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Abstract: In recent years, unconventional oils have shown a huge potential for exploitation. Abun-
dant reserves of carbonate asphalt rocks with a high oil content have been found; however, heavy
oil and carbonate minerals have a high interaction force, which makes oil-solid separation difficult
when using traditional methods. Although previous studies have used nanofluids or surfactant
alone to enhance oil recovery, the minerals were sandstones. For carbonate asphalt rocks, there
is little research on the synergistic effect of nanofluids and surfactants on heavy oil recovery by
hot-water-based extraction. In this study, we used nanofluids and surfactants to enhance oil recovery
from carbonate asphalt rocks synergistically based on the HWBE process. In order to explore the
synergistic mechanism, the alterations of wettability due to the use of nanofluids and surfactants
were studied. Nanofluids alone could render the oil-wet calcite surface hydrophilic, and the resulting
increase in hydrophilicity of calcite surfaces treated with different nanofluids followed the order of
5i0; > MgO > TiO; > ZrO; > v-Al;Os3. The concentration, salinity, and temperature of nanofluids
influenced the oil-wet calcite wettability, and for SiO, nanofluids, the optimal nanofluid concentration
was 0.2 wt%; the optimal salinity was 3 wt%; and the contact angle decreased as the temperature in-
creased. Furthermore, the use of surfactants alone made the oil-wet calcite surface more hydrophilic,
according to the following order: sophorolipid (45.9°) > CTAB (49°) > rhamnolipid (53.4°) > TX-100
(58.4°) > SDS (67.5°). The elemental analysis along with AFM and SEM characterization showed
that nanoparticles were adsorbed onto the mineral surface, resulting in greater hydrophilicity of the
oil-wet calcite surface, and the roughness was related to the wettability. Surfactant molecules could
aid in the release of heavy oil from the calcite surface, which exposes the uncovered calcite surface to
its surroundings; additionally, some surfactants adsorbed onto the oil-wet calcite surface, and the
combined role made the oil-wet calcite surface hydrophilic. In conclusion, the study showed that
hybrid nanofluids showed a better effect on wettability alteration, and the use of nanofluids and
surfactants together resulted in synergistic alteration of oil-wet calcite surface wettability.

Keywords: nanofluids; surfactants; enhanced oil recovery; wettability

1. Introduction

Carbonate asphalt rocks contain heavy oils, and many methods have been used to
enhance heavy oil recovery from these rocks [1-4], such as hot-water-based extraction
(HWBE) [5], solvent extraction [6-8], and pyrolysis, among others. However, these tradi-
tional methods have many disadvantages [9], including their high energy consumption
and associated environmental pollution.

Recently, the unique effect of nanofluids in enhancing oil recovery has been re-
vealed [10,11]. Cheraghian Goshtasp et al. [12] showed that nanoparticles could effectively
alter oil/water interfacial tension alteration and enhance oil recovery. TiO, nanoparticles
could effectively improve surfactant-enhanced oil recovery [13]. Furthermore, the use of
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surfactants in heavy oil recovery has also shown advantages [14,15]. However, there are
few studies on the possible synergistic effect of using both nanofluids and surfactants in
heavy oil recovery, and the mechanism is unclear.

Wettability is the measurement of a liquid’s ability to interact with other fluids and/or
solid surfaces. The wettability of a mineral surface is usually evaluated in terms of contact
angle by dripping water onto a mineral surface. If the contact angle is lower than 90°, the
mineral’s surface is considered hydrophilic. However, if the contact angle is higher than
90°, the mineral’s surface is hydrophobic. Of the two, hydrophilic surfaces are beneficial
for heavy oil recovery.

Nowadays, nanofluids are widely used to enhance the oil recovery process [11,16,17].
Much research has indicated that the reasons for their enhancement of oil recovery are
related to the wettability alteration of minerals. Cheraghian et al. reviewed the nanotechnol-
ogy of enhanced oil recovery processes, and wettability was considered the key mechanism
determining the enhancement of this process [17]. Hou et al. [18] assessed the effect of silica
nanoparticles on the alteration of the wettability of oil-wet carbonate surfaces, studying the
effect of the monovalent metal ion. The results showed that the silica nanoparticles could
effectively adsorb onto the calcite surface, which made the surface water-wet, and that
Na* played an important role during the adsorption process. Sarmad Al-Anssari et al. [19]
studied the effect of silica nanofluids on wettability under reservoir conditions, and the
results indicated that silica nanofluids could effectively alter oil-wet calcite wettability
under conditions of high temperature, pressure, and salinity, and that the nanoparticle ad-
sorption phenomenon was mainly irreversible. Ali Esfandyari Bayat et al. [20] studied the
effect of different oxide nanoparticles in enhancing oil recovery from limestone at several
temperatures, and the results showed that the contact angles of the mineral surface treated
by Al;O3, TiO,, and SiO; nanofluids were 71° & 2°, 57° 4 2°, and 26° + 2°, respectively.
The research of Iman Nowrouzi et al. [21] showed that a higher concentration and smaller
particle sizes of TiO;, decreased the contact angle and thus improved heavy oil recovery.

Although many papers have focused on the effect of nanofluids on mineral surface
wettability, the conclusions are contradictory, at least when comparing different conditions.
That is, most research has only focused on individual factors, but nanofluids, nanoparticle
species, temperature, salinity, concentration, hybrid nanoparticles, and other parameters
should be studied under the same conditions. Additionally, there is little research on the
synergistic effect of nanofluids and surfactants on wettability alteration. Furthermore,
there is no research on the effect of nanofluids and surfactants in enhanced oil recovery
by the hot-water-based method (HWBE) because this process has mostly been used for
sandstone asphalt rocks. Last but not least, details regarding the effect of nanofluids on
mineral surface wettability are unclear [22-24], as in most reports, wettability has only
been studied through contact angle, and elemental and morphological analyses are lacking,
which are required for establishing a detailed mechanism.

The purpose of this research was to (i) study the synergistic effect of nanofluids and
surfactants on heavy oil recovery from carbonate asphalt rocks using the HWBE process;
(ii) study the effect of aging time, nanofluid species, concentration, temperature, salinity;,
and hybrid nanofluids on oil-wet calcite wettability and perform an elemental analysis and
a morphological analysis; and (iii) study the synergistic effect of nanofluids and surfactants
on oil-wet calcite wettability.

2. Materials and Methods
2.1. Materials

Chemical reagents of analytical grade, including toluene, hydrochloric acid, and
sodium hydroxide, were purchased from Tianjin Jiangtian Technology Co (Tianjin, China).
Ltd. Heavy oil was extracted from carbonate asphalt rocks. The carbonate asphalt rocks
were obtained from Buton Island, Indonesia. SiO;, y-Al,Os, TiO,, MgO, and ZrO, nanopar-
ticles (analytical-grade purity) were from Aladdin Reagent Co., Ltd., Shanghai, China.
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CTAB, SDS, TX-100, sophorolipid, and rhamnolipid were purchased from Aladdin Reagent
Co., Ltd., China. Water was deionized in the laboratory for further use.

2.2. Heavy-Oil-Solid Separation Process

Nanofluids and biosurfactants were used to extract bitumen from oil sands. Different
kinds of aqueous solutions (deionized water, nanofluid, surfactant, bionanofluid) were
prepared. The detailed operational steps were as follows: First, the oil sands (50 g) were
crushed, sieved, and weighed. The pH of the aqueous solutions was adjusted to 8.50.
Second, 50 g of oil sand ores were transferred into a Denver flotation cell. Third, 900 mL of
aqueous solution (52 °C) were poured into the Denver flotation cell. The condition process
was under 45 °C for 5 min, while 150 mL/min air was injected into the flotation cell. Finally,
after a flotation time of 15 min, the froth was collected for analysis using the Dean—Stark
apparatus. The bitumen recovery was then calculated.

