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Abstract. The article discusses topical issues of enhanced oil recovery using carbon dioxide (CO,) and nanoparticles.
It is noted that the average oil recovery rate in the world is 10-18%, and an increase of 10-20% would significantly in-
crease the reserves of raw materials and increase the competitiveness of the Russian oil industry. The limits of ap-
plicability of various methods of increasing oil recovery are shown, depending on the depth of the reservoir and the
viscosity of the oil. Among the gas agents, CO, stands out for its high solubility in oil and water, favorable dynamic
viscosity (2-3 times higher than that of methane or nitrogen) and compression ratio, which provides increased profita-
bility for the extraction of residual raw materials. However, the main problem with its injection is the premature
breakthrough of gas to the producing wells. An effective solution is the addition of nanoparticles (SiO,, Tio,, ZnO,
Al,03), which together with surfactants form a stable highly viscous foam structure that improves reservoir washing
and reduces the mobility of CO,. Such nanosystems selectively reduce the permeability of high-speed flow channels,
where CO, moves most intensively. The key factors affecting the stability of CO, foam with nanoparticles are ana-
lyzed: particle size (20 nm particles are the most effective, for example, hydrophilic SiO, A300), surface wettability
(optimal wetting angle 26-56°), concentration of hydrophilic nanoparticles and temperature (temperature increase re-
duces stability, but Al,O; exhibits a more stabilizing effect than SiO,). The advantages of using different oxides are
considered separately. It is concluded that, despite promising laboratory results, further studies of the mechanisms of
interaction of nanoparticles with salt ions and polymers, as well as field tests for large-scale CO, storage and enhanced
oil recovery are needed.
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AHHOTanus. B ctathe paccMaTpUBAIOTCS aKTyalbHBIE BOIPOCH! MOBHIIMICHHS HE(TEOTAAUH IITACTOB C UCIIOIb30BaHHU-
em muokcuaa yriepona (CO,) n HaHowacTun. OTMedaeTcs, 9To CpeAHUI KOXPPHUIUCHT U3BICUYCHUSI HEPTH B MHpE
coctaBisieT 10-18 %, a yBenmaenue Ha 10-20 % mo3BONHIO OBl 3HAUUTENBHO YBEIMIHUTH 3aachl CHIPS U IOBBICUTH
KOHKYPEHTOCIIOCOOHOCTh POCCHUCKON He(TsHOM oTpaciu. [loka3zaHbl mpeaensl IPUMEHUMOCTH Pa3InYHBIX METOIOB
MOBBIIICHUS HE(PTEOTauH IIIACTOB B 3aBICHMOCTH OT ITyOWHBI 3aJ€TaHus IUIacTa U BsI3KocTH HeTu. Cpenn ra3oBbIX
arentoB CO, BbIIEISIETCS CBOEH BBICOKON PacTBOPHMOCTBIO B HE(PTH U BOJE, OJIaronpHsATHONW JUHAMHYECKON BS3KO-
CTBIO (B 2-3 pasa BBbIlLIE, YeM Y METaHa WM a30Ta) ¥ CTEHEHBIO CXKATHS, YTO 00ECIIeurBaeT NOBBILICHHYIO peHTa0eb-
HOCTB IIPH M3BJICYEHHH OCTAaTOYHOTO ChIpbsi. OJJHAKO OCHOBHOHU IPOOJIEMOM IIPH €ro 3aKayke SIBISIETCS IpexIeBpe-
MEHHBIH IIPOPBIB ra3a B JOOBIBAIONIME CKBXUHBL. J((GEKTUBHBIM pEIICHUEM SBISIETCS JOOaBICHHE HAHOYACTHIL
(Si0,, Tio,, ZnO, Al,O3), KOTOpBIE BMECTE C TTOBEPXHOCTHO-AKTHBHBIMH BEIIECTBAMH 00pPa3yIOT CTaOMIBHYIO BBICO-
KOBSI3KYIO NICHHYIO CTPYKTYpY, YJIy4YIIAIOI[yl0 IPOMBIBKY pe3epByapa M CHIDKaomyro moasmwikHocTh CO,. Takue
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HAHOCHCTEMBI H30MPaTeIbHO CHIKAIOT MIPOHUIIAEMOCTh KaHAIOB BEICOKOCKOPOCTHOTO NOTOKa, rae CO, nepementaer-
cs1 HanboJlee NHTEHCUBHO. [IpoaHan3upoBaHb! KIIIOUEBBIe (JaKTOPHI, BIUSIONINE Ha cTa0mIbHOCTh eHsl CO, ¢ HaHO-
YacTHI[AMU: pa3Mep JacTull (Haubdoiuee 3 (heKTUBHEIMU SIBISIIOTCS YacTHITBI pasmMepoM 20 HM, HampuMmep rupoduis-
Heiit Si0, A300), cMauyMBaeMOCTh TTOBEPXHOCTH (ONTHMAJbHBIA Yroi cMaduBaHus 26—56°), KOHLIEHTpauus Tuapo-
(UIBHBIX HAHOYACTHUIL M TeMIleparypa (MOBBILICHHE TEMIIEPATYPbl CHIXKACT CTa0MIbHOCTB, HO Al,O5 mposBisieT 00-
Jiee BHICOKYIO CTOMKOCTB ¥ cTabunusupytoumii 3¢ dexr, ueM y SiO,). [IpeumyniecTBa HCHOIB30BaHUS PA3INYHbBIX OK-
CHJIOB PacCMaTpPUBAIOTCS OTAENbHO. CzellaH BBIBOJ, YTO, HECMOTPS Ha MHOTOOOEIIAOIHe 1ab0paTOpHbIE pe3yIbTa-
TBI, HEOOXOAUMBI JaJbHEHIINE UCCIIEA0BAHNS MEXaHI3MOB B3aMO/ICHCTBHSI HAHOYACTHI] C HOHAMHU COJIE U ITOJIIMe-
paMu, a TakKe UCHBITaHus Ul KpynmHoMacitabHoro xpaneHust CO, 1 HOBBIICHUSI HE(TEOTJAUH IIITACTOB.

