KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 1(72) 2025

UDC 622.276.43
IRSTI 52.47

https://doi.org/10.55452/1998-6688-2025-22-1-357-365

'"Haocong Li,
Master’ student, e-mail: 1244243374(@qq.com
1.2*Hongbin Yang,
PhD, Associate Professor, *e-mail: hongbinyang@upc.edu.cn
'Haizhuang Jiang,
PhD student, e-mail: 2737353467@qq.com
'Ruichao Wang,
PhD student, e-mail: wang rchao@163.com
'Kaixi Pang,
Bachelor student, e-mail: 1940390250@qq.com
1Zhao Li,
Bachelor student, e-mail: 3276814563(@qq.com
3Wei Lian,
Associate professor, e-mail: 2021592106@cupk.edu.cn
3Derong Xu,
Associate professor, e-mail: 2021592116@cupk.edu.cn
4Jing Wei,
Master student, e-mail: weijing@xjkeli.com
“*Wanli Kang,
Professor, e-mail: kangwanli@upc.edu.cn

School of Petroleum Engineering, China University of Petroleum (East China), Qingdao, China
*Shandong Key Laboratory of Oil and Gas Field Chemistry, China University of Petroleum
(East China), Qingdao, China
3College of Petroleum, China University of Petroleum-Beijing at Karamay, Karamay,
Xinjiang, China
*Xin Jiang Keli New Technology Development Co.Ltd, Karamay, China

PERFORMANCE EVALUATION OF NANO-IMBIBITION
OIL DISPLACEMENT AGENT SUITABLE
FOR LOW-PERMEABILITY RESERVOIRS

Abstract

Low-permeability reservoir has low matrix permeability and small pore throat. Conventional enhanced
oil recovery methods are difficult to effectively displace crude oil in low-permeability reservoirs. In this work,
a new nano-imbibition oil displacement agent (NIAG) was developed by compounding nanoparticle (NI) and
surfactant (APEG). The dispersion stability, interfacial tension and wettability were evaluated. Core imbibition and
displacement experiments were carried out to study the imbibition and displacement effect of nano-imbibition oil
displacement agent in low-permeability cores. The results show that the average particle size of NIAG is 70 nm.
It reduces the oil-water interfacial tension to a certain extent, and the oil-water interfacial tension is 0.026 mN/m.
It can change the wettability of rock wall, and the change degree of wetting angle can reach 70%. NIAG has good
imbibition recovery effect for low-permeability cores. The spontaneous imbibition recovery rate can reach 21.5%
at 60 °C, and the imbibition displacement efficiency can reach 37.5%. This work provides a theoretical basis and
technical support for the efficient development of low-permeability reservoirs.
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1 Introduction

With the continuous growth of global demand for oil and gas resources, the development of
conventional reservoirs is gradually facing a bottleneck. The development of low-permeability
reservoirs has received more and more attention [1-3]. Traditional water flooding is difficult to
effectively use remaining oil due to low reservoir permeability, complex pore structure, high oil-
water interfacial tension and unfavorable wettability of rock surface [4]. The recovery is generally
less than 30%. Therefore, the development of new oil displacement agents to improve oil recovery
in low-permeability reservoirs has become a research hotspot in the field of oil exploitation [5]. In
recent years, nanoparticles have shown great potential in enhanced oil recovery (EOR) due to their
unique interface effects and permeability regulation capabilities [6—7]. Nano oil displacement agents
can significantly improve the oil displacement efficiency of low-permeability reservoirs by reducing
the interfacial tension of oil and water, changing the wettability of rock and enhancing the mechanism
of imbibition and oil displacement [8]. However, there are still some problems in the application
of single nanoparticles, such as insufficient dispersion stability and low wetting reversal efficiency
[9]. To this end, the researchers propose to combine nanomaterials with surfactants to optimize oil
displacement performance through synergistic effects [10]. In this paper, a new nano-imbibition oil
displacement agent NIAG was formed by compounding nanoparticle NI and surfactant APEG. The
particle size distribution of NIAG was analyzed by Zeta potential and nano particle size analyzer.
The oil-water interfacial activity of NIAG was evaluated using a rotary interfacial tensiometer. The
change of wettability of NIAG on oleophilic surface was studied by contact angle meter. Finally,
the effect of enhanced oil recovery during imbibition was studied by physical simulation of oil
displacement device. This work has certain guiding significance for nano-imbibition oil displacement
agent to improve the recovery of low-permeability reservoirs.