2.3. Wettability Alteration Experiment

The detailed experiment procedure is shown in Figure 1. Firstly, heavy oil was
extracted from carbonate asphalt rocks, and a heavy-oil-toluene solution was configured.
Then, water-wet calcite was soaked in the heavy-oil-toluene solution, which rendered
the oil-wet calcite surface hydrophobic. The contact angle of the oil-wet calcite surface
was measured, and the morphology and structure of the treated oil-wet calcite surface
were characterized by SEM-EDS and AFM. The oil-wet calcite was then treated by either
nanofluids, surfactants, or a nanofluid—surfactant hybrid solution. Finally, following these
modifications, the water contact angle on oil-wet calcite was measured, and the morphology
and structure assessed.

Carbonate asphalt rocks

Heavy oil
Water-wet calcite
Morphology and structure /
characterization \ Heavy oil-toluene solution
Oil-wet calcit:
e\,Contact angle
SEM AFM EDS measurement

| |

Nanofluids modification Surfactants modification Surfactants and nanofluids

/ \ / \ synergistic Todiﬁcation

Morphology and structure Contact angle = Morphology and Contact angle

characterization measurement  Structure measurement Contact angle
characterization
/ J\ )/I\ measurement
SEM AFM EDS SEM AFM EDS

Figure 1. Scheme of the experiment procedure.

2.4. Water-Wet Calcite Modification

The carbonate asphalt rocks were ground and sieved, and 20 g samples were weighed
out. Heavy oil was extracted from the carbonate asphalt rocks by Soxhlet extraction. The
heavy oil was dissolved into toluene with the application of ultrasonication. Thus, a 10 wt%
heavy-oil-toluene solution was formed.

Taking clean calcite surfaces as the samples, the flat debris was chosen as the experi-
ment slice. Acetone, ethanol, and deionized water were used to clean the calcite surface,
and a clean water-wet calcite surface was thus formed. The contact angle was measured
and the water-wet calcite surface analyzed by SEM-EDS and AFM.

Briefly, the 10 wt% heavy-oil-toluene solution was added into a 50 mL screw top
bottle, and water-wet calcite was soaked in the heavy oil. After 15 days, the oil-wet
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calcite was taken out and placed onto clean paper. After the toluene had volatilized, aging
oil-wet calcite was left. The oil-wet calcite surface wettability was then measured, and
the morphology and structure analyzed. The influence of different soaking times on the
water-wet contact angle was assessed.

2.5. Nanofluid-Treated Oil-Wet Calcite

Briefly, 0.1 wt% SiO,, MgO, TiO,, v-Al,O3, and ZrO; nanofluids were prepared. The
nanofluid concentrations and salinity were altered, and the nanofluids were distinguished.
The aging oil-wet calcite was placed in the nanofluids and left for 3 days. The role of
the various nanofluids on the calcite surface was assessed through analysis of the calcite
morphology and structure.

2.6. Surfactant-Treated Oil-Wet Calcite

First, 500 ppm CTAB, SDS, TX-100, rhamnolipid, and sophorolipid solutions were
prepared. Then, the aging oil-wet calcite was placed in the surfactant solutions and left
for 3 days. The surfactants’ effect on the calcite surface was measured, and the calcite
morphology and structure were analyzed.

2.7. Synergistic Treatment of Oil-Wet Calcite with Surfactants and Nanofluids

Briefly, 0.1 wt% TiO,, MgO, and SiO, nanoparticles were dispersed into 500 ppm
rhamnolipid, CTAB, and sophorolipid solutions to create surfactant-nanofluid mixtures.
The aging oil-wet calcite was placed into the combined surfactant-nanofluid solutions
and left to stand for 3 days. The surfactant-nanofluid solutions synergistically altered the
oil-wet calcite surface wettability, and the oil-wet calcite surface morphology and structure
were measured.

The contact angle effectively measures the wettability of minerals’ surface. For differ-
ently treated oil-wet calcite surfaces, the detailed experiment procedure was as follows:
different aging oil-wet calcite samples were placed onto the sample stage, and the water
drop was placed onto the samples and was fitted. Nanofluids treated the oil-wet calcite
surface, as did surfactants, and the samples” wettability was measured.

2.8. Morphology Analysis by SEM—EDS and AFM

For water-wet calcite surfaces and oil-wet calcite surfaces, SEM-EDS (54800, Tokyo,
Japan) was used to observe the differences in morphology and composition between them
and to explore the surface elements’ differences. Furthermore, AFM measurement could
effectively measure the calcite surface roughness. Thus, AFM was used to measure the
effect of treatment with the different surfactants, nanofluids, and surfactant-nanofluid
formulations on the surface roughness of the oil-wet calcite.

2.9. Zeta Potential Measurement
In order to explore the charge of different nanofluids, different surfactants, and the

surfactant-nanofluids hybrid systems, the zeta potential (Malvern, mV, Shanghai, China)
was measured.

3. Results
3.1. Nanoparticle Morphology Analysis
3.1.1. SEM Analysis

Figure 2 shows SEM images of the five types of nanoparticles studied. The five
nanoparticles were generally round in shape, and the morphology among different nanopar-
ticles was similar. The diameter of y-Al,O3, MgO, TiO,, ZrO;, and SiO, was 50 nm.



Nanomaterials 2021, 11, 1849 50f 22

3.0kV 6.9mm x80.0k SE(M) BN ¥ s . 3.0kV 6.3mm x80.0k SE(M)

Figure 2. SEM images of (a) y-Al,O3; (b) MgO; (c) TiOy; (d) ZrOy; (e) SiO,.

3.1.2. TEM Analysis

As shown in Figure 3, TEM analysis showed that the five nanoparticles generally
appeared as irregular spheres. All nanoparticles showed weak dispersity and aggregated
in aqueous solutions. The different nanoparticles showed different diameters which, in
turn, result in different effects on oil recovery.

Figure 3. TEM images of (a) Y-Al,O3; (b) MgO; (c) TiOy; (d) ZrOy; (e) SiO;.

3.2. Synergistically Enhanced Oil-Solid Separation Using Surfactants and Nanofluids

As shown in Figure 4, application of the five surfactants could effectively enhance
heavy-oil-solid separation, and the oil recovery followed the order of sophorolipid (19.2 wt%)
> CTAB (17.6 wt%) > rhamnolipid (15.4 wt%) > SDS (14.9 wt%) > TX-100 (12.7 wt%) >
deionized water (9.4 wt%). Different surfactants had different effects on the enhancement
of heavy-oil-solid separation, which was due to the fact that different surfactant molecules
showed different effects on oil-water interface modification and oil-solid interface modification.
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Figure 4. Heavy oil recovery using heavy-oil-carbonate-solid separation enhanced by five surfactants
(500 ppm).

Figure 5 shows that treatment with the 0.1 wt% y-Al,O3, MgO, TiO,, ZrO;, and SiO,
nanoparticles showed an obvious effect in increasing heavy oil recovery. Compared to the
deionized water without any nanoparticles, 0.1 wt% SiO; nanofluid increased the heavy
oil recovery from 9.4 to 16.8 wt%. MgO, TiO,, y-Al,O3, and ZrO; could increase heavy oil
recovery to 14.9, 13.7, 11.4, and 10.7 wt%, respectively. The addition of nanofluids could
effectively enhance heavy oil recovery, which was due to the fact that nanofluids could
effectively alter the oil/water interface and the carbonate mineral surface. The different
nanofluids had different effects on oil recovery, and different nanoparticles showed different

characteristics on mineral surface adsorption, oil/water interface properties, and oil/solid
interface modification.
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Figure 5. Heavy oil recovery using heavy-oil-carbonate-solid separation enhanced by five nanofluids
(0.1 wt%).

