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a b s t r a c t

Nanofluids have been effective chemical additives for enhanced oil recovery (EOR) in tight oil reservoirs
due to their special properties. However, oil imbibition recoveries vary for different nanofluids. The oil/
water distribution in rocks during imbibition using various nanofluids was less discussed in previous
studies. In this study, we systematically examined the imbibition efficiencies of various nanofluids at
60 �C. Furthermore, the migration of nanofluids and oil distribution in the rock pores were monitored
using nuclear magnetic resonance (NMR). The nanofluids were prepared by dispersing silica nano-
particles and five different types of surfactants (i.e., anionic-nonionic, anionic, nonionic, amphoteric and
cationic surfactants in deionized (DI) water. Subsequently, interfacial tension (IFT) and contact angle
measurements were conducted to reveal the underlying EOR mechanisms of various nanofluids. The
experimental results showed that the EOR potential of the different types of nanofluids was in the order
anionic-nonionic > anionic > nonionic > amphoteric > cationic > brine. Anionic-nonionic (sodium lauryl
ether sulfate (SLES)) and anionic (sodium dodecyl sulfonate (SDS)) nanofluids exhibited excellent
capability of wettability alteration, and increased oil recovery by 27.96% and 23.08%, respectively,
compared to brine. The NMR results also showed that mesopores (0.1e1 mm) were the dominant
developed pores in the rocks, and contributed the most to imbibition efficiency. In addition, the imbi-
bition of nanofluids initially took place in mesopores and micropores before moving into macropores.
This study provides fundamental information on the selection of nanofluids for EOR in tight oil reser-
voirs. The study also improved the understanding of oil/water distribution during the imbibition of the
proposed nanofluids.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Nanofluids, which refer to fluids prepared by dispersing nano-
scale materials in a liquid medium (Li Z. et al., 2018b; Liang et al.,
2021a; Wang Z. et al., 2021b), have been intensively investigated
in diverse fields of study such as heat energy (Qiu et al., 2019; Zadeh
es, China University of Geo-

qing@cugb.edu.cn (Q. You).

y Elsevier B.V. on behalf of KeAi Co
et al., 2020), biomedicine (Xu et al., 2021b; Zhang C. et al., 2021a),
and chemical engineering (Wuebbeler et al., 2021) due to their
significant influences on interfacial properties. Besides, nano-
particles also possess large specific surface area and high surface
energy, which can effectively solve the arduous problems associ-
ated with hydrocarbon recovery from tight or ultralow permeable
reservoirs during oilfield development (Kuang et al., 2018; Adenutsi
et al., 2019; Afekare et al., 2020). Nanofluids have gained consid-
erable attention in enhanced oil recovery as potential fluids that are
applied to improve interfacial activity and regulate wettability
(Mousavi et al., 2021; Sangeetha et al., 2021; Hassan et al., 2022).
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Nanofluids exhibit a greater ability to reduce interfacial tension
and alter wettability than their base fluids (Zhang T. et al., 2021b;
Afra et al., 2021; Liang et al., 2021b; Jafarbeigi et al., 2021). Li Y. et al.
(2018a) synthesized a novel silica-based nanofluid, and verified the
interfacial activity of functional nanoparticles by interfacial tension
and interfacial dilational modulus measurements. They reported
that the developed active nanoparticles can effectively reduce the
interfacial tension (IFT) and alter the surface wettability compared
to silica nanoparticles, resulting in exceptional oil displacement.
Kuang et al. (2018) investigated the synergistic effect of various
nanofluids on the interfacial properties of oil/brine/rock systems,
and found that nanofluids were able to modify interfacial tension
and alter wettability of rock surfaces. This enhanced oil imbibition
efficiency significantly in Berea sandstone rock samples. The au-
thors also pointed out that the co-adsorption of nanoaggregates
and surfactant molecules at the rock interface were responsible for
wettability alteration. Sagala et al. (2020) examined the influence of
nanopyroxene on interfacial tension and wettability, and then
probed the oil efficacies of nanofluids as EOR agents. Core flooding
experiments showed that nanopyroxene-based nanofluid
improved oil recovery by an additional 12%e14.5% after water
flooding. Additionally, they believed nanopyroxene was a prom-
ising additive for EOR applications.

Nuclear magnetic resonance (NMR) technique is a non-
destructive method which is widely applied in the petroleum and
natural gas industry to characterize pore structure and fluid dis-
tribution in porous media (Sun et al., 2020; Chen et al., 2021; Zhao
et al., 2022). Xu et al. (2022) quantitatively assessed the imbibition
of fracturing fluid and influencing factors by dynamic simulation
experiments and NMR technique. They indicated that micropores
were the best contributors to oil imbibition recovery for fracturing
fluid, and also reported that the imbibition effect of the hydrophilic
rock was better than that of the lipophilic rock. Mao et al. (2020)
employed porosity data derived from low-field NMR to charac-
terize the wetting of coal pores. They suggested that macropores
were more readily wetted by aqueous liquid than mesopores, and
the degree of water wetting of the macropores had a stronger
negative effect on coal flotation than that of themesopores.Wang F.
et al. (2021a) analyzed the pore fractal characteristics of a sand-
stone reservoir using NMR and rate-controlled porosimetry. By
considering the movable fluid distribution, the authors proposed a
novel NMR method. They found out that the fractal dimensions of
pores occupied with fully movable, partially movable and immov-
able fluids had a strong correlationwith petrophysical properties of
the tight sandstone reservoir. Su et al. (2018) employed NMR
technology to test the wettability of shale. The authors also
compared the abundance of organic matter, movable hydrocarbon
content, clay content and carbonate content of shale samples with
different wetting characteristics. They concluded that the existence
of organic matter was responsible for the oil wettability of shale
porosity. However, research on the spontaneous imbibition of
nanofluids in tight oil rocks using NMR technology is scarce.
Therefore, careful investigations of NMR tests are necessary to
evaluate spontaneous imbibition using various nanofluids in tight
oil reservoirs.