2 Materials and Methods

2.1 Materials

Nanoparticles NI were self-made in the laboratory. Non-ionic surfactant allyloxy polyoxyethylene
ether (APEG) was provided by Aladdin Biochemical Technology Co., Ltd. Na,SO,, CaCl,
MgCl,-6H,0, NaCl and NaHCO, were all analytical pure and provided by China Pharmaceutical
Group Co., Ltd. Deionized water was self-made by the laboratory. The composition of simulated
formation water used in the experiment was shown in Table 1. The experimental core parameters
were shown in Table 2.

Table 1 — The ion compositions of simulated formation water

Ion species Na+ K+ Ca2+ Mg2+ SO42- HCO3- Cl- Total
gl‘;‘?ifrlma“on/ 10996.2 | 364.5 370.1 1246.9  |3380.3  |207.7 19001.7 | 35567.4

Table 2 — Core detailed parameters

Number Length/mm Diameter/mm Porosity/% Permeability/mD
1 10 25 15.50 30.2
2 10 25 13.61 324
3 10 25 13.61 31.5
4 10 25 14.66 30.7
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2.2 Methods

2.2.1 Measurement of particle size and Zeta potential

Nano-imbibition oil displacement agent NIAG (0.1% NI + 0.1% APEG) was prepared using
simulated formation water. Stirred with a magnetic stirrer for 10 min and subjected to ultrasonication
for 20 min until the solution was completely dispersed. The prepared NIAG was put into Zeta
potential and nano particle size analyzer (Zetasizer Nano ZS90, Britain) to test the particle size
distribution and Zeta potential of the system.

2.2.2 Determination of interfacial tension

The oil-water interfacial tension was measured by interfacial tension meter (TX-500C, China).
The interfacial tension was measured at the formation temperature of 60°C and the rotation speed of
6000 r/min. The data were measured and recorded every 2 min. When the interfacial tension reached
equilibrium, the experiment was completed.

2.2.3 Wettability experiment

The quartz glass sheet was soaked in crude oil at 60°C for 48 h to simulate the rock surface. The
initial wetting contact angle of the surface of the lipophilic quartz glass was measured by a contact
angle measuring instrument (SL200KS, American). The lipophilic quartz glass sheet was immersed
in nano-imbibition oil displacement agent solution, and the quartz glass sheet was taken out at 60°C
for different time to measure the wetting contact angle.

2.2.4 Imbibition oil discharge experiment

The core imbibition experiment was carried out by Amott imbibition bottle method, and the
imbibition recovery efficiency of nano-imbibition oil displacement agent was measured. The steps
of imbibition experiment were as follows.

1) The core after dry weight was saturated and weighed by vacuum method. After saturated
with crude oil, the core was placed in a container containing crude oil and aged at 60 °C for use.

2) Preparing imbibition fluid with simulated formation water. The prepared imbibition fluid was
placed in an oven at 60 °C for at least 1 h.

3) After the imbibition fluid reached the target temperature, the core was removed from the
crude oil. The oil on the surface of the core was wiped clean with oil absorption paper, the mass of
saturated crude oil core was weighed, and the volume of saturated crude oil was calculated.

4) Put the core into the imbibition bottle and quickly submerged the core in the imbibition
liquid. The time of core submergence was recorded as the initial imbibition time. The imbibition
liquid was added until the liquid level reached 1/3 to 1/2 of the imbibition bottle’s capillary scale to
facilitate measuring the volume of produced crude oil.

5) The imbibition experiment was carried out in an oven at 60 °C. The volume of crude oil
produced stopped increasing, and the imbibition experiment was terminated. The volume of crude
oil produced by imbibition was measured and the imbibition recovery was calculated.

2.2.5 Physical simulation core displacement experiment

Through physical simulation of oil displacement experiments, the effect of nano-imbibition oil
displacement agent NIAG on improving oil recovery in low-permeability cores was studied. The
displacement experiment steps were as follows.

1) After removing the oil, removing the salt, and drying, the treated core was set aside.

