFBIH TOMEHCTETIH XKHEe MyHall[bIH Oepinyin
apTTHIPATHIH TYPaKThl KOOIK jkacay yLIiH Oerrik-Oencenni 3arrap MeH BA3-HaHOOeIIek KocnalapbiH
naiianany olieyeTiH 3epTTeni.

Tyiiin ce3iep: xakcapTbulFaH MyHail Oepy, HaHoOemekTep, ke0ik, Oerrik Oencenai 3arrap, CO2
TacKbIHBI, (pa3zaapajblk Kepily, 301b-Tellb dJIici, IOIUMepIIep, KEHEI0 PEOTOTHACH!
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Pe3tome. Bsedenue. Pazpadborka 3 heKTUBHBIX, ACMIEBBIX U YKOJIOTHYECKU YUCTHIX METOJOB HOBBILICHHS
He()TEOTaaul IUTACTOB SBISIETCS. OAHOM M3 aKTyalbHBIX MPOOIeM He(TSIHOM MPOMBINUICHHOCTH BO BCEM
MHpE B CBS3M CO CHIDKCHHEM J00BIMM He()TH M3-3a CHIDKCHHS JHEPrUM IUlacta. B CBA3M ¢ 9TuM
MPUMEHSIIOTCS Pa3JIMYHbIC METOJbI [OBBILICHHUS HEPTEOTHAYH HAa MECTOPOXKICHHAX, B TOM YHCIEC
3aBOJIHCHHE IUIaCTa ra30M. MeToJbl MOBBILICHHS HEPTEOTAaYM WIPAIOT PEIIAIOIIYI0 pOJib B
MaKCUMHU3aluu J00bluM He)TH u3 IIacToB. [leavio OanHol pabomel SBISETCS HCCISIOBAHUE
HCIIONIb30BaHMsI HAHOYACTHII, KOTOPOE TPUBICKIO 3HAYATENbHOC BHUMAHHE OJarofapsi WX MOTCHIIHATY
peuieHust TpobiieM, CBSI3aHHBIX C TPAAMIHMOHHBIMU METOAAaMH MOBbIIeHUsT HedTeoTaaun. ObcycoeHue.
B cratbe paccMaTpuBalOTCS OCHOBBI M IMPHUMEHEHHE IOBEPXHOCTHO-aKTHBHBIX BEIIECTB W cMecei
HAHOYACTHUIL JUISl TOBBILICHAS HEPTEOTAaYM IUIACTOB MOCPEACTBOM 3aBojHeHus wiacta CO2. OxHoil u3
KIIIOYEBBIX mpobieM mpu ucnoib3oBaHud COz Uil NOBBILEHHS TOOBIMHM He(TH SBISIETCS KOHTPOJb
MOABIDKHOCTH Tra3a. 3axnwouenue. B HaHHOH cTaTbe HMCCIACAYCTCs IMOTCHLHMAN HCIOIb30BAHHUS
MMOBEPXHOCTHO-aKTUBHBIX BELIECTB M CMECH IOBEPXHOCTHO-aKTHBHBIX BEIIECTB C HAHOYACTHUIIAMH JUIS
CO3/IaHHsl YCTONYMBOM TEHBI, KOTOPAsi CHIKAET TTOJIBHKHOCTD ra3a M YBEJIMYMUBACT 100b14y HE(PTH.

KuiioueBbie cj10Ba: NOBbIIEHHE HEPTEOTAYH, HAHOYACTHUIIBI, TIEHA, TOBEPXHOCTHO-AKTHBHbIC BEIIECTRA,
3akayka CO2, MexdazHOe HATSDKEHUE, 30J1b-T€JIb METO/I, OJIMMEPHI, UIaTallMOHHAs PEOJIOTUs
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