In the following subsections, the materials used in this study
and preparation of various functional nanofluids are initially
introduced. Then, the effects of functional nanofluids on IFT and
wettability are discussed in detail. Afterwards, the migration trends
of nanofluids in sandstone cores during spontaneous imbibition
using NMR technique are discussed. Observations of spontaneous
imbibition characteristics such as NMR porosity, wettability and oil
distribution in sandstone rocks are reported. Additionally, the re-
sults of using effective porosity fractal dimension to evaluate
nanofluids on movable fluids during imbibition is discussed.
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Finally, the effect of nanofluids on oil imbibition efficacies are
investigated, and the underlying mechanisms involved in EOR us-
ing nanofluids are explained.

2. Materials and methods

2.1. Materials

In this work, hydrophilic silica sol with purity of 40 wt% was
used. The diameter of silica nanoparticles was approximately
10 nm. Five chemical agents including dodecyl trimethyl ammo-
nium bromide (DTAB, 98 wt%), lauramidopropyl hydroxy sulfobe-
taine (LHSB, 35 wt%), C12 alkyl glucoside (APG12, 50 wt%), sodium
dodecyl sulfonate (SDS, 98 wt%), and sodium lauryl ether sulfate
(SLES, 70 wt%) were used as modifiers. For comparison purposes,
the selected chemical agents all contain twelve carbon chains.
Crude oil used for spontaneous imbibition was obtained from the
Changqing Oilfield, which had a density of 0.8183 g/cm3 and a
viscosity of 3.15 mPa s at 60 �C. The same oil was also used in IFT
and contact angle (CA) measurements. 3 wt% NaCl solution was
utilized as the reservoir brine.

The core samples were obtained from the Changqing tight
sandstone reservoir. SEM micrographs of rock samples are shown
in Fig. 1. The target sandstone reservoir was rich in quartz, with a
distribution range of 30%e70%. All core samples were approxi-
mately 25 mm in diameter and 35 mm in length. These core plugs
were cleaned and then dried at 105 �C for at least 2 days, to ensure
the rocks were completely dry (Li Y. et al., 2018a). The permeabil-
ities and porosities of these dried core samples were in the ranges
of 0.072e0.088 mD and 9.73e11.26%, respectively.

2.2. Nanofluid preparation

Five types of nanofluids were prepared by dispersing 0.05 wt%
silica sol in deionized (DI) water with or without 0.1 wt% chemical
agents (i.e., cationic, amphoteric, nonionic, anionic-nonionic, and
anionic surfactants). The preparation of functionalized nanofluid is
shown in Fig. 2. To better improve the dispersion of silica nano-
particles in DI water, the mixtures were ultrasonicated for 20 min
by a JY92-IIN ultrasonic homogenizer at 60 �C so as to obtain the
transparent active nanofluids. The properties of the nanofluids are
listed in Table 1. In this work, ‘SiO2 nanofluid’ refers to solution of
silica nanoparticles without chemical agents.

2.3. Interfacial tension and contact angle measurements

Interfacial tension measurements between nanofluids and
crude oil were performed using the automatic pendant drop
method with a TRACKER interfacial rheometer (TECLIS, France) at
60 �C. In this method, an oil droplet was introduced into the
nanofluid in a quartz cuvette through a U-shaped motor driven
syringe. Then, the IFT datawas recorded as the oil droplet stabilized
(Fig. 3(a)). The measurements were repeated in triplicates for each
sample, and the standard error was within ±5%. The details of the
experimental setup are provided in the work of Jiang et al. (2016).
Notably, to ensure the accuracy of the IFT measurements, the sys-
tem required noiseless environment during the measurements.

The contact angles of nanofluid/crude oil/rock systems were
determined using the captive bubble method with a JC2000D1
contact angle measuring instrument (Shanghai) at 60 �C (Fig. 3(b))
(Liu et al., 2019; Xu et al., 2021a). Prior to the tests, the glass slides
were aged in paraffin for 48 h at 60 �C to obtain oil-wet surfaces (Li
Y. et al., 2018a). The measurement procedure is as follows: (1) The
quartz chamber was thoroughly cleaned before any measure-
ments. (2) The aged oil-wet glass slide was put on a crystal holder



Fig. 1. SEM micrographs of the rock sample obtained from the Changqing sandstone reservoir.

Fig. 2. Schematic illustration of synthesis of functionalized silica nanoparticles.

Table 1
Nanofluid properties.

Nanofluid Nanoparticle Nanoparticle concentration, wt% Surfactant Surfactant type Surfactant concentration, wt% Particle size, nm

SiO2 SiO2 0.05 / / / 10.39
SiO2 þ DTAB SiO2 0.05 DTAB Cationic 0.1 18.46
SiO2 þ LHSB SiO2 0.05 LHSB Amphoteric 0.1 17.73
SiO2 þ APG12 SiO2 0.05 APG12 Nonionic 0.1 16.84
SiO2 þ SDS SiO2 0.05 SDS Anionic 0.1 15.56
SiO2 þ SLES SiO2 0.05 SLES Anionic-nonionic 0.1 11.62

