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In this work, carbon-based nanofluid was prepared composed of hydrophilic carbon nanoparticles (CNPs) and
Tween-80 to enhance oil recovery through spontaneous imbibition in tight reservoirs. The CNPs were character-
ized by transmission electron microscopy (TEM), dynamic light scattering (DLS), "THNMR, interfacial tension and
wettability measurements. The particle size of CNPs was <10 nm and CNPs nanofluid showed excellent stability
at high temperature and high salinity. CNPs nanofluid exhibited a stronger ability to reduce interfacial tension
and change wettability than brine. The 'THNMR imaging showed that CNPs had seeped into the core. The sponta-
neous imbibition tests showed that the spontaneous imbibition oil recovery of CNPs nanofluid can reach 24%,
compared with 11% oil recovery of NaCl solution. CNPs nanofluid can efficiently enhance oil recovery, which
was ralated to capillary force and structural disjoining pressure. CNPs nanofluid has great potential for enhancing

Capillary force

oil recovery, especially in tight reservoirs.

© 2020 Published by Elsevier B.V.

1. Introduction

In recent years, unconventional oil resources [ 1-3] with great po-
tential, especially tight reservoirs, have become an international hot
spot of oil resources exploration and development. Due to the ex-
tremely low permeabilities, the development of tight reservoirs in un-
conventional oil resources is the most difficult [4-6]. The conventional
water flooding in tight reservoirs often fails to achieve good effects.
The oil recovery is lower than others due to low porosity and poor con-
nectivity. It is usually necessary to reconstruct the reservoirs through
fracturing technology to obtain the effective seepage channel [7,8]. Frac-
turing is an effective technology to improve formation conductivity by
injecting excess fracturing fluids to open formation and supporting frac-
tures by proppants [9]. After fracturing, water flooding is the main way
to enhance oil recovery, which is generally ineffective to remove the oil
from small pore throats.

Spontaneous imbibition is regarded as a very important oil recovery
mechanism in tight reservoirs. Spontaneous imbibition is a process in
which the wetting phase in porous media displaces the non-wetting
phase under the action of capillary force [10-12]. Surfactant is a com-
monly used spontaneous imbibition agent, which can improve the wet-
tability of core surface and reduce the interfacial tension between oil
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and water [13-19]. The oil recovery of tight reservoirs can be improved
by reducing the interfacial tension between oil and water, changing the
wettability of rock and emulsifying dispersed oil droplets. Compared
with water flooding, surfactant flooding has greater penetration depth
and higher oil displacement efficiency. However, the presence of surfac-
tant makes the produced oil form oil-in-water, water-in-oil or more
complex emulsions. Demulsification of emulsion will greatly increase
the production cost.

In recent years, nanomaterials, such as nanosilica (SiO;),
nano-titanium dioxide (TiO;) and nano-aluminium oxide (Al,0s3),
have been studied and applied more and more in the oil and gas devel-
opment field [20-22]. The nanomaterials have very small particle size
and large specific surface area. Owing to virtue of the unique nano-
effect, nanomaterials can enter into the porous medium and effectively
adsorb on the interface to improve the interfacial properties. Laboratory
tests showed that nanomaterials can improve the effects of core sponta-
neous imbibition tests and core displacement tests. Among all these
nanomaterials, silica nanoparticles are the most widely studied.
Onyekonwu and Ogolo [23] reported the performance of polysilicon
nanoparticles for enhanced oil recovery by changing rock wettability
and reducing interfacial tension. Ju et al. [24] verified that the hydro-
philic nano-silica (LHP) can adsorb on the pore surface and change the
surface wettability from hydrophobicity to hydrophilicity. Ponnapati
[25] developed water dispersible SiO, — ethylene-oxide-based polymer
nanohybrids. Hendraningrat et al. [26] proved that the displacement ef-
ficiency of functional silica nanoparticles was the highest in the neutral
wetted core. Our group has done a lot of researches on silica nanofluids


http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2020.113564&domain=pdf
https://doi.org/10.1016/j.molliq.2020.113564
mailto:zhaomingwei@upc.edu.cn
mailto:daicl@upc.edu.cn
https://doi.org/10.1016/j.molliq.2020.113564
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/molliq