Figure 6 shows the effect of nanofluids—surfactants on oil recovery from carbonate
asphalt rocks. Compared to the deionized water without nanoparticles and surfactants,
when 0.1 wt% TiO, was dispersed into 500 ppm CTAB, the oil recovery increased from 9.4
to 23.1 wt%, which was higher than the increase in oil recovery from treatment with CTAB
alone (17.6 wt%) or TiO, nanoparticles alone (13.7 wt%). The combinations of CTAB and
TiO,, CTAB and MgO, CTAB and SiO,, sophorolipid and TiO,, sophorolipid and MgO, and
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sophorolipid and SiO, showed obviously synergistic effects on heavy-oil-solid separation,
whereby the oil recovery was higher than that when using nanofluid or surfactant alone.
The use of SiO, nanofluid with sophorolipid surfactant showed an optimal synergistic
effect, in which the oil recovery increased to 29.3 wt%. The reasons for synergistic effects are
as follows. On the one hand, the surfactant molecules could adsorb onto the nanoparticle
surface, which increases the steric hindrance of nanoparticles and, thus, the stability of
the nanofluid [25]. The increased nanofluid stability then results in increased oil recovery.
On the other hand, surfactants and nanofluids could synergistically decrease oil/water
interfacial tension, which helps improve oil recovery [12,26,27]. Some research has indi-
cated that nanofluids and surfactants could synergistically increase structural disjoining
pressure [28,29]. However, whether surfactants and nanofluids have a synergistic effect on
wettability alteration was unknown and is the focus of this study.
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Figure 6. Heavy oil recovery from carbonate asphalt rocks using hot-water-based extraction syner-
gistically enhanced with various nanofluid-surfactant solutions.

Figure 6 shows that nanofluids and surfactants alone effectively enhance oil recovery
from carbonate asphalt rocks, and surfactants and nanofluids have a synergistic effect on
heavy oil recovery. As is known, wettability influences oil recovery. The more hydrophilic a
mineral’s surface, the higher the oil recovery. In order to explore the mechanism underlying
the synergistic effect of surfactants and nanofluids, their effect on wettability alteration was
assessed through contact angle measurements. Calcium carbonate is the main component
of carbonate asphalt rocks; therefore, calcite was chosen to represent the minerals of
carbonate asphalt rocks [18,19,30]. Oil-wet calcite was prepared to represent the actual
carbonate rock surface.

3.3. Water-Wet Calcite Surface Modification
3.3.1. Aging Time on the Contact Angle

In order to render the water-wet calcite hydrophobic, the water-wet calcite was soaked
in a heavy oil phase, and the heavy oil components adsorbed onto the water-wet calcite
surface, making the surface more hydrophobic. The aging time effect on calcite wettability
is shown in Figure 7. As the aging time increased, the contact angle on the mineral surface
increased, which meant that the calcite hydrophobicity had increased. When the aging time
was 3 days, the contact angle on the oil-wet calcite surface was 96.9°. When the aging time
was increased to 15 days, the contact angle increased to 106.9°. However, when the aging
time was increased further, the contact angle remained stable. The increase was small, and
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the contact angle was 108.2°, probably because the amount of heavy oil adsorbed remained
stable, with the adsorption site being full after 15 days. When the heavy oil components
adsorbed onto the calcite surface, the oil-wet calcite became flatter and smoother, as shown
in Figures 8 and 9. Here, the oil-wet surface showed a contact angle of 106.9°.

115
110 F 106.9 1015_5.2
L

glost 1
;’.—D 10_]]_.2
2100 F 98.6 B o o 1 A0
B e E 3d 96.9 5d 98.6 7d 101.2
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i .Q o
80 15d 106.9 30d 108.2
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Figure 7. The aging time effect on the wettability of oil-wet calcite (25 °C).

2 & -1.4 nm
0 nm 5.0 pm

Figure 9. AFM images of (a,b) original water-wet calcite and (c,d) modified oil-wet calcite.
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3.3.2. Morphology Analysis

As shown in Figure 8, the original water-wet calcite surface was scaly, and the surface
was rough. However, the modified oil-wet calcite surface was smooth, with low roughness.
The main components of the water-wet calcite surface were CaCO3 and some other car-
bonate minerals. The water-wet calcite surface was uneven, and the CaCO3 was exposed
to the surroundings. However, when the water-wet calcite was treated by heavy oil, the
heavy oil molecules were adsorbed onto and covered the calcite surface. The oil-wet calcite
surface roughness thus decreased. In the following experiment, the water contact angle on
the oil-wet calcite was easily calculated.

As shown in Figure 9, the AFM results indicate that the water-wet calcite surface
roughness was 4.8 nm, and the roughness of the oil-wet calcite surface was lower than that
of the water-wet calcite surface, which was due to the fact that the oil components adsorbed
onto the mineral surface, resulting in its significant decrease. Figure 9a shows that the
original water-wet calcite surface was angular, which was due to the fact that the calcite
had a hexagonal system, in which the lines are clear. Furthermore, Figure 9b shows the
roughness of the water-wet calcite and the three-dimensional topography of the water-wet
calcite surface; the water-wet calcite surface showed edges and corners. Figure 9c shows
that the oil-wet calcite was smooth and flat; the oil components covered the calcite surface,
which made the uneven surface flatter. Figure 9d shows the roughness of the oil-wet calcite
surface, and the results show that the surface was flatter.

3.3.3. Elemental Analysis

The water-wet calcite and oil-wet calcite SEM—-EDS analysis results are shown in
Table 1. The main elements of water-wet calcite are C (6.46 wt%), O (50.23 wt%), and
Ca (43.31 wt%), and the C element mainly originated from CaCQOs, at a low content of
6.46 wt%. The C element in oil-wet calcite reached an amount of 30.22 wt% and was from
heavy oil. The elemental analysis indicated that heavy oil had adsorbed onto the water-wet
calcite surface.

Table 1. SEM-EDS analysis of original water-wet calcite and modified oil-wet calcite.

Element Weight Content (wt%)
Ck 6.46
Water-wet calcite Ok 50.23
Cax 43.31
Ck 30.22
Oil-wet calcite Ok 27.49
Cax 42.29

3.4. Nanofluids’ Effect on Oil-Wet Calcite Morphology and Structure
3.4.1. Morphology Analysis

SEM images of the oil-wet calcites treated by five nanoparticles are shown in Figure 10.
The SEM results indicate that the oil-wet calcite surfaces showed different degrees of uni-
formity and aggregation. The ZrO,, TiO,, and SiO; nanoparticles were sphere-like, with a
diameter of 50 nm. MgO nanoparticles showed aggregation into stripe-like shapes. The -
Al,O3 nanoparticles were scattered, and the adsorbed amount was lower. Figure 10 shows
that all nanoparticles could adsorb onto the oil-wet calcite surface. The nanoparticles” ad-
sorption effect, surface energy, and affinity influenced the oil-wet calcite surface wettability.
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Figure 10. SEM images of adsorption effect of (a) y-Al,O3, (b) ZrO,, (¢) TiO,, (d) MgO, and (e) SiO, on oil-wet calcite.

Figure 11 shows the AFM images of oil-wet calcite surfaces treated with five different
nanoparticles. The roughness values of the oil-wet calcite surfaces treated with SiO,, MgO,
ZrO,, TiO,, and v-Al,O3 were 113.1, 45.1, 121.5, 21.7, and 37.33 nm, respectively. The
nanoparticle properties and the adsorption properties influenced the roughness of the
oil-wet calcite surfaces. Higher roughness is beneficial to water-wet calcite [19,31]. In a
previous study, Zhao indicated that the surface energy and roughness are related to mineral
surface wettability [32].

b

C
113.1 nm 45.1 nm 121.5nm

37.3 nm

-24.6 nm

Figure 11. AFM images oil-wet calcite modified with (a) SiO,, (b) MgO, (c) ZrO;, (d) TiO,, and (e) y-Al,Os.

3.4.2. Elemental Analysis

The results from the EDS analysis of figures of oil-wet calcite modified using five
nanofluids are shown in Table 2. For oil-wet calcite, the C, O, and Ca element content
was 30.22, 27.49, and 42.29 wt%, respectively. The C and O elements were from heavy oil
and CaCOj3, and the Ca element was mainly from CaCOj;. After nanofluid treatment of
the oil-wet calcite, the sample surface’s C element content decreased, O element content
increased, and the corresponding nanoparticles’ element occurred. When Al,O3 nanofluids
were used to treat the oil-wet calcite surface, the sample’s surface showed the presence of
C (7.56 wt%), O (50.34 wt%), Al (8.85 wt%), and Ca (33.25 wt%). The Al element content
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indicated that Al,O3 nanoparticles had adsorbed onto the oil-wet calcite surface. For other
nanofluids, there were similar conclusions.

