
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 3
:2

1:
27

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Experimental inv
aSchool of Urban Planning and Municipal E

China
bShaanxi Key Laboratory of Advanced Stimul

Xi'an Shiyou University, China
cSchool of Mechanics and Engineering S

Mathematics and Mechanics, Shanghai Uni

Cite this: RSC Adv., 2023, 13, 16165

Received 26th October 2022
Accepted 13th May 2023

DOI: 10.1039/d2ra06762e

rsc.li/rsc-advances

© 2023 The Author(s). Published by
estigation of nanofluid enhanced
oil recovery by spontaneous imbibition

Jingnan Zhang, *ab Hai Huang,b Ming Zhangb and Wenchang Wang*c

Nanofluids have been recently proposed as new chemical agents for enhanced oil recovery. In this study, in

order to reflect the effect of nanofluids on imbibition, the imbibition performance of manganese chloride

(MnCl2) solution, sodium dodecylbenzene sulfonate (SDBS) solution, and silica (SiO2) nanofluids were

studied by a spontaneous imbibition experiment at 25 °C and 0 MPa. The oil production from pores with

different sizes and the imbibition efficiency were tested by nuclear magnetic resonance T2 spectroscopy

and metering in spontaneous imbibition. In addition, the interfacial tensions between the imbibition

liquids and oil were tested. The changes in the contact angle of the core slice before and after

immersing in imbibition liquids were measured. The silica nanofluid is used as the imbibition liquid, and

the shift of the T2 spectral peak to the left is not obvious and shifted by only 23.95–25.72 ms, the change

in the contact angle is 6.63°–12°, the interfacial tension between the nanofluid and the simulated oil is

0.25–0.41 mN m−1, and the imbibition efficiency was slightly improved with increasing nanoparticle

concentration, up to 57.40%, which improved by 16.14% and 32.95%, respectively, compared to the

surfactant solution and the manganese chloride solution. This shows that the silica nanofluid can

effectively improve oil production in small pores, reduce oil–water interfacial tension, and change rock

wettability.
Introduction

Low oil recovery has always been the bottleneck in oileld
development. With the increasing advancement and diversi-
cation of research methods, scholars have made some progress
in studying nanouid enhanced oil recovery (EOR). The nano-
uid ooding oil experiments were conducted with macro
homogeneous and heterogeneous cores, and they had a better
effect on experiments.1–5 Some experiments show that the
nanouids can enter the rock pore network, change the surface
properties of the pore wall, strengthen the attraction between
the particles and the pore wall, and effectively increase the oil
displacement efficiency.6,7 Moradi et al.8 conducted core
displacement experiments by alternating the injection of
nanouids and carbon dioxide gas. It was found that the
recovery efficiency of nanouids was higher than that of regular
alternating injection of gas and water. The displacement effect
was better in a low permeability core (2.839 mD), and the
smaller the nanoparticles, the better the displacement effect.
Lei et al.9 tested the effect of nanouids on expanding the swept
volume of an ultralow-permeability core in a core ooding
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the Royal Society of Chemistry
experiment. The experimental results show that nanouids can
weaken the hydrogen bond association between water mole-
cules and effectively change the structure of the water molecular
network. Thus, nanouids enter the small, low-permeability
pore area that cannot be swept by conventional water ood-
ing. Jafarbeigi et al.10 evaluated the oil displacement effect of
nanouids on the carbonate reservoir through a core displace-
ment experiment. The results show that the nanouids can
effectively change the wettability of the rock surface in the
carbonate reservoir, and the recovery aer displacement can
increase by 15–23%. Liu et al.11 added Janus-silica nanoparticles
to the surfactant and recovery was signicantly improved under
the same displacement condition, showing good EOR potential.
Jalilian et al.12 investigated the feasibility of nano-emulsion
ooding as a method for EOR through core ooding experi-
ments and a recovery factor of up to 60%.