2 M. Zhao et al. / Journal of Molecular Liquids 313 (2020) 113564

to enhance oil recovery. Zhao and Dai [27,28] presented that surfactant
modified silica nanofluids can improve recovery in low permeability
reservoirs by changing wettability. A surfactant-free carboxyl modified
silica nanoparticles were prepared and used for EOR in tight sandstone
cores [29]. Although there are a lot of researches on nanosilica, the silica
nanofluids are not widely used in oil fields. One of the most important
problems in the application of silica nanofluid is the stability. Silica
nanofluid is not suitable for long time at high temperature and high sa-
linity reservoirs. As a result, some scholars have begun to study carbon
nanomaterials [30].

Due to the unique physical and chemical properties, carbon
nanomaterials have attracted more and more attention in the field of
oil and gas field development. The particle size of carbon nanoparticles
is about 10 nm, they can enter the pores of porous media and play an
important role on the pore surface and oil-water interface [31,32]. At
present, there are also some researches on carbon nanoparticles in
EOR. Soleimania [33] investigated the influence of carbon nanotubes
based nanofluid on interfacial tension and oil recovery efficiency. Luo
et al. [34] presented that low concentration nanofluid of graphene-
based amphiphilic Janus nanosheets can achieve high oil recovery. Li
|35] prepared a novel nanofluid based on fluorescent carbon nanoparti-
cles for EOR. At present, the application of carbon nanoarticles is mainly
focused on low permeability reservoirs, while the research on tight res-
ervoirs has not been carried out. In this paper, we focus on the applica-
tion of carbon nanoparticles to enhance oil recovery in tight reservoirs.

In this study, the hydrophilic carbon nanoparticles (CNPs) were pre-
pared through electrolytic process. CNPs can be dispersed well in water
by adding Tween-80. CNPs nanofluid has small particle size and strong
stability at high salinity and high temperature. CNPs nanofluid has ex-
cellent ability for changing the wettability from oil-wet to netural-wet.
The oil displacement performance of CNPs nanofluid was tested by
spontaneous imbibition tests. Moreover, the potential EOR mechanism
of CNPs nanofluid was discussed and explained by migration mecha-
nism of CNPs nanofluid in pore throats, interfacial activity, and structure
disjoining pressure.

2. Experimental section
2.1. Materials

Petroleum coke and petroleum pitch were obtained from China Na-
tional Offshore Oil Corporation. Ammonia water and deuteroxide were
obtained from Sinopharm Chemical Reagent Co., Ltd. Chemicals includ-
ing dichloromethane, Tween-80 and sodium chloride (NaCl) were pur-
chased from China Chemical Reagent Co., Ltd. Crude oil was obtained
from Xinjiang Oilfield. The mixture of crude oil and kerosene with a
density of 0.82 g/cm> was used as the oil phase. NaCl solution (3 wt%)
with a density of 1.12 g/cm® was used as the reservoir saline. The artifi-
cial sandstone cores (10 cm in length and 2.5 cm in diameter) were pur-
chased from Haian Oil Scientific Research Instruments Co., Ltd.

2.2. Preparation of carbon nanofluid

The preparation process of CNPs nanofluid was shown in Fig. 1. CNPs
were prepared according to the reference reported before [36]. We ob-
tained a dark yellow CNPs solution and CNPs powders can be collected
after freeze drying. CNPs powders and Tween-80 in a mass ratio of 3:1
were dispersed into water and stirred for 5-10 min to obtain uniformly
dispersed carbon-based nanofluid.

