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ABSTRACT: The application of nanoparticles (NPs) in the oil and gas industry has received
wide attention in recent years because it is increasingly being considered a promising approach to
recovering trapped oil in conventional hydrocarbon reservoirs. Numerous studies have
demonstrated that combining nanoparticles with a surfactant can enhance surfactant performance
by changing the interfacial properties of the solution when it comes in contact with crude oil and
rock surfaces. However, more information and additional experimental data are required
concerning the application of titanium dioxide nanoparticles in alkyl ethoxy carboxylic
surfactants. In this study, we measure the changes in interfacial tension and wettability due to
the addition of titanium dioxide nanoparticles (0, 100, 250, and 500 ppm) in alkyl ethoxy
carboxylic surfactant using a spinning drop tensiometer and contact angle measurements. The
interfacial tension of the crude oil−water (surfactant) system decreases by approximately two
orders of magnitude with an increasing titanium dioxide concentration, exhibiting a minimum
value of 5.85 × 10−5 mN/m. Similarly, the contact angle decreases on the surface of the Berea
sandstone by combining the surfactant with titanium dioxide, reaching a minimum contact angle
of 8.8°. These results demonstrate the potential of this new approach to maximize the recovery of trapped oil and significantly
improve oil production.

1. INTRODUCTION
Enhanced oil recovery (EOR) is a technology that involves the
injection of external energy or (e.g., fluids) into subsurface
formations to improve oil recovery at any stage of production
and increase total recovery. Several EORmethods are frequently
used to increase oil recovery,1 including chemical flooding (e.g.,
surfactant, polymer), thermal recovery, gas injection (miscible
and immiscible flooding), andmicrobial EOR.2,3 Eachmethod is
unique, and its applicability depends on the characteristics of the
rock and fluid in specific reservoirs. With this in mind, a
comprehensive study regarding the selection of the EOR
method is essential to minimize the risk and maximize the
yield of additional oil recovery.
The use of surfactants as an EOR agent has become prevalent

in recent years owing to their significant impact on additional oil
recovery. Surfactant flooding is a well-established method that
has been proven to successfully recover trapped oil in the
laboratory scale4−6 and field applications.7,8 This is attributable
to the numerous investigations into the mechanism of
surfactants as an EOR agent, including lowering the interfacial
tension (IFT) between oil and water at the interface,9,10

wettability alteration11,12 and microemulsion flooding.9 A
laboratory investigation by Haghighi et al.13 showed that using
a nonionic surfactant (dedocanoyl-glucosamine surfactant) can

reduce IFT from 30 to 14mN/m, reduce the water contact angle
from 148.93° (less water-wet) to 65.54° (more water-wet), and
increase oil recovery by 19% after waterflooding. However, due
to the complexity of subsurface formations that prevent the
surfactant fromworking effectively (e.g., adsorption), alternative
routes have been developed to enhance the performance of the
surfactant.
Recently, the use of nanoparticles (NPs) has received

widespread attention for its potential EOR applications.14−18

NPs are particles typically ranging from 1 to 100 nm in size.19−25

Several types of nanomaterials have been studied for application
in EOR, including titanium dioxide,18,24,26 graphene,22 silica
dioxide,23,27−30 aluminosilicate,31 zirconium dioxide,16,32,33 and
silica dioxide in the CO2-brine system.34,35 Laboratory
investigations have demonstrated that the surfactant perform-
ance can be enhanced by combining the surfactant solution with
nanomaterials to improve the interfacial properties between the
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oil−water-rock system.15,17,23,31,36,37 Nourinia et al.15 reported
that adding zinc oxide/monmorillonite nanocomposites into a
natural surfactant derived from cyclamen persicum reduced the
IFT to a minimum of 2.5 mN/m. The authors15 also observed
that the water contact angle was reduced from 134° to 17.8°,
indicating that the wettability was shifted to becomemore water-
wet. Cheraghian et al.23 conducted water contact angle
measurements and micromodel flooding experiments in a glass
micromodel using silica NPs combined with sodium dodecyl
sulfate (SDS) as the surfactant. They showed that the contact
angle decreased from 72° to 11°, and the recovery factor
increased by 13%.23 Yahya et al.31 demonstrated that the
combination of aluminosilicate with sulfonated alkyl ester
(SAE) can reduced the contact angle from 41.9 to 40.3 and
increased oil recovery from 47 to 49%. Jha et al.17 showed that
adding zirconia NPs to a low-salinity surfactant reduced the IFT
and water contact angle on quartz surfaces. In addition, they
found that the concentration ratio of divalent cations and sulfate
ions significantly affected the IFT and contact angle.17