Fig. 3. Schematic diagrams of (a) interfacial tension and (b) contact angle measurement devices.
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in the quartz chamber, and nanofluid was then gradually injected.
(3) An oil droplet on the oil-wet substrate of glass slide was created
using an inverted needle. (4) When the submerged glass slide
reached an equilibrium state after 24 h, the images of oil droplets
were taken by a high-resolution microscopic camera, and then the
static contact angles before and after immersion of nanofluid were
measured by software. (5) To obtain the dynamic contact angles,
the glass slides were kept in nanofluid for 24 h. The changes in oil
contact angles with time were observed and measured for 24 h.
The measurements were repeated three times to ensure the reli-
ability of the contact angle results. The measurements had an ac-
curacy of ±2�.
2.4. Spontaneous imbibition tests and NMR measurements

Spontaneous imbibition tests were conducted using a series of
different types of nanofluids to evaluate oil displacement effects.
Rock core samples with similar permeabilities and porosities were
selected for spontaneous imbibition tests using the procedure re-
ported in the study of Zhou et al. (2019). This is reported as follows:
(1) The preserved core samples were fully saturated with crude oil
from the Changqing Oilfield, and the T2 spectra of the oil-saturated
core samples were measured. (2) All rock samples were placed in
Amott cells with nanofluids or brine at 60 �C. During the imbibition
process, the displaced oil floated on the surface of the water, and
the corresponding amount of oil extracted versus time was recor-
ded. It is worth mentioning that the oil-saturated rocks needed to
be immersed in crude oil for 24 h at 60 �C in advance so as to avoid
the effect of oil expansion in core pores. In addition, the fluids used
for spontaneous imbibition were also preheated to 60 �C. (3) Sub-
sequently, the core samples were taken out at regular intervals, and
the corresponding T2 spectra weremeasured during the imbibition.
(4) Step 3 was repeated until the completion of imbibition tests. To
avoid the mutual interference of hydrogen signals between oil and
water, deuterium oxide (D2O) without magnetic moment was
employed to prepare nanofluids and brine.
2.5. NMR fractal theory

NMR is an effective and nondestructive technology widely used
for monitoring fluid distributions in pores and to determine the
pore size distribution (PSD) of sandstone rocks (Mao et al., 2020;
Wang Z. et al., 2021b; Xu et al., 2021; Liu et al., 2021). The number of
hydrogen atoms present within a fluid in a porous medium can be
detected through the transverse relaxation time (T2), and thus the
pore structure of the reservoir can be described. The total NMR T2
can be expressed as follows (Yuan et al., 2019):

1
T2

¼ 1
T2B

þ r

�
S
V

�
þ AðgGTEÞ2

12
(1)

where T2 is the transverse relaxation, ms; T2B is the volume (free)
relaxation time of fluid, ms; S is the pore surface area, cm2; V is the
pore volume, cm3; r is the transverse surface relaxation strength of
rocks, mm/ms; A is the diffusion coefficient, mm2/ms; G is the
magnetic field gradient, 10�4 T/cm; TE is the echo spacing, ms; g is
the gyromagnetic ratio, (T s)�1.

When there is only one type of fluid in the pores, the volume
relaxation is much slower than the surface relaxation, so 1/T2B can
be ignored. In addition, when the magnetic field is uniform (the
corresponding magnetic field gradient G is very low) and the echo
interval (TE) is short enough, the third diffusion coefficient term can
also be ignored. Thus, Eq. (1) can be simplified as:
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The relationship between T2 and pore diameter (d) can be
expressed as:

1
T2

¼ r

�
S
V

�
¼ FS

r

d
(3)

d¼ CT2 (4)

where d is the pore diameter, nm; C is the conversion coefficient,
ms/mm; FS is the geometry factor. For spherical pores, FS ¼ 3; for
cylindrical pores, FS ¼ 2.

Based on fractal geometry theory, the number (N) of pores larger
than r conforms to the following power function (Li Y. et al., 2018a;
Yuan et al., 2019; Chen et al., 2021):

Nð> rÞ¼
ðrmax

r

SðrÞdr¼arD (5)

where N(> r) is the number of pores of radii > r; rmax is the
maximum pore radii, mm; S(r) is the density function of pore size
distribution; a is a fractal factor; and D represents the fractal
dimension.

The cumulative volume fraction of pores with radii less than r
can be described as (Chen et al., 2021):

Sv ¼ r3�D � rmin
3�D

rmax3�D � rmin
3�D

(6)

Considering rmin≪rmax, Sv can be expressed as:

Sv ¼
�

r
rmax

�3�D

(7)

Combining Eq. (3) and Eq. (7), Eq. (8) can be obtained as follows:

Sv ¼
�

T2
T2max

�3�D

(8)

Taking the logarithm of both sides of Eq. (8) can be expressed as:

lgðSvÞ¼ ð3�DÞlgðT2Þ þ ðD�3ÞlgT2max (9)

If the pores have fractal characteristics, Eq. (7) will have a linear
relationship. The fractal dimension D can be obtained by the slope
(l) as follows:

D¼3� l (10)

3. Results and discussion

3.1. Characterization of functional silica nanoparticles

The dispersion stability of nanofluid is significant for oil
displacement applications. However, silica nanoparticles usually
aggregate and settle when dispersed in a suspension and this often
renders the nanoparticles unsuitable for EOR applications
(Chaturvedi and Sharma, 2020; Shalbafan et al., 2019; Zhou et al.,
2020; Zhang et al., 2022). Therefore, it is necessary to systemati-
cally examine the stability of nanofluids. Fig. 4 presents the
microstructure and morphology of silica nanoparticles and func-
tional silica nanoparticles by transmission electron microscopy



Fig. 4. TEM images of (a) silica nanoparticles and (b) functional silica nanoparticles (0.05 wt% SiO2 þ 0.1 wt% SLES) at 60 �C.
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(TEM). Both nanoparticles generally displayed a spherical shape
and were uniformly dispersed, and the according particle sizes
were less than 20 nm, which was favorable for nanofluid flow in the
tight porous medium. Visual observations revealed that functional
silica nanoparticles exhibited better dispersibility than pure silica
nanoparticles. The stability of silica nanoparticles at high temper-
ature is of great significance to the practical applications of nano-
fluids in oil fields (Zhou et al., 2020). Thus, dynamic light scattering
(DLS) and zeta potential measurement tests were conducted to
characterize the stability of the nanofluids at 60 �C. It can be
observed from Fig. 5 that the SiO2 nanofluid was clear and
Fig. 5. Size distribution of silica nanoparticles in DI water at 60 �C.