2.3. Characterization

The morphology of CNPs was detected by JEM-2100 transmission
electron microscopy (TEM) of JEOL. The particle size of CNPs nanofluid
at different salinities and different temperatures was measured to eval-
uate the stability of nanofluid. Dynamic light scattering (DLS) and Zeta

potential measurements were conducted by NanoBrook Omni laser
particle size analyzer of Brookhaven Instruments Corporation. The in-
terfacial tension was measured using Tracker Automatic Tensiometer
produced by TECLIS Interface Technology Co., Ltd. Contact angle was
measured using JC2000D2 contact angle measurement of Zhongchen
Digital Technic Apparatus Corporation. The residual oil distribution im-
ages and T, spectrograms of the tight sandstone core during spontane-
ous imbibition were obtained using a large aperture NMR imaging
analyzer from Suzhou NIUMAG Analytical Instruments Corporation.
The magnetic field intensity was 0.3 + 0.05 T, the instrument main fre-
quency was 12.8 MHz, and the probe coil diameter was 150 mm.

24. Spontaneous imbibition tests and "THNMR measurements

Spontaneous imbibition tests were carried out with saturated tight
cores. The core parameters are shown in Table 1. Before the tests, the
cores numbered 1-5 were saturated with simulated oil and the core
numbered 6 was saturated with kerosene. The weight of saturated sim-
ulated oil or kerosene in the core was recorded as W;. In the tests, the
cores were immersed in a permeation bottle filled with different liquids
(3 wt% Nadl solution, 0.05 wt% Tween-80 solution, 0.015 wt% CNPs
nanofluid, 0.03 wt% CNPs nanofluid and 0.15 wt% CNPs nanofluid), re-
spectively. The bottles were placed in a constant temperature water
bath at 75 °C. Spontaneous imbibition tests lasted for 12 days. At the
end of the tests, the volume of the collected simulated oil was recorded
and converted into weight by density as W>. The oil recovery was calcu-
lated as follows:

Recovery(%) = \\;\lﬁ x 100% (1)
1

The migration mechanism of oil droplets in tight core saturated with
kerosene during spontaneous imbibition was studied by "HNMR mea-
surements. The change of signal strength of proton (H) in kerosene
was monitored by "HNMR measurements. In this study, D,O was used
as water phase and kerosene was used as oil phase. The temperature
was also set at 75 °C and the spontaneous imbibition test lasted for
12 days. The core was taken out every 4 days during the spontaneous
imbibition, and the 'THNMR spectra and 'HNMR imaging were mea-
sured. The liquid was removed from the surface of the core by using cot-
ton yarn and then the core was wrapped by a preservative film to
prevent the volatilization of kerosene. Then, T> spectra of "THNMR and
THNMR imaging at selected times during the spontaneous imbibition
were measured.

3. Results and discussion
3.1. Characterization of CNPs

The TEM image of CNPs was shown in Fig. 2. There was no obvious
agglomeration and the particle size was mainly distributed at about
5-10 nm. Through the characterization of DLS, the particle size distribu-
tion was shown in Fig. 3. The hydraulic radius of CNPs was about 7 nm,
according well with TEM results. The zeta potential value of CNPs was
—22.50 mV. The results indicated that CNPs nanofluid was well dis-
persed and the particle size was small, endowing the nanofluid with
flowing in porous media.

3.2. Stability of CNPs nanofluid

To study the stability of CNPs nanofluid, the effects of salinity and
temperature were clarified. The nanofluid with different concentrations
of NaCl from 1 wt% to 18 wt% were prepared. The effect of salinity on
particle size of CNPs nanofluid was shown in Fig. 3(a). With the increase
of salinities, the average particle size of CNPs nanofluid gradually in-
creased. When the concentration of NaCl solution was <15 wt%,
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Fig. 1. The preparation process of CNPs nanofluid.