2) The above cores were vacuumized and saturated with formation water, and the pore volume,
porosity, and initial permeability were calculated.

3) The core was loaded into the core holder in the high-temperature and high-pressure dynamic
huft-and-puff imbibition oil displacement experimental device. The high pressure displacement
method was used to saturate the simulated oil to a certain oil saturation.

4) A core was first used to simulate the formation water at an injection rate of 0.3 ml/min
and 60°C until the water content reached 95%. The recovery rate from simulated formation water
flooding was calculated.

5) Imbibition fluid with a certain pore volume multiple was injected. After shut-in at 60 °C and
2 MPa, the core was imbibed in the core holder for a certain time. The simulated formation water was
continuously used to displace the core at an injection rate of 0.3 ml/min and 60°C. Until the water
content in the produced liquid reached 95% again, the changes in the recovery rate were recorded.
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3 Results and Discussion

3.1 Dispersion stability

The particle size distribution and Zeta potential of nano-imbibition oil displacement agent NIAG
were measured, and the results were shown in Figure 1. The average particle size of nano-imbibition
oil displacement agent was about 70 nm, and the particle size distribution range was 30—110 nm. Zeta
potential measurement results showed that the Zeta potential of NIAG was -35 mV. It showed that
the nano-imbibition oil displacement agent NIAG had excellent dispersion stability, was suitable for
low-permeability reservoirs, and was resistant to coalescence and precipitation.
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Figure 1 — Particle size distribution of NIAG nano-imbibition oil displacement agent

3.2 Oil water interfacial activity

The oil-water interfacial tension values of different systems at 60 °C were measured by
interfacial tension meter, and the results were shown in Figure 2. The oil-water interface tension
value of the simulated formation water was 0.44 mN/m. The oil-water interfacial tension of APEG
was 0.16 mN/m, and the oil-water interfacial tension of NIAG was 0.026 mN/m. It showed that the
nano-imbibition oil displacement agent NIAG significantly reduced the oil-water interfacial tension
compared to the surfactant solution.

0.6

—=—APEG
—s—NIAG

‘—‘\H_H—‘—Aﬁ_:_‘_‘jH_H{MMtﬂr

o
L
T

=
e
T

|

[nterfacial tension/mN m'!
=
L
T

|

,U_,U L | L 1 L 1 L | L | L 1
Time/min
Figure 2 — Interfacial tension curves of different systems with time
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3.3 Change rock wettability

The wettability reversal performance of simulated formation water, surfactant APEG solution
and nano-imbibition oil displacement agent NIAG was compared by the experiment. The contact
angle measurement results were shown in Figure 3. In the initial state, the surface of the quartz glass
sheet was aged by crude oil, and the contact angle of the glass sheet pre-immersed in three solutions
was about 90°. The surface of the glass sheet was in a lipophilic state. The contact angle of glass
slides soaked in APEG solution and NIAG changed significantly faster than that of glass slides
soaked in simulated formation water. The equilibrium contact angle of APEG was approximately
40°, which indicated that APEG could change the wettability of the glass surface from lipophilic to
hydrophilic. In comparison to APEG, NIAG demonstrated a stronger ability to alter the wettability
of the lipophilic surface, and the equilibrium contact angle was approximately 27°. The wettability
reversal of the system was stronger after the combination of surfactant APEG and nanoparticle NI.
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Figure 3 — Curves of contact angle of different systems with time

3.4 Imbibition to enhance oil recovery effect

The imbibition performance of simulated formation water, surfactant APEG solution and nano-
imbibition oil displacement agent NIAG was investigated by using a static spontaneous imbibition
experimental device. The imbibition temperature was 60 °C, and the imbibition experimental curves
were shown in Figure 4. In a short time after the start of the experiment, the recovery degree of the
three systems increased rapidly with time. However, the imbibition oil recovery rate of NIAG was
significantly higher than that of the other two systems. NIAG nano-imbibition oil displacement agent
had the best oil displacement performance. The ultimate recovery of NIAG imbibition displacement
oil was 21.5%. The ultimate oil recovery of APEG solution was 18%. The final recovery rate of
imbibition and oil drainage of simulated formation water was only 9.5%.
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Figure 4 — Imbibition oil discharge performance of different systems