KawueBsble ci10Ba: THOKCHI YIiepoaa, HAHOYACTHIIBI, IOBBIIIEHHE HePTEOTauH T1acToB, mena CO,, cTabWIbHOCTD
MICHBI, CMaYMBAaEMOCTbh, MEX(Pa3HOE HATSDKCHUE

s uutupoBanus: Anexcanaun HU. I0., Makcumenxo A. FO., Konnosa O. U., Hyemanosa A. A. IlpumeHenue yrie-
KUCJIOTO ra3a JUull MHTeHcudukanun HedTeoTnaun ¢ McHosb30BaHMEM HaHowacTul // HedrerasoBble TEXHOJIOTHU

U 3KOJOrH4eckas 0e30MacHOCTb.
EDN NRDIIV.

Introduction

Increasing the efficiency of crude oil production is
considered a top priority for both the Russian and
global industrial sectors. Currently, the average oil
recovery varies between 10-18% depending on the
region and the country. An increase in this indicator in
the Russian Federation by 10-20% will significantly
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increase oil reserves, increase the competitiveness of
domestic enterprises on the international market and
increase financial resources to the state budget [1, 2].
Figur schematically shows the limits of applicability of
the applied methods in order to increase oil recovery,
depending on the depth of the reservoir and the
viscosity of the oil fluid.

=

Limits of increasing oil recovery methods applicability (from open sources)

A number of researchers have studied the mecha-
nism of interaction of CO,, methane and nitrogen with
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petroleum raw materials in reservoirs. The data ob-
tained lead to the conclusion that CO, behaves more
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positively in relation to other gas media in the condi-
tions of extraction of residual petroleum raw materials,
since it easily dissolves in it and the aquatic environ-
ment at relatively low pressure and temperature, which
determines the increased profitability of extraction of
residual petroleum raw materials by CO, [3, 4].

The dynamic viscosity of CO, is twice or three
times higher than that of other gas media under con-
sideration, which is important, since the ratio of vis-
cosity of gas and reservoir liquid media determines the
duration of displacement of crude oil by the injected
agent until it passes into the wells. At the same time,
the degree of CO, compression also differs significant-
ly from it for methane and nitrogen, especially at ele-
vated pressure. The capacity of compressor stations
used to compress gas media during transportation and
injection into the reservoir structure is also determined
by the degree of compression [3, 5, 6].