The above experiments show that nanouids have an excel-
lent oil displacement effect. Spontaneous imbibition is
a process in a porous medium that spontaneously absorbs
a wetting liquid driven by capillary force, which plays a vital role
in EOR.13 Due to the gradual transition of oil production from
a simple homogeneous reservoir to a fractured dual-porosity
reservoir,14 spontaneous imbibition has attracted extensive
attention from scholars. The spontaneous imbibition experi-
ments were conducted using water or surfactant solutions.15–20

Standnes et al.21 conducted spontaneous imbibition experi-
ments using aqueous solutions of ethoxylated alcohol (EA) and
RSC Adv., 2023, 13, 16165–16174 | 16165
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a cationic surfactant (C12TAB). For the short core experiments,
about 40–45% of the original oil in place (OOIP) was recovered
using C12TAB, while only 10% was the average recovery using
EA. Contact angle measurements on oil-wet calcite crystals
conrmed that C12TAB was much more effective than EA in
altering wettability in water-wet conditions. Habibi et al.22 per-
formed different sets of experiments to investigate surfactants
with long and short ethoxylate (EO) chains that enhance imbi-
bition. These experiments show that the wettability alteration is
the primary mechanism of the surfactant solution to improve
the imbibition efficiency. However, many types of research have
shown that nanouid can effectively change the wettability of
the rock.23–28 Caili Dai et al.29 prepared a new kind of self-
dispersing silica nanoparticle and used it to enhance oil
recovery in spontaneous imbibition experiments of low-
permeability cores. The excellent performance of nanouids
was attributed to the fact that nanouids could signicantly
change the wettability of rocks. Moghaddam et al.30 investigated
the impacts of the nanouids of zirconium dioxide, calcium
carbonate, titanium dioxide, silicon dioxide, magnesium oxide,
aluminium oxide, cerium oxide, and carbon nanotube on the
wettability of carbonate rocks by spontaneous imbibition. The
results of spontaneous imbibition tests conrm the active roles
of calcium carbonate and silicon dioxide nanoparticles in EOR.

In this study, a method of spontaneous imbibition experi-
ment was adopted. Manganese chloride solution, sodium
dodecylbenzene sulfonate solution, and silica nanouid with
different concentrations were used to enhance oil recovery in
spontaneous imbibition. Signicantly, the imbibition effi-
ciency of different imbibition liquids in the spontaneous
imbibition process was measured by metering and nuclear
magnetic resonance T2 spectrum, avoiding the inaccuracy
caused by using a single metering method. In addition, the
interfacial tensions between different imbibition liquids and
oil were tested. The change in the contact angle of the core
slices before and aer immersing in different imbibition
liquids was measured. Furthermore, the mechanism of nano-
uids in enhanced oil recovery by spontaneous imbibition was
analysed.

Imbibition experiment
Experimental materials

Imbibition liquid 1#. Deionized water with manganese
chloride of 0.5 wt%. The purpose of using manganese chloride
is to test the NMR T2 spectrum. The experiments show that
a 0.5 wt% manganese chloride aqueous solution instead of
water can distinguish the NMR signals of oil and water.31

Manganese chloride was purchased from Sinopharm Chemical
Reagent Co. Ltd., with a purity of 99.9 wt%.

Imbibition liquid 2#. Surfactant solution consisting mainly
0.5 wt% of sodium dodecylbenzene sulfonate and 0.5 wt% of
manganese chloride. Sodium dodecylbenzene sulfonate was
purchased from Sinopharm Chemical Reagent Co. Ltd., with
a purity of 99.0 wt%.

Imbibition liquid 3#. Nanouid mainly composed of silica
nanoparticles (0.5 wt%), sodium dodecylbenzene sulfonate
16166 | RSC Adv., 2023, 13, 16165–16174
(0.5 wt%), and manganese chloride (0.5 wt%). Silica nano-
particles were prepared in the laboratory with an average
particle size of 20 nm and purity of over 99.8%.

Imbibition liquid 4#. Nanouid mainly composed of silica
nanoparticles (1.0 wt%), sodium dodecylbenzene sulfonate
(0.5 wt%), and manganese chloride (0.5 wt%). Silica nano-
particles were prepared in the laboratory with an average
particle size of 20 nm and purity of over 99.8%.