Therefore, considering that one of the main purposes of the
surfactant is to reduce the IFT between oil and water at the
interface, adding nanomaterial to a surfactant solution can
enhance the performance of surfactant to such a degree as to
shift the wettability of the system (i.e., lower contact angle), thus
creating more water-wet conditions due to the modification of
disjoining pressure.
Disjoining pressure is the force that separates or disjoins the

two interfaces,38 which is related to the wetting film
stability.38−40 According to the Derjaguin−Landau−Verwey−
Overbeek (DLVO) theory, the disjoining pressure is equivalent
to the sum of the contributions of van der Waals,41,42

electrostatic, and structural interactions.38,43 van der Waals
interactions are based on the Hamaker theory, which assumes
that interactions are attractive forces between molecules that
arise from temporary fluctuations in electron distribution. These
forces can influence the disjoining pressure between surfaces,
particularly when the surface separation is small. As the surfaces
get closer, van der Waals forces become more significant,
resulting in an increase in disjoining pressure.38 The next force is
the electrostatic interaction that is related to the forces between
the charged surface.38 The electrostatic interaction of ions
involves the repulsive and attractive forces44,45 that arise
depending on a range of parameters, namely, the temperature,
solution pH, dissolved CO2,

46,47 mineralogy of the rock
surfaces,48−50 ionic strength, and composition of ions in the
aqueous medium.51 When two interfaces have the same charge,
the interaction between them becomes repulsive and makes a
positive contribution to the total disjoining pressure.39 The last
force is structural, where the disjoining pressure of one layer of
particles is generally higher than that of a double layer.52 The
structural force is always repulsive, so its contribution to the total
disjoining pressure is always positive.39

Notably, the application of titanium dioxide (TiO2) NPs in
modifying the interfacial properties of oil−water−rock systems
shows great potential for EOR. Ehtesabi et al.18 demonstrated
that adding TiO2 NPs into NaCl brine can alter the wettability
and yield, significantly increasing oil recovery from 49 to 80% in
natural rock samples. However, there are limited experimental
data regarding the interfacial properties of TiO2 NPs combined
with surfactants in the oil−water−rock system. Hence, this
study aims to investigate the effect of TiO2 NPs/surfactant on
IFT and wettability using various NP concentrations. This
combined method can help recover trapped oil in existing

reservoirs, and the results of this study help clarify the EOR
mechanism of TiO2 NPs combined with surfactants in oil−
water-rock systems.

2. EXPERIMENTAL METHODOLOGY
2.1. Materials and Sample Preparations. 2.1.1. Rock

Sample. A Berea sandstone sample was used in this study. Table
1 provides the mineralogical composition of the sandstone

according to X-ray diffraction (SmartLab diffractometer, 3 kW,
200 VAC ± 10%, 50/60 Hz, 30 A). The main mineral in the
Berea sandstone is quartz with small amounts of clay and pyrite.
Prior to conducting contact angle measurement on a surface

of Berea sandstone, the rock was sliced into a thin section,
approximately 1−2 mm in thickness, and then fixed on an object
glass using epoxy resin. The epoxy was left to cure for at least 3 h
in the oven at 30 °C. The Berea sandstone surface was then
polished using 600 grit sandpaper to create a smoother surface.
Finally, the thin section was cleaned by using compressed air to
remove any debris.
2.1.2. Surfactant. An alkyl ethoxy carboxylic (AEC) anionic

surfactant (Figure 1) was formulated in the Enhanced Oil

Recovery Laboratory at the Bandung Institute of Technology,
which was manufactured by PT. Rakhara Chemical Technology,
Indonesia. The polar (hydrophilic) headgroup, a carboxylic
molecule, has a negative charge, while the nonpolar (hydro-
phobic) tail consists of linear alcohol of the C10−C14 carbon
chains.53,54