Table 2. EDS analysis of figures of oil-wet calcite modified using five nanofluids.

Treatment Element Weight Content Treatment Element Weight Content

Method (wt%) Method (Wt%)
C 30.22 C 7.56

Oil-wet (@) 27.49 (@) 50.34
calcite Ca 42.29 AL, treat Al 8.85
Ca 33.25

C 5.00 C 10.62

(@) 47.05 . @) 47.87

ZrO, treat 7 6.01 TiO, treat Ca 39.61
Ca 41.93 Ti 1.90

C 7.48 C 4.85

(@) 51.91 . (@) 49.82

MgO treat Mg 155 SiO; treat si 021
Ca 39.06 Ca 45.12

3.5. Surfactants’ Effect on Oil-Wet Calcite Morphology and Structure
3.5.1. Morphology Analysis

SEM images of the original oil-wet calcite surface and the surfactant-treated oil-
wet calcite surface are shown in Figure 12. CTAB, SDS, and TX-100 were the chemical
surfactants used; their relative molecular mass was small; and the steric hindrance between
different the surfactant molecules in aqueous solution was small. CTAB is a cationic
surfactant; SDS is an anionic surfactant; and TX-100 is a non-ionic surfactant. CTAB created
gullies in the same direction in the oil-wet calcite surface, and the overhang section was
similar to a round ball. SDS made the oil-wet surface uneven. When treated with TX-
100, the surface became bulky and showed regular leveling. The calcite surface showed
an irregular and blocky shape. Due to the fact that the chemical surfactants showed a
small relative molecular mass and small steric hindrance, they altered the oil-wet calcite
surface mainly by adsorption. Furthermore, the oil-wet calcite surface became angular
after chemical surfactant treatment; namely, a few heavy oil components were released
from the surface by the chemical surfactants due to the angular shape. Additionally, the
oil-wet calcite surface had a negative charge because the bitumen had a negative charge.
As CTAB is a cationic surfactant, its adsorption was better. Meanwhile, rhamnolipid and
sophorolipid are biosurfactants, and the relative molecular mass and steric hindrance
between the biosurfactant molecules were high. Figure 12d,e show that the oil-wet calcite
surface edges and corners became irregular, which means that some heavy oil components
were freed from the mineral surface. We thus confirmed that rhamnolipid and sophorolipid
could solubilize organic compounds [33-35]. In addition to the solubilization effect, some
biosurfactant molecules could adsorb onto the oil-wet calcite surface. The surfactant
molecules helped the heavy oil components to be released from the mineral surface and
adsorbed onto the oil-wet calcite surface; the different surface topographies made the
oil-wet surface show different wettabilities.
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Figure 12. SEM images of (a) unmodified oil-wet calcite and of oil-wet calcite modified with (b) CTAB, (c) SDS, (d) TX-100,
(e) rhamnolipid, and (f) sophorolipid.

AFM images of the oil-wet calcite surface treated by five surfactants are shown in
Figure 13. CTAB, SDS, TX-100, rhamnolipid, and sophorolipid treatments led to different oil-
wet calcite surface topographies and roughness values. The oil-wet calcite surface became
more hydrophilic when the surface roughness became higher in a certain range [19,31].
The oil-wet calcite surface roughness values after being treated by CTAB, SDS, and TX-100
were 7.1, 7.0, and 12.4 nm, respectively. However, the calcite surface roughness values
following rhamnolipid and sophorolipid treatment were 49.2 and 35.0 nm, respectively.
The roughness of oil-wet calcite treated by chemical surfactants was lower than that of
the samples treated with biosurfactants, which was due to the fact that the biosurfactant
molecules and steric hindrance were high. Figure 13a—c show that there were fewer humps
on the oil-wet calcite treated by chemical surfactants as opposed to biosurfactants. The
reason was that most chemical surfactants only adsorbed onto the oil-wet calcite surface,
and the release of heavy oil was rare. Figure 13d,e show that the oil-wet calcite surface
had many humps, which meant that many heavy oil components had been released from
the oil-wet calcite surface, and the erosion effect was high, so the oil-wet calcite surface
wettability altered significantly.
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Figure 13. AFM images of oil-wet calcite modified with (a) CTAB, (b) SDS, (c) TX-100, (d) sophorolipid, and (e) thamnolipid.

3.5.2. Elemental Analysis

The results from the EDS analysis of figures of oil-wet calcite modified by five sur-
factants are shown in Table 3. When the oil-wet calcite surface was treated with CTAB,
N and Br element peaks were shown on the oil-wet calcite surface, which indicated that
CTAB could effectively adsorb on the oil-wet calcite surface. SDS, TX-100, sophorolipid,
and rhamnolipid could adsorb onto the oil-wet calcite surface for the same reason. Except
for sophorolipid, when the oil-wet calcite was treated by other surfactants, the amount of
C on the calcite surface decreased. However, when the oil-wet calcite surface was treated
with sophorolipid, the C content on the calcite surface increased, due to the high molecular
weight of sophorolipid and the high C content.

Table 3. EDS analysis of figures of oil-wet calcite modified with five surfactants.

Treatment Element Weight Content Treatment Element Weight Content
Method (wt%) Method (Wt%)
ol C 30.22 C 17.37

o wet 0 27.49 TX-100 o 38.42
calcite Ca 4229 Ca 4421

C 7.08 C 24.74

N 1.66 (@) 32.09

CTAB (@) 49.84 SDS treat Na 0.72

Br 0.06 S 1.78

Ca 41.36 Ca 40.67

C 33.62 C 17.68

Sophorolipid (@) 35.97 Rhamnolipid (@) 39.20
Ca 30.41 Ca 43.12

3.6. Nanofluids’ Effect on Oil-Wet Calcite Wettability
3.6.1. Nanofluid Species Effect

As shown in Figure 14, when the oil-wet calcite surface was treated by five different
nanofluids—namely y-Al, O3, ZrO,, TiO,, MgO, and SiO,—the oil-wet calcite became more
hydrophilic, and the hydrophilicity gradually increased. y-Al,O3 treatment reduced the oil-
wet calcite surface contact angle from 106.9° to 55.9°, and its effect was the lowest among
the five nanofluids. SiO, treatment made the oil-wet calcite wettability more hydrophilic,
and the water contact angle was 33.6°, thus showing that the effect of SiO, was optimal.
The different nanofluids had different adsorption effects on the mineral surface, due to the
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fact that they have different surface morphologies and charge distributions [20]. Hence,
at the same concentration, the different nanofluids had different effects on the oil-wet
calcite surface.
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Figure 14. The effects of the different nanofluid species on oil-wet calcite wettability (25 °C). (a) Contact angle histogram;

(b) Measurement figure.

3.6.2. Nanofluid Concentration Effect

As shown in Figure 15, the oil-wet calcite surface became more hydrophilic when
the nanofluid concentration was increased. When the concentration of nanofluid was
increased, its adsorption on the mineral surface increased, and the calcite surface became
gradually covered by nanoparticles. When the nanofluid concentration was 0.1 wt%, the
nanofluid adsorption level reached saturation. When the nanofluid concentration reached
0.2 wt%, the contact angle gradually stabilized. In consideration of the nanofluids” cost
and the economic benefits, 0.1 wt% was determined as the optimal concentration. For
the same given concentration, the decrease in water contact angle on the oil-wet calcite
surface was according to the following order: y-Al,O3 > ZrO; > TiOp > MgO > SiO;. As
shown in Figure 11, the roughness measurements of the oil-wet calcite surfaces treated by
Si0,, MgO, ZrO,, TiO,, and y-Al,O3 nanofluids were 113.1, 45.1, 121.5, 21.7, and 37.33 nm,
respectively. The roughness influenced the surface wettability, and higher roughness was
beneficial to water-wet surfaces, but the influence was only one-sided. Figure 10 shows
that the coverage of nanoparticles influenced the mineral surface wettability, and a higher
coverage of nanoparticles was beneficial to water-wet surfaces. Besides surface roughness
and nanoparticles coverage, the nanoparticle adsorption properties and surface energy
influenced mineral wettability. SiO, nanoparticles showed optimal adsorption [36] and
thus had an optimal effect on the oil-wet calcite wettability.