Imbibition liquid 5#. Nanouid mainly composed of silica
nanoparticles (1.5 wt%), sodium dodecylbenzene sulfonate
(0.5 wt%), and manganese chloride (0.5 wt%). Silica nano-
particles were prepared in the laboratory with an average
particle size of 20 nm and purity of over 99.8%.

Imbibition liquid 6#. Nanouid mainly composed of silica
nanoparticles (2.0 wt%), sodium dodecylbenzene sulfonate
(0.5 wt%), and manganese chloride (0.5 wt%). Silica nano-
particles were prepared in the laboratory with an average
particle size of 20 nm and purity of over 99.8%. The preparation
methods of the imbibition liquid 1#–6# include: ① the nano-
particles were added into deionized water and stirred with the
magnetic force for 10 min at 25 °C. ② The manganese chloride
was added to the liquid prepared in the previous step and
continued to stir with the magnetic force for 10 min at 25 °C.③
The SDBS was added to the liquid prepared in the previous step
and stirred again for 10 min with magnetic force at 25 °C. ④
The liquid prepared in the previous step was subjected to
ultrasonic vibration for 30 min at 25 °C and 40 kHz.

Simulated oil. Filtered diesel oil and crude oil were prepared
according to the mass ratio of 10 : 1, and the viscosity was 2.5
mPa s at 25 °C.

Cores. The experimental cores are articial homogeneous
sandstone, and the pre-treatment methods include: ① the
magnetism of the cores was detected and prevented interfer-
ence with the magnetic eld.② The physical parameters of the
core were tested. ③ The cores were cut into core sections with
a length of about 3 cm and core slices with a thickness of about
0.3 cm, the core sections were numbered c-3-2-1, c-3-2-2, c-3-2-
3, c-3-3-1, c-3-3-2, c-3-3-3 and the core slices were numbered s-
3-2-1, s-3-2-2, s-3-2-3, s-3-3-1, s-3-3-2, s-3-3-3, respectively. ④
The core sections and core slices were placed in an oven and
dried at 80 °C for 24 h aer washing the surface residue.⑤ The
length of each core section and the core slice was measured,
and the mass (dry weight) of the core sections was weighed. ⑥
The core sections were put in the vacuum pressurized satu-
ration device and saturated with an aqueous manganese
chloride solution. ⑦ The core sections were removed to weigh
the wet weight and measure the pore volume (PV). ⑧ The
bound water of the core sections was established by oil
ooding manganese chloride aqueous solution in a ooding
device. The volume of the injected oil was recorded when the
water content at the outlet of the section was 0. ⑨ Closing all
valves of the ooding device and making the oil was aged for
48 h in core sections. It is worth noting that the 0.5 wt%
manganese chloride aqueous solution was used in the above
steps. The physical parameters of the core sections and core
slices are shown in Table 1.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physical parameters of core sections and core slices

Number Length/cm Diameter/cm Porosity/% Permeability/10−3 mm2 Soi/% Swi/% Remarks Rock type

3-2 10.00 2.52 32.25 1012.20 — — Core Sandstone
3-3 10.00 2.52 28.65 987.36 — — Core Sandstone
c-3-2-1 2.92 2.52 31.67 — 72.78 27.22 Core section Sandstone
c-3-2-2 2.88 2.52 32.05 — 76.32 23.68 Core section Sandstone
c-3-2-3 2.86 2.52 31.52 — 78.06 21.94 Core section Sandstone
c-3-3-1 2.78 2.52 30.28 — 69.52 30.48 Core section Sandstone
c-3-3-2 2.96 2.52 26.32 — 66.36 33.64 Core section Sandstone
c-3-3-3 2.62 2.52 27.66 — 67.22 32.78 Core section Sandstone
s-3-2-1 0.28 2.52 — — — — Core slice Sandstone
s-3-2-2 0.28 2.52 — — — — Core slice Sandstone
s-3-2-3 0.26 2.52 — — — — Core slice Sandstone
s-3-3-1 0.26 2.52 — — — — Core slice Sandstone
s-3-3-2 0.24 2.52 — — — — Core slice Sandstone
s-3-3-3 0.27 2.52 — — — — Core slice Sandstone
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Experimental equipment and methods