3.5 Effect of core displacement on enhanced oil recovery

The oil displacement effect of nano-imbibition oil displacement agent NIAG was evaluated
according to the experimental method in 2.2.5. The results were shown in Figure 5. The experiments
showed that during the initial water flooding stage, as water injection increased, the pressure rose
rapidly, and crude oil was continuously displaced by water. After the water flooding recovery rate
reached 20%, oil production ceased at the production end, and the maximum pressure during the
initial water flooding stage reached 0.37 MPa. When the water content was 95%, the nano-imbibition
oil displacement agent NIAG was injected. It showed that after the injection of the nano-imbibition oil
displacement agent, the remaining oil, which was not recoverable by water flooding, was displaced,
and the recovery rate reached 29.5%. During the subsequent water flooding stage, the NIAG in the
core continuously displaced the crude oil from the pores and walls through imbibition. And it was
carried out by the subsequent injection water. The final recovery rate reached 37.5%. It was observed
that the nano-imbibition oil displacement agent NIAG exhibited a strong oil film stripping effect. And
the system could be utilized as an effective oil displacement agent for low-permeability reservoirs.
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agent NIAG oil displacement effect curve
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4 Conclusions

1) The average particle size of nano-imbibition oil displacement agent NIAG was 70 nm,
the particle size distribution ranged from 30 to 110 nm, and the Zeta potential was -35 mV, which
indicated that it had good dispersion stability.

2) The nano-imbibition oil displacement agent NIAG could reduce the oil-water interfacial
tension to about 0.026 mN/m under formation conditions. Furthermore, it could be adsorbed onto the
rock surface, thereby converting oil-wet surfaces to water-wet surfaces and transforming imbibition
resistance into imbibition drive, which facilitated imbibition and oil displacement.

3) The nano-imbibition oil displacement agent NIAG enhanced the capillary driving force
through the synergistic effect of APEG and nanoparticles. Enhanced the imbibition and displacement
effects and improved the recovery efficiency in low-permeability reservoirs. The spontaneous
imbibition recovery rate reached 21.5%, and the imbibition displacement efficiency reached 37.5%.
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TOMEH OTKI3I'IIITI KABATTAP YIIITH HAHO-CIHIPTIII MYHAW
BIFBICTBIPYIIBI ATEHTTIH TUIMALJIITTH BAFAJIAY

Anjiarna

TeMeH OTKI3TIITIKTI KOIIEKTOPIAP/IbIH KEYSKTUTIK-KYPBUIBIM/IBIK €pEeKIICTIKTepi, aTal alfTKaH/aa, OIapIbiH
TOMEH MAaTPHLAIBIK OTKI3TIMITITT MEH yCaK KEyeK apHajlapbl, JOCTYPJi MyHAll OHIIpY OICTEpiHiH THIMILUTITiH
mekreiiai. Ocel MoceneHi nenry MakcaTeiHaa 0y 3eprreyae HanoOemmek (NI) men 6errik-6encenai 3at (APEG)
Heri3iH/ie YKaHa HaHO-CIHIprim MyHa#l biFbICTRIpYIIbl areHT (NIAG) ozipaenmi. NIAG-TbIH AUCTIEPCHSUIBIK TY-
PaKTBUIBIFBL, (pazaapasiblk KEpHEYiH TOMEHETY KaOijleTl yoHe KbIHBIC OCTIHIH CyllaHy KacHeTTepiHe acepi 3epT-
tenai. TeMeH oTKI3riIuTIKTI KabaTTap/ia areHTTiH CIHIpY JKoHE MyHall BIFBICTBIPY THIMIUITIH aHBIKTAy YILIiH 03eK
CIHIpY ’K9HE BIFBICTBIPY TXipuOenepi xyprizingi. 3eprrey HaTmXKenepi kepcerkenaed, NIAG Oemmexkrepinig
oprama emmemi 70 HM Kypaiiapl. On MyHaii-cy (azaapaliblk KepHEYiH Oenrini Oip JeHreine TOMEHACTIN, OHBI
0,026 MH/m moniHe neifin a3aiitagsl. COHBIMEH KaTap, JKBIHBIC KaOBIPFACHIHBIH CYNIAHYBIH JKaKCapThIN, CiHIpY
OYpBIIBIHBIH 63repy mopekecin 70%-ra xerkizemi. NIAG TeMeH oTKI3TIIITIKTI KabaTTapaa »orapbl THIMIUTIK
kepcerin, 60 °C Temneparypaja e3/iriHeH CiHIpy apKbUIbl MyHal/bl KajlblHa KenTipy kodhduunentin 21,5%-
Fa, all CIHIpY-BIFBICTBIPY THIMALTITIH 37,5%-Fa neiin apTThipaabl. byl 3epTTey TOMeH OTKI3TilmTiKTI MyHall KeH
OPBIHJIAPBIH TUIMJII HTEPY YIIIH TEOPHSIIBIK HETi3 OCH TEXHUKAIIBIK IISIIIM/ICpP YChIHA B