80
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or —4—Ti0,
—v— MgO
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T

—+—Si0,

Contact angle (degree)
wn
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20 L 1 L L L L
0.0 0.1 0.2 03 0.4 0.5

Nanofluid concentration (wt%)

Figure 15. The nanofluid concentration effect on oil-wet calcite wettability (25 °C).
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50

3.6.3. Temperature Effect

The effect of temperature on oil-wet calcite for 0.1 wt% TiOp, MgO, and SiO, nanofluids
is shown in Figure 16. The contact angle decreased when the temperature of the same
nanofluids increased. When the temperature increased from 25 to 70 °C, the contact angle
(by TiO, nanofluids) decreased from 42.6° to 34.7°. The contact angle (by MgO nanofluids)
decreased from 38.3° to 27.8° when the temperature increased from 25 to 70 °C. The contact
angle (by SiO, nanofluids) decreased from 33.6° to 21° when the temperature increased
from 25 to 70 °C. At the same temperature, the contact angle on the oil-wet calcite surface
treated with different nanofluids followed the order of TiO, > MgO > SiO;. When the
temperature increased, the adsorption ability of nanofluids along with their movement
speed also increased. Their adsorption effect was also enhanced, which results in oil-wet
calcite wettability alterations [37,38]. Furthermore, when the temperature increased, the
heavy oil viscosity decreased, which enhanced the oil-solid separation process [39]. The
literature indicates that nanoparticle adsorption is irreversible [19]. Due to the fact that
nanoparticle desorption was ignored, the effect of temperature on the mineral surface
wettability could be ignored.
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Figure 16. Temperature effect on oil-wet calcite for 0.1 wt% TiO,, MgO, and SiO; nanofluids. (a) Contact angle histogram;

(b) Measurement figure.

3.6.4. Salinity Effect

The effect of TiO,, MgO, and SiO; nanofluids on the oil-wet calcite wettability at
different salinities is shown in Figure 17. When the nanofluid concentration did not reach
the optimal concentration, the contact angle decreased with higher salinity. However, when
the salinity increased further, the contact angle increased. For different nanofluids, the
optimal salinity was different. The optimal salinity for SiO,, TiO,, and MgO nanofluids
was 3, 2, and 2 wt%, respectively. The nanofluids remained stable at low salinity; however,
the nanofluids became unstable when the salinity increased [40], because higher salinity
results in compression of the electric double layers, which increased the adsorption rate of
nanoparticles. Therefore, when the salinity was lower than the optimal level, the contact
angle decreased due to nanofluid instability. However, when the salinity reached the
optimal level, the contact angle increased slightly, due to adsorption of Na* onto the oil-
wet calcite surface [41], and its occupation of adsorption sites further increases nanoparticle
adsorption. Therefore, the contact angle would increase further [42].
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Figure 17. The effect of TiO,, MgO, and SiO, nanofluids on oil-wet calcite wettability at differ-
ent salinities.

3.7. Surfactants’ Effect on Oil-Wet Calcite Wettability

The effect of surfactants alone on oil-wet calcite wettability is shown in Figure 18. Five
surfactants could make the oil-wet calcite surface more hydrophilic, and the water contact
angle was as follows: sophorolipid (45.9°) > CTAB (49°) > rhamnolipid (53.4°) > TX-100
(58.4°) > SDS (67.5°). The reason was that different surfactants have different oil-solid
separation abilities and different adsorption properties. The five surfactants” heavy oil
recovery was as follows: sophorolipid > CTAB > rhamnolipid > SDS > TX-100. Different
surfactants showed different effects on the recovery of heavy oil, and the surfactants’ effects
on carbonate rock wettability differed significantly. When the carbonate rocks became more
hydrophilic, the heavy-oil-solid separation efficiency increased, resulting in increased
heavy oil recovery.
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Figure 18. Effect of surfactants alone on oil-wet calcite wettability. (a) Contact angle histogram; (b) Measurement figure.

3.8. Zeta Potential Measurement

The zeta potential of the surfactants, nanofluids, and surfactant-nanofluid hybrid
solutions is shown in Figure 19. The zeta potential of 500 ppm CTAB, SDS, TX-100,
sophorolipid, and rhamnolipid was 60.3, —51.3, —41.9, —58.5, and —30.5 mV, respectively.
The oil-wet calcite had a negative charge, and its zeta potential was —15.4 mV due to the
fact that bitumen has a negative charge. The zeta potential of 0.1 wt% y-Al,O3, ZrO,, TiO»,
MgO, and SiO, nanofluids was 38.1, 36.8, 30.6, 19.5, and —22.1 mV, respectively. When the
nanofluids and surfactants were combined together, the zeta potential values were similar
to those of the surfactants. The surfactants adsorbed onto the nanoparticle surface, so the
zeta potential was nearly the same as that of the surfactants. If the zeta potential of the
surfactants and nanofluids had opposing charges, the surfactant-nanofluid hybrid solution
zeta potential would decrease.
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Figure 19. Zeta potential of (a) 500 ppm surfactants; (b) 0.1 wt% nanofluids; (c) 500 ppm surfactant
and 0.1 wt% nanofluid hybrid solutions.

3.9. Synergistic Effect of Nanofluids and Surfactants on Oil-Wet Calcite Wettability

The nanoparticle formulations could effectively alter the oil-wet calcite wettability,
as shown in Figure 20. On the oil-wet calcite surface treated with hybrid nanofluids, the
water contact angle decreased, and the wettability became more hydrophilic. When two
species of nanofluids were blended, the water contact angle became lower than with any
one of the two nanofluids. When the oil-wet calcite surface was treated with TiO, and
MgO, the water contact angle became 31.6°, which was lower than the contact angle with
TiO, (42.6°) and MgO (38.3°). When TiO; and SiO, were blended, the contact angle on
the oil-wet calcite was 25.7°, which was lower than the contact angle with TiO, (42.6°)
and SiO; (33.6°). When SiO, and MgO were blended, the contact angle on the oil-wet
calcite was 22.8°, which was lower than the contact angle with SiO; (33.6°) and MgO
(38.3°). When SiO;, MgO, and TiO;, nanoparticles were combined together, the contact
angle of the oil-wet calcite surface decreased to 19.8°. Thus, hybrid nanofluids could
effectively alter the oil-wet calcite surface wettability, due to the following reasons [41,43]:
Firstly, different species of nanoparticles have different shapes and sizes. Compared to
the single nanoparticles, the shape of the hybrid nanofluids became more compact and
showed a uniform distribution when different nanoparticles were combined. The hybrid
nanoparticles had a higher ability to adsorb onto the oil-wet calcite surface, especially onto
small rough areas. Secondly, compared to the single nanofluids, the hybrid nanofluids
became unstable, and the instability accelerated nanoparticle adsorption onto the oil-wet
calcite surface. Thirdly, the hybrid nanoparticles had increased competitive adsorption,
and the adsorption area increased due to electrostatic interactions. When one nanoparticle
adsorbed onto the oil-wet calcite surface, there was an attractive force between other
nanoparticles, which accelerated the adsorption of other nanoparticles onto the oil-wet
calcite surface. In the end, the SiO; and MgO hybrid nanofluids rendered the oil-wet
calcite surface more hydrophilic, which means that the SiO, and MgO combined nanofluid
showed the optimal effect in enhancing adsorption.