Fig. 6. Particle size and zeta potential results of various nanofluids (0.05 wt%
SiO2 þ 0.1 wt% surfactants) at 60 �C.
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transparent. The average size of the silica nanoparticles in DI water
was 9.90 nm, which was in accordance with the results from TEM.
The aforementioned five types of nanofluids were selected to
analyze the dispersion stability. Fig. 6 plots particle size and zeta
potential results for the various nanofluids at 60 �C. From Fig. 6, it
was observed that no aggregation of silica nanoparticles occurred
during the process of static settlement tests. In addition, the di-
ameters of functional silica nanoparticles of various nanofluids
ranged from 10 to 20 nm. The zeta potential (absolute value) of



Fig. 7. (a) Particle size and (b) zeta potential results of various nanofluids (0.05 wt% SiO2 þ 0.1 wt% surfactants) versus time at 60 �C.
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nanofluids were in the range of 33.14e69.49 mV. It has been re-
ported that an absolute value of zeta potential which is greater than
30 mV is sufficient to obtain stable nanofluids (Sentein et al., 2009).
Furthermore, Fig. 7 plots the time dependence effect of various
nanofluids on particle size and zeta potential. All proposed nano-
fluids were stored at 60 �C for 15 days. It was observed that the
average particle size of pure silica nanofluid increased from 10.39 to
99.46 nm, and the absolute value of zeta potential decreased from
33.14 to 20.44 mV. However, the particle sizes and zeta potential of
active nanofluids did not change significantly. In summary, pure
silica nanofluid displayed poor stability at high temperatures, while
the active nanofluids did not occur agglomeration. Nanofluids
modified by different chemical agents in this work exhibited
excellent dispersion stability, and could be stored for more than 15
days at 60 �C. Thus, the proposed nanofluids can be used for further
studies in spontaneous imbibition.
3.2. Interfacial tension and contact angle

Nanofluids possess better performance in IFT reduction and
wettability alteration as compared to simple surfactant solution,
owing to their large specific surface area and high surface energy of
nanoparticles (Kuang et al., 2018). To ascertain the effect of func-
tional silica nanoparticles on the oil/water or oil/water/solid three-
phase interface, the IFTs and contact angles were measured for the
five stable nanofluids utilizing the rising bubble method (Maghzi
et al., 2012). Fig. 8 illustrates the IFTs between crude oil and
nanofluids modified by different types of surfactants at 60 �C. The
oil-brine system without any additives was 27.44 mN/m. The
interfacial tension of oil-SiO2 nanofluid was 22.63 m/N, reflecting
the less influence of pure silica nanoparticles on the interfacial
properties. From Fig. 8, it was observed that the addition of pure
surfactants or functional nanoparticles to DI water significantly
decreased the oil-water interfacial tension, and the IFTs reached
equilibrium state in a short time. During the IFT reduction process, a
layer nanostructure was generated at the oil-water interface by
SiO2 nanoparticles. This adsorption behavior was similar to that of
surfactants. This caused the SiO2 nanoparticles to increase in their
ability to reduce the oil-water interfacial tension (Li et al., 2017;
Kuang et al., 2018). Additionally, the nanofluids made with
nonionic, amphoteric and cationic surfactants displayed consider-
ably lower IFTs than anionic and anionic-nonionic nanofluids. The
2190
IFT results showed that the lower oil-water interfacial tension
caused by the nanofluids can effectively increase oil mobility in
porous media.

The ability of nanofluids to alter wettability is more effective
than IFT reduction, and this plays a vital role in EOR applications
(Kathel and Mohanty, 2018; Nowrouzi et al., 2019). According to
previous studies, the adsorption behavior of nanofluids on the rock
surface facilitated the wettability change as observed via contact
angle measurements (Al-Anssari et al., 2016; Nwidee et al., 2017).
Thus, in this work, the oil-wet glass slides were immersed in brine,
SiO2, DTAB, LHSB, APG, SDS, and SLES nanofluids at 60 �C for 24 h,
respectively. After the glass slide surfaces were treated with the
0.05 wt% nanofluids, the static contact angles were measured and
presented in Fig. 9(a). The initial contact angle of brine without any
chemical agent was 28�, indicating the glass slide surface was
lipophilic (Li Y., et al., 2018a). From Fig. 9(a), these functional
nanofluids altered the wettability of glass surfaces toward more
water-wet (103e155�) except for DTAB nanofluid. Especially, the
presence of anionic or nonionic surfactant type caused more water
wetness of the solid surfaces. The DTAB nanofluid displayed a
considerable IFT reduction, while only a slight changewas observed
in contact angles (from 28� to 76�). We believed that the hydro-
philic head of the cationic surfactant DTAB was adsorbed to the
negatively charged oil-wet solid surface, owing to electrostatic
attraction. In addition, the hydrophobic chain of the DTAB extended
into the nanofluid, resulting in less water wetness of solid surface
(Xu et al., 2021a).