Table 1 time with different concentrations of CNPs were similar. The imbibition
The core parameters. oil recovery gradually increased with the time at the beginning of imbi-
Number Length/cm Diameter/cm Permeability/mD Porosity/% bition process. After about 140 h, the oil recovery almost reached the
1 324 252 0112 1354 maximum and kept stable with the time. Through comparison, the oil
2 3.32 2.51 0.116 13.82
3 335 2.50 0.121 13.13
4 328 2,51 0.125 13.88
5 3.33 2,51 0.117 13.67
6 2.51 2.50 0.113 1335

nanofluid still remained clear. The particle size of CNPs nanofluid is al-
ways <100 nm until the NaCl concentration reaches 13 wt%, indicating
the good stability of CNPs nanofluid at high salinity.

The effect of temperature on particle size of CNPs nanofluid was fur-
ther investigated. CNPs nanofluid was respectively put into water bath
at 30 °C, 40 °C, 50 °C, 60 °C, 70 °C, 80 °C and 90 °C. The particle size of
CNPs nanofluid under different temperatures was shown in Fig. 3(b).
With the increase of temperatures, the particle size of CNPs nanofluid
is always smaller than 10 nm and changes little, indicating that CNPs
nanofluid has good stability at high temperature.

3.3. Wettability alteration

To investigate the effect of CNPs nanofluid on wettability, the oil-wet
glass slides treated with paraffin were aging at three different solutions
(3 wt% NaCl solution, 0.05 wt% Tween-80 solution and 0.15 wt% CNPs
nanofluid) for 24 h. The contact angles between oil droplets and the
glass slides were shown in Fig. 4. The contact angles were about 50°
and 75° after immered in brine and Tween-80 solution, respectively.
After treated with brine and Tween-80 solution, the glass slides were
still oil-wet. While after immered in 0.15 wt% CNPs nanofluid, the con-
tact angle was 89°, indicating that the wettability of glass slide changed
from oil-wet to neutral-wet. This means that CNPs nanofluid has the
stronger ability to change surface wettability than Tween-80 solution
and NaCl solution due to the synergistic effect of CNPs and Tween-80.
By comparison, the CNPs nanofluid exhibites more excellent capability
of surface wettability alteration.

Transmittance (%)

3.4. Spontaneous imbibition

Size (nm)

The spontaneous imbibition oil recovery with time was shown in
Fig. 5. From the curves, all the imbibition oil recovery curves versus Fig. 2. TEM image(a) and DLS(b) of CNPs.
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Fig. 3. The particle size of CNPs nanofluid at different salinities(a) and different
temperatures (b) error bar = RSD (n = 5).

recovery of 0.15 wt% CNPs nanofluid was up to 24%, while the oil recov-
ery of 3 wt% NaCl solution and 0.05 wt% Tween-80 solution was respec-
tively 11% and 16%. CNPs nanofluid performs much higher oil
displacement potential than NaCl solution and single Tween-80 solu-
tion. Taking 0.15 wt% CNPs nanofluid as an example, the recovery of
nanofluid rose rapidly in the first 20 h, and the highest recovery rate
could reach 24%. The change tendency of 0.015 wt% and 0.03 wt%
CNPs nanofluid was the same as that of 0.15 wt% CNPs nanofluid,
while the recovery was lower than that of 0.15 wt% CNPs nanofluid.
CNPs nanofluid with higher concentrations has higher oil displacement
efficiency. When the CNPs concentration increased from 0.03 wt% to
0.15 wt% by four times, the final imbibition oil recovery was increased
<2%. When the concentration reaches a certain extent, increasing the
concentration has little significance to enhance oil recovery.

25
20
SRE
g
>
=]
2 10
.
g —e— 3wt%  NaCl solution
—eo— (.05wt% Tween-80 solution
5 —e—0.015wt% CNPs nanofluid
—o— (0.03wt% CNPs nanofluid
—o— (.15wt% CNPs nanofluid
0 " 1 1 1 " 1 £ 1 1 1 1 1
0 50 100 150 200 250 300

Time (h)

Fig. 5. The oil recovery of 3 wt% NaCl solution, 0.05 wt% Tween-80 solution and CNPs
nanofluid of different concentrations.