The synergistic effect of nanofluids and surfactants on the oil-wet calcite surface wetta-
bility is shown in Figure 21. Following treatment with rhamnolipid, CTAB, or sophorolipid
alone, the water contact angle on the oil-wet calcite was 53.4°, 49°, and 45.9°, respectively.
Following treatment with TiOp, MgO, or SiO, alone, the water contact angle on the oil-wet
surface was 42.6°, 38.3°, and 33.6°, respectively. When nanoparticles were dispersed into
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the surfactants, surfactant-nanofluid complex solutions were created, and the contact
angle decreased further. When TiO; was dispersed into the rhamnolipid, CTAB, and
sophorolipid surfactants, and the surfactant-nanofluid complex solutions formed, the
water contact angle on the oil-wet calcite surface was 34.2°, 31.3°, and 27.6°, respectively,
and was much lower than the water contact angle (42.6°) on the oil-wet calcite surface
treated with TiO; nanofluids alone. Additionally, the contact angle was much lower than
that on the oil-wet calcite surface treated with either rhamnolipid, CTAB, or sophorolipid
alone (53.4°, 49°, and 45.9°, respectively). SiO, and MgO nanofluids had similar effects in
that the surfactant-nanofluid complex solutions could increase the oil-wet calcite surface
hydrophilicity; in other words, nanofluids and surfactants have a synergistic effect on
heavy-oil-solid separation. The effect of the hybrid solution formed with SiO; nanofluid
and the biosurfactant sophorolipid was optimal, and the water contact angle on the oil-wet
calcite surface was 18.3°.
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Figure 20. Effect of various nanofluid mixtures on oil-wet calcite wettability. (a) Contact angle histogram; (b) Measure-

ment figure.
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3.10. Synergistic Effect Mechanism

The surfactant and nanofluid hybrid solutions could synergistically alter the oil-
wet calcite wettability and make the oil-wet calcite surface become hydrophilic. Both
nanofluids and surfactants alone could make the oil-wet calcite surface hydrophilic, but
the mechanisms were different. When nanofluids alone were used to treat an oil-wet calcite
surface, the nanoparticles would adsorb onto the surface [41,44]. The detailed mechanism
is shown in Figure 22. The adsorption of nanoparticles was uneven due to their aggregation.
The oil-wet calcite surface element composition and morphology were altered, which made
the oil-wet calcite surface more hydrophilic. When surfactants alone were used to treat an
oil-wet calcite surface, the role of surfactants could be divided into two parts. On the one
hand, surfactants would adsorb onto the oil-wet calcite surface as with nanofluids [45-47].
On the other hand, surfactants could solubilize heavy oil molecules—that is, some heavy
oil components would be released from the mineral surface—which made the water-wet
calcite surface exposed [48,49].

When nanoparticles were dispersed into a surfactant solution, the surfactant molecules
would adsorb onto the nanoparticle surface [44]. The bulk concentration of other surfactants
decreased, and the steric hindrance between the surfactant molecules (bulk solution) de-
creased, which accelerated the surfactant molecules” movement speed. Due to the fact that
surfactants adsorbed onto the nanoparticle surface, the steric hindrance between nanoparti-
cles increased, and the repulsive force between different nanoparticles increased; therefore,
their movement speed increased. When nanoparticles were dispersed into deionized water,
the nanoparticles aggregated, and the nanoparticle adsorption was uneven. However, the
nanoparticles would not aggregate in surfactant solution, and the surfactant-nanoparticles
adsorption became uniform, which made the oil-wet calcite surface more hydrophilic.
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Figure 22. The mechanism of the synergistic effect of surfactants and nanofluids on oil-wet calcite
surface wettability alteration.

4. Conclusions

In this paper, we studied the synergistic effect of nanofluids and surfactants on heavy
oil recovery and oil-wet calcite surface wettability alteration. Additionally, the synergistic
effect on mineral wettability alteration was analyzed, and the detailed conclusions are
as follows:

1. Nanofluids alone or surfactants alone could effectively alter oil-wet calcite surface
wettability and render the oil-wet calcite surface more hydrophilic. The reasons were



Nanomaterials 2021, 11, 1849 20 of 22

as follows: Nanoparticles could adsorb onto the mineral surface, which made the
oil-wet calcite surface more hydrophilic. Furthermore, surfactant molecules could
assist heavy oil to be released from the calcite surface, which exposed the surface. The
surfactants could then adsorb onto the oil-wet calcite surface, and the nanofluids and
surfactants could synergistically alter the oil-wet calcite surface wettability.

2. Surfactants alone could alter the oil-wet calcite surface wettability, and their effect
in increasing the water contact angle occurred according to the following order:
sophorolipid (45.9°) < CTAB (49°) < rhamnolipid (53.4°) < TX-100 (58.4°) < SDS
(67.5°). Of the tested surfactants, sophorolipid showed the optimal effect on the
oil-wet calcite surface.

3. Nanofluids alone could also alter oil-wet calcite surface wettability, and their effect in
increasing oil-wet calcite wettability occurred according to the following order: SiO,
> MgO > TiO; > ZrO, > y-Al,Os. Nanofluid concentration, salinity, and temperature
influence the oil-wet calcite wettability; the optimal nanofluid concentration was
0.2 wt%, and the optimal salinity was 3 wt% for 5iO;, nanofluids.

Author Contributions: Conceptualization, ].H. and L.S.; methodology, ].H.; software, L.S.; validation,
J.H. and L.S.; formal analysis, ].H.; investigation, L.S.; resources, ]. H.; data curation, J.H.; writing—
original draft preparation, J.H.; writing—review and editing, ].H. and L.S.; visualization, J.H.;
supervision, J.H. and L.S.; project administration, J.H.; funding acquisition, ].H. Both authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by 973 National Basic Research Program of China, grant number
2015CB251403.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, W.S.; Guo, X.W.; Liu, J. Bitumen Recovery from Indonesian Oil Sands Using ASP (Alkali, Surfactant and Polymer) Agent.
China Pet. Process. Petrochem. Technol. 2018, 20, 110-115.

2. Nie, F; He, D.M.; Guan, J.; Bao, H.; Zhang, K.S.; Meng, T.; Zhang, Q.M. Influence of Temperature on the Product Distribution
during the Fast Pyrolysis of Indonesian Oil Sands and the Relationships of the Products to the Oil Sand Organic Structure.
Energy Fuels 2017, 31, 1318-1328. [CrossRef]

3.  Han,D.Y,; Luo, KY,; Shi, WW.; Qiao, H.Y.; Cao, Z.B. Enhanced recovery of bitumen from Indonesian oil sands using organic and
aqueous double phase extraction system. Energy Sources Part A Recovery Util. Environ. Eff. 2017, 39, 1679-1685. [CrossRef]

4. Wang, Q. Jia, C.X,; Ge, ] X,; Guo, WX. H-1 NMR and C-13 NMR Studies of Oil from Pyrolysis of Indonesian Oil Sands.
Energy Fuels 2016, 30, 2478-2491.

5. Chen, H.S,; Li, X.; Zhang, Q.M.; Liu, Y.S. Effects of Hot Water-Based Extraction Process on the Removal of Petroleum Hydrocarbons
from the Oil-Contaminated Soil. Energy Fuels 2020, 34, 3621-3627. [CrossRef]

6. Khammar, M.; Xu, Y.M. Batch Solvent Extraction of Bitumen from Oil Sand. Part 1: Theoretical Basis. Energy Fuels 2017, 31,
4616-4625. [CrossRef]

7. Khammar, M.; Xu, Y.M. Batch Solvent Extraction of Bitumen from Oil Sand. Part 2: Experimental Development and Modeling.
Energy Fuels 2017, 31, 4626-4636. [CrossRef]

8. Rudyk, S.; Spirov, P.; Al-Hajri, R.; Vakili-Nezhaad, G. Supercritical carbon dioxide extraction of oil sand enhanced by water and
alcohols as Co-solvents. . CO, Util. 2017, 17, 90-98. [CrossRef]

9.  Soiket, M.LH.; Oni, A.O.; Kumar, A. The development of a process simulation model for energy consumption and greenhouse
gas emissions of a vapor solvent-based oil sands extraction and recovery process. Energy 2019, 173, 799-808. [CrossRef]

10. Jha, N.K;; Ivanova, A.; Lebedev, M.; Barifcani, A.; Cheremisin, A.; Iglauer, S.; Sangwai, J.S.; Sarmadivaleh, M. Interaction of low
salinity surfactant nanofluids with carbonate surfaces and molecular level dynamics at fluid-fluid interface at ScCO, loading.
J. Colloid Interface Sci. 2021, 586, 315-325. [CrossRef]

11. Chen, Q.Y,; Jiang, X.; Zhen, J.C. Preparation and characterization of temperature sensitive iron oxide nanoparticle and its
application on enhanced oil recovery. J. Pet. Sci. Eng. 2021, 198, 7. [CrossRef]

12.  Cheraghian, G.; Hendraningrat, L. A review on applications of nanotechnology in the enhanced oil recovery part A: Effects of
nanoparticles on interfacial tension. Int. Nano Lett. 2016, 6, 129-138. [CrossRef]

13.  Cheraghian, G. Effects of titanium dioxide nanoparticles on the efficiency of surfactant flooding of heavy oil in a glass micromodel.