To further explore the effect of time dependence of nanofluids
on wettability alteration, the oil droplets were captured on the oil-
wet substrates of glass slides and was subsequently immersed in
the above-mentionedmixtures for 24 h. The dynamic contact angle
results are presented in Fig. 9(b). At the first 4 h, a thin wedge film
was formed and this was confined in the oil/nanofluid/glass slide
three-phase region by disjoining pressure owing to the co-
adsorption of nanoparticles and surfactant molecules at the oil-
water interface (Fig. 10) (Kuang et al., 2018). This aided the oil
droplets to gradually separate along the glass surface, and sharply
increased the oil contact angles. With the accumulation of nano-
particles and surfactant molecules at the three-phase region, the
wedge film was extended forward as indicated by the arrow in
Fig. 10. Thus, the contact angles continued to increase. In the end,
the contact angle remained almost unchanged when the system



Fig. 8. (a) Equilibrium and (b) dynamic IFTs between nanofluids (0.05 wt% SiO2 þ 0.1 wt % surfactants in DI water) and crude oil at 60 �C.

Fig. 9. (a) Static and (b) dynamic contact angles for nanofluids (0.05 wt% SiO2 þ 0.1 wt% surfactants in DI water)/crude oil/solid system at 60 �C.
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stabilized (63e150�). The SLES nanofluid significantly changed the
contact angle from 27� to 150�, while the DTAB nanofluid merely
changed the contact angle from 28� to 63� compared to the brine
and SiO2 nanofluid. This behavior was expected because of the
presence of electrostatic attraction between the positively self-
assembled nanoparticles and the negatively charged glass slide.

Based on the above analysis, the coated nanoparticles led to
more stable nanofluids and performedwell inwettability alteration
and oil displacement (Nwidee et al., 2017). Meanwhile, the wetta-
bility of the rock surface was irreversible (Liu et al., 2021). Thus, the
selected nanofluids provided the essential foundation for further
application in the following spontaneous imbibition tests.

3.3. NMR results

3.3.1. PSD analysis
NMR T2 spectrum can effectively reflect the pore size distribu-

tion of the reservoir. The pore size is proportional to the T2
2191
relaxation time (Mao et al., 2020; Zhou et al., 2019). The longer the
T2 value, the larger the pore size of the sandstone core sample.
Fig. 11 plots the T2 spectrum curve and the HPMI pore size distri-
bution in of the tight sandstone. The two plots were similar. Thus,
Eq. (4) was utilized to convert the T2 distribution into the PSD. From
Fig. 11, it was observed that there were six points that coincided on
the T2 spectrum and HPMI plots. The parameters are listed in
Table 2. The average conversion coefficient which was obtained
through calculation was 0.10. Since the sandstone cores selected in
this work had similar permeability (0.072e0.088 mD), the value of
the conversion coefficient C was equal in these core samples. Thus,
the PSDs can be obtained through NMR T2 spectra, which provided
a foundation for further study of the relation between oil recoveries
and pore structure (Dai et al., 2019).

The distribution of the NMR T2 spectrum of the sandstone core
samples had a strong correlation with the pore size distribution, as
listed in Table 3. The T2 distributions and PSD of the seven oil
saturated samples are plotted in Fig. 12(a and b). From Fig. 12(a), it



Fig. 10. Schematic illustration of oil displacement from a solid surface by functional
nanofluid.

Fig. 11. The coupling relation between T2 spectrum and HPMI curve.

Table 2
Results of the conversion coefficient C.

T2, ms D, mm C, ms/mm

0.31 0.04 0.12
0.46 0.05 0.11
1.11 0.11 0.09
4.38 0.31 0.07
5.32 0.49 0.09
8.70 0.92 0.11

Table 3
Pore classification criteria for sandstone cores.

T2, ms Pore size, mm Pore type

<1 <0.1 Micropore
1e10 0.1e1 Mesopore
>10 >1 Macropore
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was observed that all NMR T2 spectra of oil-saturated sandstone
core samples were unimodal and ranged from 0.1 to 1000 ms. The
dominant peaks appeared at relaxation times ranging from 1 to
3 ms. In addition, sandstone core pores can be divided into mi-
cropores (<0.1 mm), mesopores (0.1e1 mm) and macropores
(>1 mm). Obviously, the proportion of mesopores was the highest,
ranging from 50.54% to 52.12%, followed by micropores (26.88%e
28.89%) and macropores (20.33%e21.65%). This implied that mes-
opores in the samples dominated micropores and macropores in
the study area. These characteristics were consistent with the
typical properties of the Changqing tight oil reservoir (Zhou et al.,
2019).

3.3.2. Movable fluid distribution
NMR technique can intuitively and effectively detect the pres-

ence of fluid in rocks. The saturation and porosity of the movable
fluid are essential indicators used to characterize the fluid flow
capacity in the reservoir (Su et al., 2018). During the imbibition
process, the movable fluid distribution can be obtained by sub-
tracting the T2 spectrum after imbibition from T2 spectrum before
imbibition. Fig. 13(a) plots the incremental and cumulative NMR T2
porosity spectra of the cores that were immersed in 3 wt% brine
and 0.05 wt% of various silica nanofluids, respectively. It was
observed that the oil saturated cumulative porosity ranged from
10.70% to 11.26%, which was consistent with the results of the
conventional petrophysical experiments (error range ±1.5%), as
seen in Table 4. The cumulative porosity decreased to 6.74%e9.55%
after imbibition with different fluids. This can be considered as the
bound fluid porosity under imbibition conditions. The interval
between the curves of oil saturated and post imbibition cumulative
porosity was taken as the effective movable fluid porosity. More-
over, the NMR dominated peak values of all cores decreased, and
the corresponding T2 relaxation time became larger after imbibi-
tion. The difference in the T2 relaxation time varied from 0.14 to
1.33 ms. Among the samples, core sample 6#, 7# had considerable
changes before and after imbibition. This showed that the movable
fluid in sample 6#, 7# was highly mobilized.