To further study the spontaneous imbibition process of CNPs
nanofluid with the concentration of 0.15 wt%, 'HNMR technology was
conducted. 'HNMR images of the core saturated with kerosene were ob-
tained (Fig. 6). The amount of kerosene and CNPs nanofluid in the core
affected the strength of 'HNMR signal. The color image showed the
change in the amount of kerosene in the core pore throats. In the im-
ages, the 'THNMR images of the core was more similar to yellow, the sig-
nal of kerosene in the core was stronger. And the THNMR images of the
core was more similar to blue, the signal of water phase in the core was
stronger. There were a large amount of yellow color part, representing
the core pore throats were filled with kerosene and the oil recovery is
0% in this stage. As the spontaneous imbibition process continued, the
oil phase signal gradually decreased and the water phase signal gradu-
ally increased. This phenomenon suggested that the oil saturation de-
creased gradually and oil recovery increased. When the spontaneous
imbibition continued, the oil phase signal intensities in the middle and
edge of cores both decreased and the intensity of the edge decreased
more obviously. This phenomenon indicated that the initial oil recovery
was due to the oil recovery at the edge of cores, first contacted with the
nanofluid. The yellow signal decreased from the edge to the center of
core. This was related to kerosene transportation in the pores with the
aid of nanofluid. In the early stage of spontaneous imbibition, the oil re-
covery was constantly increasing and the oil recovery after 4 days can
reach 24%. After 8th day, the oil recovery increased by 8% compared
with the oil recovery of 4th day. After 12 days, the oil droplets almost
stopped flowing and the oil recovery reached the highest value, in-
creased by 2% compared with the recovery of the former 8th day.

3.5. Spontaneous imbibition mechanism

To show the detailed migration process of kerosene in pore throats,
the T, spectra of "THNMR were measured by high-resolution NMR. The

a b

7= C

89 °

3wt% NaCl solution

0.05wt% Tween-80 solution

0.15wt% CNPs nanofluid

Fig. 4. The contact angles of oil-wet glass slides immersed in different solutions.
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Oil Recovery = 0%

Oil Recovery =24%

Fig. 6. The imaging analysis of 'THNMR in spontaneous imbibition process of tight cores.

results were shown in Fig. 7. The T spectral signals of micropore (T re-
laxation time < 1 ms) and mesopore (1 ms < T, relaxation time < 100 ms)
decreased obviously in the early stage of spontaneous imbibition, indi-
cating reduction of the oil saturation in cores. The oil in micropores
and mesopores were more easily displaced (7.1% and 16.7%, respec-
tively) than that in macropores (0.2%). This was due to the difference
of the capillary forces. CNPs nanofluid was imbibed through micropores
and mesopores and oil was expelled through macropores. Thus, in the
initial stage, micropores and mesopores contributed more to oil recov-
ery. In the middle and later stage of spontaneous imbibition, the change
of T, spectral signals of macropores was more obvious. The oil in
mesopores and macropores is more easily displaced (4.2% and 5.2%, re-
spectively) than that in and micropores (0.6%). Compared with the
change of T, spectral signal of micropores and mesopores in the initial
stage, the change of T, spectral signals of macropores in the middle
and later stage were not obvious, indicating lower efficiency of oil
displacement.

To investigate the effect of CNPs on the interfacial property of oil and
water, the interfacial tensions at 75 °C between oil and different fluids
were tested. The results were shown in Table 2. Compared with NaCl so-
lution, Tween-80 solution and CNPs nanofluid can obviously reduce the
intefacial tension. The interfacial tension of oil/Tween-80 solution was
slightly lower than that of 0il/CNPs nanofluid. This was due to the ad-
sorption of Tween-80 on the CNPs. CNPs were hydrophilic and they
were difficult to adsorb on the surface of oil droplets. After the adsorp-
tion of Tween-80 on CNPs, the effective adsorption amount of Tween-
80 at the oil/fluid interface will be reduced, resulting to the slightly
larger interfacial tension of nanofluid comparing with Tween-80
solution.