Pet. Sci. Technol. 2016, 34, 260-267. [CrossRef]


http://doi.org/10.1021/acs.energyfuels.6b02667
http://doi.org/10.1080/15567036.2017.1367870
http://doi.org/10.1021/acs.energyfuels.9b04352
http://doi.org/10.1021/acs.energyfuels.6b03252
http://doi.org/10.1021/acs.energyfuels.6b03253
http://doi.org/10.1016/j.jcou.2016.11.010
http://doi.org/10.1016/j.energy.2019.02.109
http://doi.org/10.1016/j.jcis.2020.10.095
http://doi.org/10.1016/j.petrol.2020.108211
http://doi.org/10.1007/s40089-015-0173-4
http://doi.org/10.1080/10916466.2015.1132233

Nanomaterials 2021, 11, 1849 21 of 22

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Smits, J.; Giri, R.P,; Shen, C.; Mendonca, D.; Murphy, B.; Huber, P.; Rezwan, K.; Maas, M. Synergistic and Competitive Adsorption
of Hydrophilic Nanoparticles and Oil-Soluble Surfactants at the Oil-Water Interface. Langmuir ACS ]. Surfaces Colloids 2021, 37,
5659-5672. [CrossRef] [PubMed]

Lemahieu, G.; Ontiveros, J.F.; Souza, N.T.T.; Molinier, V.; Aubry, ]. M. Fast and accurate selection of surfactants for enhanced oil
recovery by dynamic Salinity-Phase-Inversion (SPI). Fuel 2021, 289, 119928. [CrossRef]

Cheraghian, G. Improved Heavy Oil Recovery by Nanofluid Surfactant Flooding—An Experimental Study. In Proceedings of the
78th EAGE Conference and Exhibition, Online, 30 May-2 June 2016.

Cheraghian, G.; Rostami, S.; Afrand, M. Nanotechnology in Enhanced Oil Recovery. Processes 2020, 8, 1073. [CrossRef]

Hou, B.F; Jia, RX.; Fu, M.L.; Wang, Y.F; Jiang, C.; Yang, B.; Huang, Y.Q. Wettability alteration of oil-wet carbonate surface induced
by self- dispersing silica nanoparticles: Mechanism and monovalent metal ion’s effect. ]. Mol. Lig. 2019, 294, 9. [CrossRef]
Al-Anssari, S.; Arif, M.; Wang, S.B.; Barifcani, A.; Lebedev, M.; Iglauer, S. Wettability of nanofluid-modified oil-wet calcite at
reservoir conditions. Fuel 2018, 211, 405-414. [CrossRef]

Bayat, A.E.; Junin, R.; Samsuri, A.; Piroozian, A.; Hokmabadi, M. Impact of Metal Oxide Nanoparticles on Enhanced Oil Recovery
from Limestone Media at Several Temperatures. Energy Fuels 2014, 28, 6255-6266. [CrossRef]

Nowrouzi, I; Manshad, A K.; Mohammadi, A.H. Effects of concentration and size of TiO, nano-particles on the performance of
smart water in wettability alteration and oil production under spontaneous imbibition. J. Pet. Sci. Eng. 2019, 183, 14. [CrossRef]
Ding, F.; Gao, M.L. Pore wettability for enhanced oil recovery, contaminant adsorption and oil/water separation: A review.
Adv. Colloid Interface Sci. 2021, 289, 24. [CrossRef]

Mahmoud, T.; Samak, N.A.; Abdelhamid, M.M.; Aboulrous, A.A.; Xing, ] M. Modification Wettability and Interfacial Tension of
Heavy Crude Oil by Green Bio-surfactant Based on Bacillus licheniformis and Rhodococcus erythropolis Strains under Reservoir
Conditions: Microbial Enhanced Oil Recovery. Energy Fuels 2021, 35, 1648-1663. [CrossRef]

Wang, Y.; Guan, ].J.; Wang, ].; Feng, B.H.; Xu, X.F. Electrical Conductivity and Wettability of Nanofluids Prepared by Nanocom-
posite of MWCNTs and Dialkyl Pentasulfide. Curr. Nanosci. 2021, 17, 151-161. [CrossRef]

Zhao, M.W.; Lv, WJ.; Li, Y.Y;; Dai, C.L.; Zhou, H.D.; Song, X.G.; Wu, Y.N. A Study on Preparation and Stabilizing Mechanism of
Hydrophobic Silica Nanofluids. Materials 2018, 11, 1385. [CrossRef]

He, Y,; Liao, K,; Bai, J.; Fu, L.; Ma, Q.; Zhang, X.; Ren, Z.; Wang, W. Study on a Nonionic Surfactant/Nanoparticle Composite
Flooding System for Enhanced Oil Recovery. ACS Omega 2021, 6, 11068-11076. [CrossRef]

Suleimanov, B.A.; Ismailov, E.S.; Veliyev, E.F. Nanofluid for enhanced oil recovery. J. Pet. Sci. Eng. 2011, 78, 431-437. [CrossRef]
Liu, D.X.; Zhang, X.; Tian, E.C.; Liu, X.W.; Yuan, ].; Huang, B. Review on nanoparticle-surfactant nanofluids: Formula fabrication
and applications in enhanced oil recovery. J. Dispers. Sci. Technol. 2020. [CrossRef]

Li, KW,; Wang, D.; Jiang, S.S. Review on enhanced oil recovery by nanofluids. Oil Gas Sci. Technol. 2018, 73, 26. [CrossRef]
Al-Anssari, S.; Arif, M.; Wang, S.B.; Barifcani, A.; Lebedev, M.; Iglauer, S. Wettability of nano-treated calcite/CO2/brine systems:
Implication for enhanced CO, storage potential. Int. J. Greenh. Gas Control 2017, 66, 97-105. [CrossRef]

Al-Anssari, S.; Barifcani, A.; Wang, S.B.; Maxim, L.; Iglauer, S. Wettability alteration of oil-wet carbonate by silica nanofluid.
J. Colloid Interface Sci. 2016, 461, 435-442. [CrossRef] [PubMed]

Yapu, Z. Physical Mechanics of Surfaces and Interfaces; Science Press: Beijing, China, 2012.

Klosowska-Chomiczewska, L.E.; Kotewicz-Siudowska, A.; Artichowicz, W.; Macierzanka, A.; Glowacz-Rozynska, A.; Szumala, P.;
Medrzycka, K.; Hallmann, E.; Karpenko, E.; Jungnickel, C. Towards Rational Biosurfactant Design-Predicting Solubilization in
Rhamnolipid Solutions. Molecules 2021, 26, 534. [CrossRef]

Posada-Baquero, R.; Grifoll, M.; Ortega-Calvo, J.]. Rhamnolipid-enhanced solubilization and biodegradation of PAHs in soils
after conventional bioremediation. Sci. Total Environ. 2019, 668, 790-796. [CrossRef]

Song, D.D.; Liang, S.K.; Yan, L.L.; Shang, Y.J.; Wang, X.L. Solubilization of Polycyclic Aromatic Hydrocarbons by Single and
Binary Mixed Rhamnolipid-Sophorolipid Biosurfactants. J. Environ. Qual. 2016, 45, 1405-1412. [CrossRef] [PubMed]

Monfared, A.D.; Ghazanfari, M.H.; Jamialahmadi, M.; Helalizadeh, A. Adsorption of silica nanoparticles onto calcite: Equilibrium,
kinetic, thermodynamic and DLVO analysis. Chem. Eng. J. 2015, 281, 334-344. [CrossRef]