Spontaneous imbibition experiment. The experimental
device for core spontaneous imbibition is shown in Fig. 1. The
upper part is a metering tube with a scale, which can read the
volume of discharged oil, i.e., the metering method. A circular
cavity below themetering tube, which is connected to the bottle,
can be separated so that the core can be put into it. A water
outlet is arranged below the bottle. The core support is set at the
bottom of the bottle to avoid large-area contact between the
surface beneath the core and the bottom of the bottle, pre-
venting the imbibition efficiency from being affected.

The experimental steps are as follows:
(1) The saturated oil core sections were tested with nuclear

magnetic resonance. The experimental devices for spontaneous
imbibition were numbered 1#, 2#, 3#, 4#, 5#, and 6#, then the
core section c-3-2-1, c-3-2-2, c-3-2-3, c-3-3-1, c-3-3-2, and c-3-3-3
were placed in device 1#, device 2#, device 3#, device 4#,
device 5#, and device 6#, respectively. Apply Vaseline evenly to
the contact surface between the glass cavity and the bottle, and
then closely connect the glass cavity and the bottle.

(2) The prepared imbibition liquid 1#, imbibition liquid 2#,
imbibition liquid 3#, imbibition liquid 4#, imbibition liquid 5#,
and imbibition liquid 6#, were slowly poured from the top of the
metering tube into device 1#, device 2#, and device 3#, device
4#, device 5#, and device 6#, respectively.
Fig. 1 The experimental device for core spontaneous imbibition.

© 2023 The Author(s). Published by the Royal Society of Chemistry
(3) Upper and lower readings in the metering tube were
recorded every 2 h.

(4) The oil in the tube was sucked out from the top of the
metering tube, and the rest of the liquids were drained slowly
through the discharge when there was no change in the
difference between the upper reading and the lower reading of
the metering tube for 10 h. The cores were removed, drained,
and wrapped with polyethylene lm for use in the next step.

The imbibition efficiency is obtained from the following:

Em ¼ Vupper � Vlower

Voil

� 100% (1)

where Em is the imbibition efficiency measured by metering;
Vupper is the upper reading of themetering tube, mL; Vlower is the
lower reading of the metering tube, mL; Voil is the saturated oil
volume of the core, mL.

Nuclear magnetic resonance test. Nuclear magnetic reso-
nance (NMR) equipment mainly includes industrial computers,
spectrometer systems, radio frequency systems (RF), gradient
systems, magnet cabinets, etc. The performance parameters of
the equipment are shown in Table 2.

The core was placed in the NMR equipment RF coil to test its
T2 spectrum when the core was saturated with oil at the end of
imbibition. The schematic diagram of the T2 spectrum is shown
in Fig. 2.

The peak area (cumulative signal amplitude in shaded area)
in the relaxation curve is directly proportional to the liquid
quality in the core, and the T2 value at the peak point is
proportional to the size of the pore where the liquid in the core
is located. Therefore, the degree of oil production in pores of
different sizes can be reected by the NMR T2 spectrum.18

Interfacial tension measurement. The JJ2000B rotary drop
interfacial tension measuring instrument is used, which mainly
includes a high-speed motor, sample tank, lens barrel, and
charge coupled device (CCD) camera. The main technical
parameters are shown in Table 3.