To investigate the effect of CNPs on the interfacial wettability of oil
and solid, the contact angles with time of different concentrations of

1200

1000

800

600

Amplitude

400

200

0.01 0.1 1 10 100 1000
T,(ms)

10000

Fig. 7. The T, spectra of "THNMR in spontaneous imbibition.

255
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64
0
Oil Recovery =32%  Oil Recovery = 34%
Table 2
Interfacial tension of oil/fluid.
Fluid Interfacial tension (mN/m)
3 wt% NaCl solution 27.8
0.05 wt% Tween-80 solution 83
0.15 wt% CNPs nanofluid 11.2

CNPs were tested. As shown in Fig. 8, the contact angles of oil/fluid/
glass system increased with time. At the initial stage, the contact angles
of oil on the oil-wet glass slides were about 54°. After the injection of
CNPs nanofluid, the contact angles gradually increased with time.
CNPs nanofluid with the concentration of 0.15 wt% changed the contact
angle from 54° to 89°. According to the adhesion energy eq. (W = o
(1 + cosh)), the adsorption of CNPs significantly reduced the adhesion
energy required for oil droplets to peel off from pore walls. According
to the capillary force equation (P, = 20 cos6/r), capillary force decreases
with the the increase of contact angles. The oil droplets can pass through
the pore throats with little resistance.

According to the experimental results, the spontaneous imbibition
mechanism was proposed and shown in Fig. 9. When CNPs nanofluid
was seeped into the rock pore throats, CNPs gradually adsorbed on the
interface of rock and oil phase. CNPs nanofluid can transform the rock
surface from oil-wet to neutral-wet and effectively decrease the interfa-
cial tension based on the interfacial tension tests and contact angle tests.
According to the capillary force equation (P, = 20 cos0/r), the capillary
force decreases with the decrease of interfacial tensions and the in-
crease of contact angles, making oil droplets flow easily in the pore
throats. According to the wedge film theory [36-38], due to the

95
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85 |
80 |
A
)
= 75
=
«
v 70F
=1
=
S 65|
@)
60 - —e—0.015wt% CNPs nanofluid
- —e— (0.03wt% CNPs nanofluid
N —e— (.15wt% CNPs nanofluid
50 3 1 " 1 E 1 " 1 " 1 " 1 T 1
0 200 400 600 800 1000 1200 1400 1600
Time (min)

Fig. 8. Dynamic contact angle in different concentrations of CNPs nanofluid.
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Fig. 9. The image of spontaneous imbibition mechanism.

Brownian motion of nanoparticles and the electrostatic repulsion inter-
actions, when the size of the nanoparticles is small enough and the
amount of nanoparticles are much enough, the diffusion force will be
generated in the oil/water/solid three-phase contact zone. The diffusion
force is unbalanced with the electrostatic repulsion force on the solid
surface, and the three-phase contact zone forms a wedge structure.
The wedge-shaped structure creates a forward thrust that further
spreads the nanofluid in the three-phase contact zone and removes
the oil from the pore throats. Under the conditions of interfacial tension
decrease, wettability change and structural disjoining pressure, CNPs
nanofluid can effectively remove oil droplets adsorbed on the solid sur-
face and discharge them from the pores, thus enhancing oil recovery.

4. Conclusion

In this work, the carbon-based nanofluid was prepared and its dis-
persion, interfacial activity and spontaneous imbibition were evaluated.
0.15 wt% CNPs nanofluid decreased the interfacial tension to 11.2 mN/m
and changed the wettability to neutral wetting. The oil recovery of
0.15 wt% CNPs nanofluid for simulated oil can be up to 24% and that of
kerosene can be up to 34%. In addition "THNMR was used to reveal the
migration mechanism of CNPs nanofluid in pore throats. Spontaneous
imbibition mechanism was concluded by a synergistic effect of the de-
crease of capillary force and structural disjoining pressure. We expect
this work can be useful for the application of carbon nanofluid in tight
reservoirs.
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