The main obstacle to the implementation of CO,
injection projects is its premature passage into the
well. In order to minimize the mobility of CO, and
increase the efficiency of its contact with the displac-
ing fluids of reservoir structures, it is recommended to
introduce various chemical compounds into them. For
example, surfactants with nanoparticles (NPS) form
a stable foam structure with increased viscosity, which
leads to an increase in the efficiency of washing oil
raw materials by CO,. The use of a foam structure as
an injected medium determines a more efficient dis-
placement of petroleum raw materials in relation to
flooding or injection of compressed CO, [6, 7].

The high chemical stability of LPS even in harsh
conditions of the existence of a reservoir structure and
their significant selectivity of adsorption at the inter-
face of liquid media is attractive for their use for the
formation of emulsions and foam structures [3, 5],
since the surface treatment of LPS can focus on specif-
ic molecules, which causes the formation of a foam
system CO,/aqueous medium without the formation of
emulsions of the oil raw materials/water environment.
In this variant, nanofluidic media and nanofluidic me-
dia affect the interfacial tension (MFN), rheological
parameters and the degree of surface wettability. Pol-
ymer solutions and surfactants can be modified by
adding nanoparticles to change the wettability of the
rock, reduce interfacial tension, and improve rheologi-
cal properties. Thanks to these advantages, nanotech-
nology can revolutionize the ways of extracting petro-
leum raw materials [8].

In order to co-inject CO, with NPS to form
nanostructures stabilized by NPS, a threshold shear
intensity is required [6, 9], the high value of which in
permeable reservoir structures is present in the main
flow channels, which are located mainly in the zones
with the highest penetrating power. These parameters
increase the likelihood of the formation of “self-
conducting” fluids that selectively reduce the mobility
of CO,, forming a foam structure only where CO, is
displaced at high speed, in particular, in fractured
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and/or areas of gravity with a relatively low concentra-
tion of residual petroleum. This foam structure has the
ability to mix with it, which leads to an increase in the
degree of extraction of petroleum raw materials asso-
ciated with CO, foam flows [8, 10].

Currently, LPS are widely used in many fields of
research and in industry. They make it possible to im-
prove the characteristics of underground fluids injected
into boreholes and the behavior of reservoir fluids.
Nanoparticles are able to penetrate porous under-
ground environments, which allows them to travel
long distances through pore spaces and channels in
reservoir formations. [6, 9—-11]. Their effects are facili-
tated by the interaction between injected and pore flu-
ids, which allows them to influence specific zones and
fluid flow characteristics deep in oil reservoirs.

In particular, the addition of NPS to a foam with
a surfactant tends to improve the stability of the foam,
which is due to their beneficial properties, such as the
absence of exposure to certain characteristic conditions
commonly found in oil formations, such as high tem-
peratures and the presence of a number of hydrocar-
bons and/or salts. In addition, due to their small size,
the LF flow through the porous medium is not signifi-
cantly hindered by the reservoir matrix itself, which
leads to minimal changes in reservoir permeability,
while foam absorption by reservoir rocks is negligible.
In addition, the materials from which the necessary
NPS are obtained, for example, coal ash, can be ob-
tained at minimal cost. Due to their grafting properties,
the wettability of the nanoparticles can be changed
relatively easily to obtain a foam resistant to ground-
water. The degree and duration of foam stability de-
pend on several factors, including the interaction be-
tween the size of the LF and the foam, the wettability
of the LF surface, the concentration of LF and their
surface charge, as well as the charge of the surfactant
and the salinity of water, the saturation and tempera-
ture of reservoir oil, the properties of crude oil, the
flow rate of liquid in the reservoir, as well as the ab-
sorption of foam by the formation matrix [6, 9—11].

Let us consider separately the influence of the main
factors of the use of LPS for the purpose of efficiency
of the heavy oil production process.