Tipek ce31ep: TOMEH OTKI3TIMITIKTI KOJJIEKTOP, (a3aapaiblK KepHEY, CyJIaHy, O3iriHeH CIHipY.
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OLIEHKA D®®EKTUBHOCTHU HAHONPONMUTBIBAIOLETO
HE®TEBBITECHSIIOIIETO ATEHTA, MOAXOASIIETO JJ51
HU3KONMPOHULAEMBbIX KOJJIEKTOPOB

AHHOTAIUA

KostekTopbl ¢ HU3KOH MPOHMIIAEMOCTHIO 00JIaIal0T HU3KOM MAaTpUYHON MPOHMIAEMOCTHIO M Y3KHMH MO-
POBBIMH KaHasaMH. TpaJuinOHHBIE METO/BI MOBBIIICHUS HEPTEOTAAUH 3aTPyIHSIOT 3 (eKkTHBHOE BBITECHEHNE
HEe(PTH B HU3KOIPOHUIIAEMBIX KOJUIEKTOpaxX. B manHoi pabote ObUT pa3paboTaH HOBBI HAHOMOTJIOMIAIOIINI areHT
BeITecHeHHs HepTH (NIAG) mytem xomMOuHMpOoBaHMsS HaHOYACTHIIH! (NI) M MOBEPXHOCTHO-aKTUBHOTO BEIIECTBA
(APEG). OnenuBanich ero TUCrepCcHoHHasi CTaOMIbHOCTh, MEXK(a3HOE HATSDKEHUE U CMauyMBaeMOCTb. bbutn mpo-
BEJICHbI 9KCIIEPUMEHTHI T10 ITPONUTHIBAHUIO U BBITECHEHHIO B KEPHAX JUISl H3Yy4YEeHUs 9 PeKTa HaHOIOIIIOMIAIOIIETr0
areHTa B HU3KOIIPOHMIIAEMBIX MOposax. Pe3ybTarsl OKa3bIBaloT, 4To cpenHuit pasmep gactul NIAG cocrasiser
70 M. OH cHmWKaeT Mex(]a3Hoe HaTsDKeHHWe Ha TpaHuie HepTh — Boma mo0 0,026 mMH/M. MoxeT M3MEHSTH
CMa4MBaeMOCTb TOPHOW IOPOABI, a CTENEHb M3MEHEeHus yria cmaumBaHus jpocturaet 70%. NIAG obmamaer
xopotiei 3h(HEeKTUBHOCTHIO CaMOIPOU3BOJILHOIO TPOIUTHIBAHUS JIJIsl HU3KOIPOHUIIAEMbIX KepHOB. CKOpOCTh
CaMOIPOU3BOJIBHOIO NMponuThIBanus gocturaetr 21,5% npu 60 °C, a 3PeKTUBHOCTb BHITECHEHUSI TIPH MTPOIHTHI-
BaHuU — 37,5%. JlaHHOE HccnenoBaHue NPEeIOCTABISET TEOPETHUECKYI0 OCHOBY U TEXHUYECKYIO MOIAECPIKKY JUIs
3¢ PEKTUBHOH pa3pabOTKH HU3KOIPOHHIIAEMbIX KOJIIEKTOPOB.

KiroueBble cji0Ba: HU3KOIPOHUIAEMBIH KOMIEKTOp, MeX(azHOe HATSHKEHHE, CMAauMBAaEMOCTh, CaMOIIPO-
M3BOJIEHOE TIPOTUTHIBAHNE.
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