The interfacial tensions between the imbibition liquid and
the simulated oil were measured by the pendant drop method.
During the measurement, the simulated oil and imbibition
RSC Adv., 2023, 13, 16165–16174 | 16167
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Table 2 The performance parameters of the equipment

Performance Parameters

Magnet type Permanent magnet
Magnetic eld intensity (0.50 � 0.05) T
Magnetic eld stability #300 Hz h−1

RF eld Pulse frequency 1–30 MHz, frequency control accuracy 0.1 Hz, pulse
accuracy 100 ns

RF transmission power Peak output > 300 W
Maximum sampling bandwidth 2000 kHz
Imaging gradient Peak intensity > 2.5 G cm−1

Probe coil diameter 60 mm
Effective sample detection range 60 mm diameter sphere
Imaging quality The image signal-to-noise ratio is greater than 20 dB, the image distortion

is less than 15%, and the image uniformity is greater than 45%
Sampling frequency 50 MHz

Fig. 2 Schematic diagram of the T2 spectrum.

Fig. 3 Schematic diagram of the contact angle test.
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liquids were added to the sample tube to form the interface. The
sample tube rotation speed was set at 2000 rpm, and the
temperature was set at 25 °C. Under centrifugal force, gravity,
and interfacial tension, the lighter liquid forms a long ellipsoid
or cylindrical droplet in the heavier liquid. Under the horizontal
condition of the rotation axis, the droplet length of 2x0 and
width of 2y0, and the interfacial tension are calculated accord-
ing to the Bashforth–Adams equation:

g ¼ 1

4
Dru2y0

3f (2)

where g is the interfacial tension, mN m; Dr is the density
difference between the liquid–liquid phase or the gas–liquid
phase, g mL; u is the angular velocity of the system
rotation, rpm; y0 is half of the droplet width, cm; f is the
correction factor, determined by x0/y0.
Table 3 The main parameters of JJ2000B rotating drop interfacial tens

Performance

Tension measurement range
Rotating sha speed
Speed accuracy
The inner diameter of the capillary tube for measurement
Light source
T-Head for two kinds of amplication factor measurement

16168 | RSC Adv., 2023, 13, 16165–16174
Contact angle measurement. The core slices were cleaned
and put in the vacuum oven for 24 h. Then, soaked in deionized
water for 24 h, the contact angle of the core slices was tested
according to the method shown in Fig. 3 using the OCA20 video
contact angle measuring instrument. Aer that, the core slices
were put into the vacuum oven again for 24 h. Aer taking them
out, the core slice s-3-2-1, core slice s-3-2-2, core slice s-3-2-3,
core slice s-3-3-1, core slice s-3-3-2, core slice s-3-3-3 were
immersed separately in imbibition liquid 1#, imbibition liquid
2#, imbibition liquid 3#, imbibition liquid 4#, imbibition liquid
5#, imbibition liquid 6#, and immersed for 24 h. The contact
angle was tested again aer the core slices were removed. It is
noteworthy that three different positions of each core slice were
tested, and the average value of the contact angle was obtained
from different positions as the test result.

Overall experimental procedure. The general experimental
procedure is shown in Fig. 4.
ion measuring instrument

Parameters

10−6–500 mN m−1

1000 rpm–20 000 rpm
1&
4 mm/2 mm
70 × 19 mm plane tube 12 V
2 mm/1.1 mm

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Overall experimental procedure.
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Experimental results and discussion
Imbibition efficiency

The imbibition efficiency of the core in three kinds of imbibi-
tion liquids was studied using metering and T2 spectrum
testing. The metering method is the most convenient and
intuitive, and it can be obtained directly by reading the scale of
the metering tube of the imbibition device. The curve of imbi-
bition efficiency with time obtained by the metering method at
25 °C is shown in Fig. 5.

The nal imbibition efficiency of imbibition liquid 1#,
imbibition liquid 2#, imbibition liquid 3#, imbibition liquid 4#,
imbibition liquid 5#, and imbibition liquid 6# is 23.20%,
40.50%, 47.54%, 52.22%, 55.06%, and 55.87%, respectively. It
can be seen from the gure that the oil in the imbibition liquid
3#–6# is discharged relatively quickly. This shows that the
imbibition liquid 3#–6# has a better performance in imbibition
and oil drainage compared to other imbibition liquids.
Fig. 5 The curve of imbibition efficiency with time (25 °C).

© 2023 The Author(s). Published by the Royal Society of Chemistry
Before saturating the rock with oil, the T2 spectrum of the oil
as a bulk is shown in Fig. 6.