The effect of particle size on the characteristics
of CO, foam

Nanoparticles with a size of 20 nm most effectively
increase the stability of the foam. Nanoparticles with
a size of 20 nm create more uniform layers inside the
foam, preventing it from enlarging and sticking to-
gether. The addition of various NPS (SiO, A300 (hy-
drophilic), SiO, R816 (hydrophobic), ZnO, TiO,) to
the surfactant showed that foam stability is best im-
proved when using SiO, A300 due to the higher ratio
of surface area to particle size. In addition, surfactants
can attach to the surface of nanoparticles and increase
their catalytic activity due to a larger surface area and
a smaller particle size. As a result of the attachment of
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surfactant molecules to the surface of the NPS, steric
lamella layers are formed that prevent compression
and expansion. This feature helps the foam to maintain
stability during storage and transportation [12].

The effect of the wettability of the woofer sur-
face on the characteristics of CO, foam

The surface wettability of NPS is determined by
the ratio of the forces of adhesion of the molecules of
the liquid medium and the molecules (or atoms) of the
wetted substance/(adhesion) and the forces of mutual
adhesion of the molecules of the liquid medium (cohe-
sion). The effect of the wettability of the LF surface on
the stability of the foam was evaluated using Aerosil
SiO, as a hydrophobic component. It was found that
the stability of the foam increases, and the wetting
edge angle increases by 26-56°. The addition of col-
loidal SiO, AEROSIL816 and SiO, AEROSIL300 to
the surfactant sodium dodecyl sulfate showed that the
wettability of the rock surface largely determines and
controls the location, distribution, and movement of
fluids in a particular formation [10, 13].

Effect of the concentration of hydrophilic NPS
on the characteristics of CO, foam

It is now well known that the presence of hydro-
philic NPS increases the stability of the foam. The
rheological properties of supercritical CO, foam at
various temperatures, foam qualities, and pressures are
informative in this regard. The use of synergy between
nanoparticles and polyoxyethylene lauryl ether
(C1E»;) to stabilize CO, foam was evaluated using
static stability tests, visualization of pores using micro-
scopic models, and sandbag filling tests. NP-C,Ey; is
highly resistant to salinity and temperature. It perfectly
controls the profile and blocks water, and during the
experiments, the oil recovery coefficient increased by
20.1% after water injection. Most studies today are
limited to one type of NPS or surfactant. Static and
dynamic tests to assess the relative effectiveness of var-
ious types of NPS and surfactants in stabilizing CO,

foam under subcritical and supercritical conditions have
not yet been carried out sufficiently [10, 14].

Influence of temperature on the characteristics
of CO, foam with LF

The effect of temperature on the stability of low-
gain CO, foam is complex and is associated with
a number of competing processes. With increasing
temperature, solvent evaporation

The number of foaming agents tends to increase,
and as a result, depending on the concentration of the
foaming agent and its structure, the stability of the
foam may increase or decrease. The presence of SiO,
and/or Al,O; NPS in the foam slows down the rate of
liquid release, thereby slowing down the process of
bubble fusion. This ultimately increases the half-life
and stability of the foam at any temperature. It was
found that Al,O; NPS, regardless of the pH value of
the system, have a more stabilizing effect than SiO,
NPS at all tested temperatures. As a result, it is noted
that the stability of the foam in the presence of NPS
decreases with increasing temperature [10, 15].

Conclusion

The analysis shows that the use of carbon dioxide
(CO,) to enhance oil recovery is a promising area,
especially in the extraction of hard-to-recover and re-
sidual petroleum raw materials. CO, compares favora-
bly with other gas agents (methane, nitrogen) with its
high solubility, favorable dynamic viscosity and com-
pression ratio, which ensures more cost-effective oil
displacement. However, the key obstacle — the prema-
ture breakthrough of CO, to the producing wells —
significantly reduces the efficiency of the process.

The most effective technical solution to this prob-
lem is the joint injection of CO, with nanoparticles and
surfactants, resulting in the formation of a stable high-
ly viscous foam. This foam structure selectively reduc-
es the mobility of CO, in highly permeable channels
and fractured zones, increasing reservoir coverage and
oil recovery rate.
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