Fig. 13(b) shows the calculated movable fluid saturation, and
Table 4 presents the petrophysical properties and NMR analysis
results of the core samples. From Fig.13(b) and Table 4, themovable
fluid saturation was in the range of 11.39%e38.97%. In comparison
with cores with various imbibition fluids, it was observed that less
brine and pure nanofluid imbibed into samples 1# and 2#, and only
a few drops of oil was produced during the imbibition process.
While introducing the active nanoparticles modified by various
surfactants to deionized water, the results demonstrated that the
movable fluid of sample 7# adsorbed SLES nanofluid the most,
followed by samples 5# and 6#, respectively. Meanwhile, sample
3# imbibed DTAB the least. This indicated that the movable fluid
performance of core samples treated with these active nanofluids
were better than that of the brine and pure nanofluid (Dai et al.,
2019).

NMR fractal dimension can comprehensively characterize the
complexity and heterogeneity of pore structure of the reservoir,
which is an important bridge connecting the microscopic pore
structure and macroscopic performance (Liu et al., 2021; Wang Z.
et al., 2021b). Thus, careful investigations of the fractal character-
istics of porous media in the sandstone core samples treated with
various nanofluids are necessary, to further evaluate their effects on
improving oil recovery. Fig. 14(a) plots the fractal dimension curve
of the pores in the sandstone cores derived from Eq. (9). From the
Fig. 14(a), it was observed that the overall fractal curve had a
distinct inflection point at a T2 value of 1.0 ms. The curves were
divided into two sections, namely T2 > 1 ms and T2 < 1 ms, and the
corresponding fractal dimension were assigned D1 and D2,



Fig. 12. (a) The T2 relaxation distribution and (b) PSD of saturated oil sandstone cores.

Fig. 13. (a) NMR incremental and cumulative spectra and (b) movable fluid saturation curve of sandstone core samples.
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Table 4
Petrophysical properties and NMR analysis results of core samples.

Sample No. Imbibition fluid Porosity,
%

Permeability, mD NMR porosity, % Movable fluid porosity, % NMR bound fluid saturation, % NMR movable fluid saturation, %

1# Brine 9.73 0.081 10.78 1.23 88.61 11.39
2# Pure nanofluid 10.09 0.080 10.92 1.43 86.86 13.14
3# DTAB nanofluid 9.81 0.088 11.26 1.58 85.94 14.06
4# LHSB nanofluid 10.19 0.079 11.18 1.89 83.08 17.39
5# APG12 nanofluid 10.70 0.078 11.17 3.54 68.34 32.36
6# SDS nanofluid 10.99 0.073 10.70 3.62 65.72 34.28
7# SLES nanofluid 11.26 0.072 10.99 4.26 61.03 38.97

Fig. 14. NMR fractal characteristic curves of (a) overall and (b) movable fluid pores in sandstone core samples.

Table 5
NMR fractal dimension results of core samples.

Sample No. T2 < 1 ms T2 > 1 ms Effective porosity

D1 R2 D2 R2 D R2

1# �1.0553 0.8142 2.8975 0.8340 2.3739 0.8482
2# �1.1576 0.8216 2.9406 0.7201 2.3642 0.8110
3# �1.2253 0.8320 2.9082 0.8387 2.3609 0.8050
4# �1.0457 0.8208 2.9128 0.8117 2.3591 0.8184
5# �1.2951 0.8314 2.9313 0.7726 2.3213 0.7937
6# �1.2349 0.8373 2.9135 0.7966 2.3188 0.8012
7# �1.2843 0.8406 2.9457 0.6302 2.2853 0.7955
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respectively. The NMR fractal dimensions of sandstone core sam-
ples are listed in Table 5. The fractal dimension D1 ranged
from �1.2867 to �1.0457 when T2 was less than 1 ms, indicating
that micropores did not have fractal characteristics. Meanwhile, the
fractal dimension D2 was in the range of 2.8975e2.9457 when T2
was larger than 1ms. This showed that the larger pores have fractal
characteristics, and with strong heterogeneity and complexity.
However, the overall fractal dimensions cannot favorably reflect the
influence of nanofluids on the pore structure during the imbibition
process (Zhou et al., 2019; Mao et al., 2020).

To effectively evaluate the influence of nanofluids on movable
fluids, the fractal dimensions (D) of effective pores occupied with
movable fluid (yellow part in Fig. 13(a) were calculated by Eq. (9).
From Fig. 14(b) and Table 5, the fractal dimension D was in the
range of 2.2853e2.3739 with an average value of 2.3405. The cor-
responding R2 ranged from 0.7937 to 0.8482 with an average value
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of 0.8104. The fractal dimension of movable fluid pores showed
moderate complexity and heterogeneity of sandstone pore struc-
tures. It was observed from a combination of results of movable
fluid and fractal dimension that fractal dimension D decreased and
movable fluid saturation increased when nanofluids were used as
imbibition agents. Particularly, SLES and SDS nanofluids exhibited
superior performances including effective reduction in NMR bound
fluid saturation and increment in NMR movable fluid saturation.
Movable fluid occurred in pores less than 10 mm, and the
complexity of pore structure determined themobility of fluid in the
sandstone core samples. The smaller the fractal dimension (D), the
better the pore connectivity of core samples, resulting in a higher
movable fluid saturation. Based on these analyses it can be
concluded that, nanofluid can effectively lower pore complexity,
causing a more homogeneous sandstone reservoir and also
decrease the corresponding fractal dimension. This is more
conducive to the storage and flow of movable fluids.
3.4. Spontaneous imbibition

To examine the potential performance of EOR using the pro-
posed nanofluids, spontaneous imbibition tests of tight sandstone
cores were conducted at 60 �C using 3 wt% brine, 0.05 wt% pure
nanofluid, 0.05 wt% functional nanofluids, and 0.1 wt% pure sur-
factants, respectively. The oil imbibition recovery and imbibition
rate were monitored to determine the efficiencies of the nanofluids
as EOR agents. The spontaneous imbibition results are shown in
Fig. 15(a and b) and Table 6. It was observed that the active nano-
fluids, especially SLES nanofluid, had an excellent performance in



Fig. 15. Spontaneous imbibition results for brine, surfactants, and nanofluids: (a) oil imbibition recoverys versus time, (b) imbibition rate versus time.