As can be seen from Fig. 6, when a large oil droplet exists in
the sample bottle, the position of its peak vertex is 666.99 ms,
and the peak area is 27 783.96 a.u.

The T2 spectrum of oily cores before and aer spontaneous
imbibition in three kinds of imbibition liquids is shown in
Fig. 7–12. It is worth noting that the core used in this experi-
ment is an articial sandstone core. If repeated cleaning is
performed, the permeability and porosity of the core will be
affected, resulting in the differences in the physical parameters
of the same sample at different experimental stages. Therefore,
two cores (about 10 cm in length) of the same batch with similar
physical parameters are selected, and in this study, six core
sections (about 3 cm in length) formed aer cutting are not
reused.

As can be seen in Fig. 7–12, the peak point of the spectrum
shied to the le during imbibition. The peak point of the T2
Fig. 6 The T2 spectrum of the oil sample as a bulk.

RSC Adv., 2023, 13, 16165–16174 | 16169
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Fig. 7 T2 spectrum of the core c-3-2-1 before and after imbibition.

Fig. 8 T2 spectrum of the core c-3-2-2 before and after imbibition.

Fig. 9 T2 spectrum of the core c-3-2-3 before and after imbibition.

Fig. 10 T2 spectrum of the core c-3-3-1 before and after imbibition.

Fig. 11 T2 spectrum of the core c-3-3-2 before and after imbibition.

Fig. 12 T2 spectrum of the core c-3-3-3 before and after imbibition.
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spectrum for the core c-3-2-2 in imbibition liquid 2# moved to
the le obviously during imbibition by 67.14ms. The peak point
of the T2 spectrum for the core c-3-2-3, c-3-3-1, c-3-3-2, and c-3-3-
3 in imbibition liquid 3#–6# moving to the le is not obvious
during imbibition and shis by only 23.95–25.67 ms. It shows
that the oil in relatively large pores is highly produced under the
action of imbibition liquid 2#. The degree of oil production in
16170 | RSC Adv., 2023, 13, 16165–16174
the core pores under the action of the imbibition liquid 3#–6# is
relatively uniform. It also suggests that imbibition liquid 3# can
increase the degree of oil production in small pores compared
to imbibition liquid 1# and imbibition liquid 2#.

Aer imbibition, the peak area (the cumulative signal
amplitude in the area enclosed by the T2 curve and abscissa) of
core c-3-2-1, c-3-2-2, c-3-2-3, c-3-3-1, c-3-3-2, c-3-3-3 decreased by
4489.62, 7834.81, 9462.99, 9152.50, 9669.39, 8769.02 a.u.,
respectively. The peak area is proportional to the oil saturation,
so the decrease in the peak area is the imbibition efficiency of
the core in the imbibition process, which can be calculated
using the following:

En ¼ Aoi � Ao

Aoi

� 100% (3)

where En is the imbibition efficiency measured by nuclear
magnetic resonance; Aoi is the peak area (a.u.) of the core before
imbibition; Ao is the peak area (a.u.) of the core aer
imbibition.

The imbibition efficiency obtained by the T2 spectrum is
shown in Table 4. This indicates that core 3# has the highest
imbibition efficiency, which is close to the results obtained by
metering. But there are still some differences. This is because
the volume of oil oating on the upper surface due to gravity
differentiation in the imbibition process was measured by
metering, and a small amount of oil dissolved in the imbibition
liquid or attached to the vessel was not considered. When the
reduction of oil in the core was tested by using the nuclear
magnetic resonance T2 spectrummethod, the residual oil in the
core would run off in the process of core extraction, which will
be mistaken for the result of imbibition. Thus, it can be seen
that the use of the metering method will get a smaller result
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The average of the imbibition efficiency

Imbibition liquid
number

Imbibition efficiency

Metering T2 spectrum
Average
value

1# 23.20% 24.98% 24.09%
2# 40.50% 42.02% 41.26%
3# 47.54% 50.16% 48.85%
4# 52.22% 55.67% 53.95%
5# 55.06% 58.21% 56.64%
6# 55.87% 58.92% 57.40%

Fig. 14 Relationship between interfacial tension and imbibition
efficiency.
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than the actual value, while the use of the nuclear magnetic
resonance T2 spectrum method will get a larger result than the
actual value. So, we need to take the average of the two results in
order to obtain more accurate results. The average of the
imbibition efficiency is also shown in Table 4.