Al-Anssari, S.; Wang, S.B.; Barifcani, A.; Lebedev, M.; Iglauer, S. Effect of temperature and SiO, nanoparticle size on wettability
alteration of oil-wet calcite. Fuel 2017, 206, 34—42. [CrossRef]

Gupta, R.; Mohanty, K.K. Temperature Effects on Surfactant-Aided Imbibition into Fractured Carbonates. SPE J. 2010, 15, 587-597.
[CrossRef]

Liu, Y.F; Qiu, Z.S.; Zhao, C.; Nie, Z.; Zhong, H.Y.; Zhao, X.; Liu, S.J.; Xing, X.J. Characterization of bitumen and a novel multiple
synergistic method for reducing bitumen viscosity with nanoparticles and surfactants. RSC Adv. 2020, 10, 10471-10481. [CrossRef]
Hadia, N.J.; Ng, Y.H.; Stubbs, L.P,; Torsaeter, O. High Salinity and High Temperature Stable Colloidal Silica Nanoparticles with
Wettability Alteration Ability for EOR Applications. Nanomaterials 2021, 11, 707. [CrossRef]

Sun, X.E; Zhang, Y.Y.; Chen, G.P; Liu, T.L.; Ren, D.N.; Ma, ].Y,; Sheng, Y.K.; Karwani, S. Wettability of Hybrid Nanofluid-
Treated Sandstone/Heavy Oil/Brine Systems: Implications for Enhanced Heavy Oil Recovery Potential. Energy Fuels 2018, 32,
11118-11135. [CrossRef]

Monfared, A.D.; Ghazanfari, M.H.; Jamialahmadi, M.; Helalizadeh, A. Potential Application of Silica Nanoparticles for Wettability
Alteration of Oil-Wet Calcite: A Mechanistic Study. Energy Fuels 2016, 30, 3947-3961. [CrossRef]


http://doi.org/10.1021/acs.langmuir.1c00559
http://www.ncbi.nlm.nih.gov/pubmed/33905659
http://doi.org/10.1016/j.fuel.2020.119928
http://doi.org/10.3390/pr8091073
http://doi.org/10.1016/j.molliq.2019.111601
http://doi.org/10.1016/j.fuel.2017.08.111
http://doi.org/10.1021/ef5013616
http://doi.org/10.1016/j.petrol.2019.106357
http://doi.org/10.1016/j.cis.2021.102377
http://doi.org/10.1021/acs.energyfuels.0c03781
http://doi.org/10.2174/1573413716999200626212517
http://doi.org/10.3390/ma11081385
http://doi.org/10.1021/acsomega.1c01038
http://doi.org/10.1016/j.petrol.2011.06.014
http://doi.org/10.1080/01932691.2020.1844745
http://doi.org/10.2516/ogst/2018025
http://doi.org/10.1016/j.ijggc.2017.09.008
http://doi.org/10.1016/j.jcis.2015.09.051
http://www.ncbi.nlm.nih.gov/pubmed/26414426
http://doi.org/10.3390/molecules26030534
http://doi.org/10.1016/j.scitotenv.2019.03.056
http://doi.org/10.2134/jeq2015.08.0443
http://www.ncbi.nlm.nih.gov/pubmed/27380091
http://doi.org/10.1016/j.cej.2015.06.104
http://doi.org/10.1016/j.fuel.2017.05.077
http://doi.org/10.2118/110204-PA
http://doi.org/10.1039/D0RA00335B
http://doi.org/10.3390/nano11030707
http://doi.org/10.1021/acs.energyfuels.8b01730
http://doi.org/10.1021/acs.energyfuels.6b00477

Nanomaterials 2021, 11, 1849 22 of 22

43.

44.

45.

46.

47.

48.

49.

Bahraminejad, H.; Manshad, A.K.; Riazi, M.; Ali, J.A ; Sajadi, S.M.; Keshavarz, A. CuO/TiO, /PAM as a Novel Introduced Hybrid
Agent for Water-Oil Interfacial Tension and Wettability Optimization in Chemical Enhanced Oil Recovery. Energy Fuels 2019, 33,
10547-10560. [CrossRef]

Abhishek, R.; Hamouda, A.A.; Abdulhameed, EM. Adsorption kinetics and enhanced oil recovery by silica nanoparticles in
sandstone. Pet. Sci. Technol. 2019, 37, 1363-1369. [CrossRef]

Abbas, A.H.; Moslemizadeh, A.; Sulaiman, W.R.W.,; Jaafar, M.Z.; Agi, A. An insight into a di-chain surfactant adsorption onto
sandstone minerals under different salinity-temperature conditions: Chemical EOR applications. Chem. Eng. Res. Des. 2020, 153,
657-665. [CrossRef]

Zhang, L.L,; Jian, G.Q.; Puerto, M.; Southwick, E.; Hirasaki, G.; Biswal, S.L. Static adsorption of a switchable diamine surfactant
on natural and synthetic minerals for high-salinity carbonate reservoirs. Colloid Surf. A Physicochem. Eng. Asp. 2019, 583, 7.
[CrossRef]

Liu, Z.L.; Ghatkesar, M.K,; Sudholter, E.].R.; Singh, B.; Kumar, N. Understanding the Cation-Dependent Surfactant Adsorption on
Clay Minerals in Oil Recovery. Energy Fuels 2019, 33, 12319-12329. [CrossRef]

Sari, G.L.; Trihadiningrum, Y.; Wulandari, D.A.; Pandebesie, E.S.; Warmadewanthi, I. Compost humic acid-like isolates from
composting process as bio-based surfactant: Properties and feasibility to solubilize hydrocarbon from crude oil contaminated soil.
J. Environ. Manag. 2018, 225, 356-363. [CrossRef]

Pan, T,; Liu, C.Y.; Zeng, X.Y.; Xin, Q.; Xu, M.Y.; Deng, Y.W.; Dong, W. Biotoxicity and bioavailability of hydrophobic organic
compounds solubilized in nonionic surfactant micelle phase and cloud point system. Environ. Sci. Pollut. Res. 2017, 24,
14795-14801. [CrossRef] [PubMed]


http://doi.org/10.1021/acs.energyfuels.9b02109
http://doi.org/10.1080/10916466.2019.1587455
http://doi.org/10.1016/j.cherd.2019.11.021
http://doi.org/10.1016/j.colsurfa.2019.123910
http://doi.org/10.1021/acs.energyfuels.9b03109
http://doi.org/10.1016/j.jenvman.2018.08.010
http://doi.org/10.1007/s11356-017-9076-4
http://www.ncbi.nlm.nih.gov/pubmed/28470500

	Introduction 
	Materials and Methods 
	Materials 
	Heavy-Oil–Solid Separation Process 
	Wettability Alteration Experiment 
	Water-Wet Calcite Modification 
	Nanofluid-Treated Oil-Wet Calcite 
	Surfactant-Treated Oil-Wet Calcite 
	Synergistic Treatment of Oil-Wet Calcite with Surfactants and Nanofluids 
	Morphology Analysis by SEM–EDS and AFM 
	Zeta Potential Measurement 

	Results 
	Nanoparticle Morphology Analysis 
	SEM Analysis 
	TEM Analysis 

	Synergistically Enhanced Oil–Solid Separation Using Surfactants and Nanofluids 
	Water-Wet Calcite Surface Modification 
	Aging Time on the Contact Angle 
	Morphology Analysis 
	Elemental Analysis 

	Nanofluids’ Effect on Oil-Wet Calcite Morphology and Structure 
	Morphology Analysis 
	Elemental Analysis 

	Surfactants’ Effect on Oil-Wet Calcite Morphology and Structure 
	Morphology Analysis 
	Elemental Analysis 

	Nanofluids’ Effect on Oil-Wet Calcite Wettability 
	Nanofluid Species Effect 
	Nanofluid Concentration Effect 
	Temperature Effect 
	Salinity Effect 

	Surfactants’ Effect on Oil-Wet Calcite Wettability 
	Zeta Potential Measurement 
	Synergistic Effect of Nanofluids and Surfactants on Oil-Wet Calcite Wettability 
	Synergistic Effect Mechanism 

	Conclusions 
	References