Table 6
Imbibition results with different imbibition fluids.

Imbibition fluid Imbibition recovery, % Imbibition fluid Imbibition recovery, %

3 wt% brine 10.75 0.05 wt% SiO2 13.18
0.1 wt% DTAB 7.28 0.05 wt% SiO2 þ 0.1 wt% DTAB 13.90
0.1 wt% LHSB 11.85 0.05 wt% SiO2 þ 0.1 wt% LHSB 16.92
0.1 wt% APG12 15.36 0.05 wt% SiO2 þ 0.1 wt% APG12 31.66
0.1 wt% SDS 19.63 0.05 wt% SiO2 þ 0.1 wt% SDS 33.83
0.1 wt% SLES 21.51 0.05 wt% SiO2 þ 0.1 wt% SLES 38.71
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terms of oil displacement than other imbibition fluids. Comparing
the oil displacement performance with the brine, pure SiO2 nano-
fluid and SLES, SLES nanofluid improved imbibition efficiencies by
27.96%, 25.53% and 17.20%, respectively. SDS and APG12 nanofluids
also had good performance, with an imbibition recovery of 33.83%
and 31.66%, respectively. However, the cationic DTAB and ampho-
teric LHSB nanofluids recovered only 13.90% and 16.92%, respec-
tively. This means the cationic and amphoteric nanofluids had poor
applicability in tight reservoirs. Fig. 15(b) shows that the imbibition
rates increased rapidly at the beginning of the imbibition process.
When the maximum imbibition rates were reached, the trend
began to decrease, and finally reached zero. Additionally, it was
found that the oil displacement rates of SLES and SDS nanofluids
were much higher than other imbibition fluids. The imbibition
results illustrated that the imbibition potential of fluids in tight
sandstone was: SiO2 þ SLES > SiO2 þ SDS > SiO2 þ APG12
> SLES > SDS > SiO2þ LHSB > SiO2þ DTAB > SiO2 > brine. Thus, the
SDS and SLES nanofluids are suggested as potential EOR agents in
tight oil reservoirs.

Moreover, Fig. 16(a) plots the T2 spectra of oil phase in the cores
at different imbibition stages (1# and 7#). From Fig.16(a), the signal
amplitude reduced when T2 relaxation time was between 0.1 and
100 ms during imbibition. The signal amplitude hardly changed
and the amount of oil in the cores no longer reduced until the end
of imbibition. In addition, the T2 spectrum of core 1# (immersed in
brine) showed that the effect of brine imbibition was weak, with
only a few droplets of oil produced. Comparedwith brine, the signal
amplitude of the core immersed in 0.05 wt% SLES nanofluid
significantly reduced. The oil in the micropores and mesopores of
the rock core was initially mobilized, and the SLES nanofluid
continuously entered the micropores and mesopores under the
2195
action of capillary force, driving the oil into macropores, and then
the oil was expelled from the core simultaneously. This is the main
reason for the shift of the peaks of the NMR curves to the right
(Zhou et al., 2019). Fig. 16(b) shows the contribution rate of oil re-
covery from different pores under different imbibition fluids. From
Fig. 16(b), it was observed that the oil recovery contribution rate of
micropores, mesopores and macropores of cores treated with
different nanofluids were in the range of 4.52%e15.95%, 4.42%e
17.01%, 1.53%e5.86%, respectively. This showed that mesopores and
micropores contributed more to oil recovery than macropores.
Based on these analyses it can be concluded that, nanofluid
significantly improved the oil efficiency of tight sandstone cores
due to their excellent properties.

3.5. EOR mechanism of functional nanofluid

The primary goal of this study is to understand the mechanisms
involved in oil recovery from porous rocks using nanofluids.
Combining the results of NMR and imbibition tests as well as
interfacial properties of nanofluids, the underlying EORmechanism
of nanofluids can be summarized into three aspects: IFT reduction,
wettability alteration and the structural disjoining pressure.

3.5.1. IFT reduction
The co-adsorption of silica nanoparticles and surfactant mole-

cules evidently reduced the interfacial energy of the system,
resulting in lower interfacial tension. In fact, there is no definite
positive or negative correlation between the final oil recoveries and
IFTs (Xu et al., 2021a). LHSB and DTAB nanofluids with lower IFTs
(<2 mN/m), only improved the final oil recovery by 3.15% and 6.17%
than that of brine, respectively. The primary cause of this