The relationship between uid composition and imbibition
efficiency is shown in Fig. 13.

It can be seen from Fig. 13 that with the increase in
composition, the imbibition efficiency is signicantly
improved. Aer the composition of nanoparticles is added, the
imbibition efficiency is further improved, which shows that the
nanouid used in this study effectively improves the imbibition
efficiency. With increasing nanoparticle concentration, the
imbibition efficiency was slightly improved.
Interfacial tension between imbibition liquids and oil

The interfacial tension between imbibition liquids and oil is
shown in Table 5.
Fig. 13 Relationship between fluid composition and imbibition
efficiency.

Table 5 The interfacial tension between imbibition liquids and simulate

Imbibition liquid
Test 1 interfacial
tension/(mN m−1)

Test 2 inte
tension/(m

1# 21.01 21.24
2# 0.89 0.46
3# 0.43 0.55
4# 0.52 0.28
5# 0.48 0.16
6# 0.27 0.31

© 2023 The Author(s). Published by the Royal Society of Chemistry
The interfacial tensions between imbibition liquid 2#–6#
and oil are signicantly reduced compared to the interfacial
tension between imbibition liquid 1# and oil because imbibi-
tion liquid 3# and imbibition liquid 2# contain the same
surfactant composition, which can reduce the oil–water inter-
facial tension. The interfacial tension between imbibition
liquid 3#–6# and oil is closer to that between imbibition liquid
2# and oil. It shows that the composition of the nanoparticle in
the imbibition liquid 3#–6# does not have a noticeable effect on
reducing the oil–water interfacial tension. The imbibition effi-
ciency and the corresponding interfacial tension values are
shown in Fig. 14.

The interfacial tensions of imbibition liquid 2#–6# and oil
were signicantly lower than those of imbibition liquid 1# and
oil, and the imbibition efficiencies of imbibition liquid 2#–6#
are also signicantly higher than that of imbibition liquid 1#,
which indicates that the reduction of the oil–water interfacial
tension is one of the main factors to improve the imbibition
efficiency in the spontaneous imbibition process. The oil in the
core deforms more easily as the oil–water interfacial tension
decreases. The ability of oil droplets to pass through the throat
of a porous medium will be enhanced. A part of the immovable
oil is changed into movable oil and discharged from the core by
the action of imbibition. Thus, imbibition efficiency is
improved effectively.
The contact angle of core slices

The liquid–solid contact angles of the core slice s-3-2-1, s-3-2-2,
s-3-2-3, s-3-3-1, s-3-3-2, and s-3-3-3 immersed in imbibition
liquids for 24 h are shown in Table 6.

The core slices show water-wet characteristics aer
immersing in deionized water for 24 h. The contact angles of
d oil

rfacial
N m−1)

Test 3 interfacial
tension/(mN m−1)

Average interfacial
tension/(mN m−1)

20.75 21.00
0.51 0.62
0.25 0.41
0.36 0.35
0.22 0.29
0.18 0.25

RSC Adv., 2023, 13, 16165–16174 | 16171
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Fig. 15 Relationships between the change value of the contact angle
and the imbibition efficiency.
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the core slice aer immersing in imbibition liquid 2#–6# have
increased compared to those aer immersing in deionized
water, which indicates that the wettability of the core surface
can be changed by imbibition liquid 2#–6#. The relationships
between the change value of the contact angle and the imbibi-
tion efficiency of the core slices before and aer immersion in
different imbibition liquids are shown in Fig. 15.