Fig. 16. (a) T2 spectra during imbibition process of core immersed in 3 wt % brine and 0.05 wt% nanofluid, respectively. (b) The contribution rate of oil recovery from different pores
under different imbibition fluids.
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observation was the very low capillary pressure which could not
provide the required driving force for spontaneous imbibition.
However, SDS and SLES nanofluids with relatively higher IFTs
(5e10 mN/m) had oil imbibition recovery of 33.83% and 38.71%,
respectively. These two nanofluids decreased the adhesion be-
tween the oil and the rock surface, reducing the residual oil satu-
ration from 88.61% to 61.29%. Besides, the oil droplets deformed
under the action of the interfacial tension, and then passed through
the smaller pore throat. This caused the oil to easily detach from the
rock surface, and resulted in higher imbibition recovery. Thus, it is
critical to seek a compromise of interfacial tension. An appropriate
IFT reduction is needed to have a conducive oil detachment.
Interestingly, APG12 nanofluid had lower IFT but performed well in
terms of imbibition efficiency. This is expected because wettability
alteration of nanofluids plays a considerable role in EOR (Kuang
et al., 2018).
3.5.2. Wettability alteration
The effect of functional nanofluids on rock surface wettability is

greater than that on interfacial tension. The contact angle results
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showed the ability of nanofluids to increase the water-wetness and
this was in the order of SLES > SDS > APG12 > LHSB > DTAB > pure
SiO2 > brine. According to the formula of capillarity (Pc ¼
2s cos q=r), the capillary force as the driving force increased
gradually with water-wetness. Compared with IFT reduction,
wettability alteration was considered as a major factor for sponta-
neous imbibition, owing to the reversal of the capillary force caused
bywater-wetness. This is the reasonwhy APG12with lower IFT had
higher imbibition recovery.

In addition, the pores wetted by nanofluids can be directly
evaluated in-situ by comparing the measured oil recovery corre-
sponding to the different pore types. Herein, the imbibition agent,
SLES nanofluid was taken as an example. Based on the imbibition
results, the measured oil recoveries corresponding to the micro-
pores, mesopores, and macropores in the sandstone core immersed
with SLES nanofluid increased from 4.52%, 4.42% and 2.45%e
15.95%, 17.01%, and 5.74%, respectively. This indicates micropores
and mesopores played a vital role in the wetting process of the
sandstone cores. These results can be explained by the pore prop-
erties and NMR results (Mao et al., 2020).



Fig. 17. Underlying EOR mechanism of the nanofluid.
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The wettability of a reservoir controls the distribution of oil and
water, as well as the movement of fluid through the pore space. The
NMR surface relaxation is sensitive to the wettability of rocks (Zhou
et al., 2019; Xu et al., 2022; Al-Garadi et al., 2022). From Fig. 16(a), it
was observed that the crude oil in the core clearly shifted to shorter
relaxation times compared to that of the bulk crude oil. This was
due to the surface relaxation effects of crude oil. The crude oil in the
pores of the rock interacted with the rock surface, making the rock
surface lipophilic. In addition, as the SLES nanofluid imbibed into
the rock cores, the dominant peak had a significant reduction and
shifted to longer relaxation times. This behavior demonstrated a
change in wettability. The T2 relaxation times of dominant peaks
approached that of the crude oil, showing that the oil droplets
peeled off from the rock surface, and the surface relaxation effect
was weakened. The rock surface was treated with SLES nanofluid,
altering the wettability of the rock form oil wetness to water
wetness. Unlike the SLES nanofluid, the above-mentioned phe-
nomenon was not observed in the T2 spectrum of core 7# which
was immersed in 3wt% brine. From Fig.16(a), the T2 relaxation time
of maximum peak hardly shifted. After 4 days of brine imbibition,
the T2 spectrum no longer reduced. During the process imbibition,
the oil and brine in the pores were redistributed without resulting
in the shift of T2 spectrum. This revealed that the wettability of rock
surfacewas still oil-wet (Zhou et al., 2019). This was consistent with
the results from contact angle tests.
3.5.3. Structural disjoining pressure
The co-adsorption of silica nanoparticles and surfactant mole-

cules confined in oil/water/solid three-phase contact region was
responsible for the EOR mechanism (Kuang et al., 2018). In the case
of sandstones, the functional nanoparticles generated a wedge film
between the oil and the rock surface, and a strong driving force
existed within oil-water-solid three phase region, as seen in Fig. 17.
During nanofluid imbibition into the rock core, the residual oil
phases on the pore wall were separated from the rock surface by
the structural disjoining pressure. Thewettability of the pore throat
became more water wet, reducing the adhesive force between the
crude oil and the rock surface. This caused the oil droplets that were
peeled off to no longer adsorb readily on the rock surface. The oil
droplets were then displaced along with the migration of
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nanofluids in the core pores. Thus, the adsorption behavior of
nanofluids in the oil-water-solid three-phase region played a
decisive role in spontaneous imbibition.

4. Conclusions

In this work, several nanofluids modified by different types of
surfactants were prepared, and NMR technique was utilized to
evaluate nanofluids for EOR applications in tight oil reservoirs. The
following conclusions can be drawn from the study:

(1) The functional silica nanoparticles can be easily dispersed in
DI water, and exhibited superior interface activity including
IFT reduction and wettability alteration. Particularly, anionic-
nonionic SLES nanofluids increased the most water-wetness
in tight oil reservoirs.

(2) The tight sandstone pore system was categorized into micro-
pores (<0.1 mm), mesopores (0.1e1 mm) and macropores
(>1 mm). The mesopores were the dominant pore types, and
were in the range of 50.54%e52.12%. The oil recovery contri-
bution of micropores, mesopores and macropores were
4.52%e15.95%, 4.42%e17.01%, 1.53%e5.86%, respectively.

(3) SLES and SDS nanofluids had better EOR performance in tight
oil reservoirs than other surfactant nanofluids. These two
nanofluids were able to significantly reduce the residual oil
saturation and increase crude oil mobility in the core pores.
The imbibition mechanism of nanofluids in the tight oil
reservoir wasmainly IFT reduction, wettability alteration and
structural disjoining pressure.
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