The higher the value of contact angle change before and aer
the core slices are immersed in different imbibition liquids, the
higher the imbibition efficiency, indicating that the change in
rock wettability is one of the factors in improving the imbibition
efficiency in the process of spontaneous imbibition. In addi-
tion, it can be seen from Fig. 14 and 15 that the interfacial
tension between oil and imbibition liquid 2#–6# are relatively
close. The wettability changes of the core slice immersed in
liquid 2#–6# are also not obvious. But the imbibition efficiency
of the core section in imbibition liquid 2# is lower than that of
imbibition liquid 3#–6#. This is because the imbibition liquid
3#–6# contains nanoparticles. Wasan and Nikolov et al. found
that the nanoparticles were arranged spontaneously and orderly
in the three-phase contact wedge region, which generated
structural disjoining pressure. The nanouid lm continuously
diffused to the centre of the contact region between oil droplets
and the solid phase surface under the action of structural dis-
joining pressure. Finally, the oil droplets were driven away.32–34

Zhang Hua et al.35 performed a series of ooding experiments
on EOR using a nanouid at different capillary numbers.
Additional oil recovery of around 15% may be achieved by
a nanouid compared to brine at a Ca = 10−7 insufficient time
for the nanouid lm to advance through structural disjoining
pressure and displace oil. Compared to oil recovery by the SDS
solution and the nanouid with the same IFT, the additional oil
by the nanouid is 12.6% and is also due to the structural
disjoining pressure. Dai Caili et al.29 measured the contact angle
and interfacial tension to investigate the mechanism of nano-
particles for enhanced oil recovery. The results showed that the
adsorption of silica nanoparticles can change the surface
wettability from oil-wet to water-wet and silica nanoparticles
showed little inuence on oil/water interfacial tension. In
addition, the change of the oil droplet shape on the hydro-
phobic surface was monitored through dynamic contact angle
measurement. It was shown that silica nanoparticles can
gradually detach the oil droplet from the hydrophobic surface,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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which is consistent with the structural disjoining pressure
mechanism proposed by Wasan and Nikolov. Similarly, the
nanouids used in this experiment have no signicant effect on
the wettability of sandstone core slices and the interfacial
tension between oil and water. However, the imbibition effi-
ciency was increased using nanouids in comparison to that of
saline and surfactant solutions. This is also consistent with the
structural disjoining pressure mechanism. Therefore, the
reduction of the interfacial tension and the change in rock
wettability are the two signicant factors in improving the
imbibition efficiency of the surfactant solution and the nano-
uid. At the same time, nanouids have a strong ability to peel
oil droplets and achieve a better imbibition effect due to the
structural disjoining pressure.

This study shows that nanouids have good performance
and great potential to improve imbibition efficiency. Overall,
the contact angle is around 70, indicating water-wet conditions,
and the reduction in IFT is not high, which indicates poor
chemical performance. Oil-wet samples such as carbonate are
worth studying. The factors inuencing the imbibition effi-
ciency and the optimal formula of nanouids need to be further
studied in order to promote the improvement, popularization,
and industrial application of nanouids for EOR.

Conclusions

The manganese chloride solution, sodium dodecylbenzene
sulfonate solution, and silica nanouid were used to investigate
their performance for imbibition. The imbibition efficiency was
the best and reached 57.40% when the core was immersed in
2.0 wt% silica nanouid under the conditions used in this
paper. With increasing nanoparticle concentration, the imbi-
bition efficiency was slightly improved. The NMR T2 spectrum
showed that the degree of oil production in the small pores of
the core was increased in the imbibition process with a silica
nanouid. During imbibition, the interfacial tension between
oil and water can be reduced, and the wettability of the rock can
be changed by sodium dodecylbenzene sulfonate solution and
silica nanouid, which are two dominant factors in improving
the efficiency of core imbibition. In addition, silica nanouid
has a strong ability to peel off oil droplets due to the structural
disjoining pressure, which can achieve better imbibition effi-
ciency compared to sodium dodecylbenzene sulfonate solution
(no silica particles). We hope that this work can be helpful to the
applications of nanouids for EOR.
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