The general formula for AEC surfactants is RO-
(CH2CH2O)nCH2COO−M+, where R is an alkyl group
containing C8−C18, which determines the length of the
hydrocarbon chain. The variable n is the average number
between 1 and 15, while n denotes the alkali metal or alkaline
earth metal cations with an oxygen atom.53,54 The molecular
formula of the surfactant is C12H26(OCH2CH2O)7CH2COO−,
with C12H26 as the alkyl group, (OCH2CH2O)7 as the ethoxy
group, and CH2COO− as the carboxylate ion.53,54

2.1.3. TiO2 Nanoparticles. TiO2 NPs were obtained from
XFNano material Tech Co, Ltd., China (≥99% mass fraction),
and the detailed properties are presented in Table 2. To

Table 1. Mineralogical Properties of the Berea Sandstone

mineral concentration [wt %]

quartz 96.33
clay 1.17
pyrite 2.5

Figure 1. Molecular structure of the AEC surfactant. Reprinted from
Herawati et al.54 with permission from Elsevier.

Table 2. TiO2 Properties

surface area
(m2/gr)

pore diameter
(nm)

pore volume
(cm3/gr)

micropore area
(m2/gr)

52.32 13.27 0.103 0.002
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understand the morphology, transition electron microscopy
(TEM; Hitachi HT7700, with a voltage of 40−120 kV and
resolution of 0.204 nm, Hitachi, Japan) was performed to obtain
high-resolution images of TiO2. The images show that the TiO2
particles are spherical (see Figure 2).

2.1.4. Crude Oil and Synthetic Brine. The crude oil was
supplied from the Tempino oil field (Table 3) located in

Indonesia. Three solution types were tested, namely, (1) pure
NaCl solution with a concentration of 8000 ppm, (2) AEC
surfactant solution with concentrations of 0.5−2 wt %, and (3)
AEC surfactant solution mixed with TiO2 NPs using
concentrations from 0 to 500 ppm.
To prepare a pure NaCl solution of 8000 ppm, 8.0 g of a single

reagent-grade NaCl salt (≥99% mass fraction, Merck KGaA
Darmstadt Germany) was dissolved in 1.0 L of demineralized
(DM) water, supplied by the Chemistry Department at the
Bandung Institute of Technology using reverse osmosis
treatment. The solution was then stirred for 60 rpm using a
magnetic stirrer (Thermo Scientific Cimarec type SP131320,
with a speed range of 60−1200 rpm, surface temperature range
of 5−450 °C, and voltage 220/240 V at 50/60 Hz, supplied by

PT. Indolab Utama, Indonesia) for at least 60 min to obtain the
homogeneous solution.
The surfactant solutions were prepared by dissolving AEC

surfactant (0.5−2 wt %) in the pure NaCl solution of (8000
ppm). The AEC surfactant was weighed using a digital balance
(Fujitsu FSR-A Precision balance with a capacity of 220 g and a
readability of 0.001 g, supplied by PT Interskala Mandiri,
Indonesia) and stirred in a NaCl solution using a magnetic
stirrer for 60 min to obtain the homogeneous solution.
Ultrasonication (Krisbow ultrasonicator, 220 V, 50 W, 42
kHz, Krisbow, Indonesia) was employed to prepare the
surfactant solution containing TiO2 NPs and homogenize the
mixed solution. All AEC surfactant solutions mixed with TiO2
NPs were sonicated for 60 min and then stirred with a magnetic
stirrer for another 30 min. The pH and conductivity (σw) of all
the tested solutions (Table 4) were measured using a HI98181
pH meter (accuracy of ±0.01 pH, HANNA Instruments Co.,
Ltd., Korea,) and EutechTM CON700 conductivity meter
(accuracy of ±1%, Thermo Fisher Scientific Co., Ltd., USA)
under ambient conditions (temperature of 25 °C and pressure of
0.1 MPa).

2.2. Methods. 2.2.1. Interfacial Tension Measurement. A
spinning drop tensiometer with a speed and temperature
accuracy of ±3 rpm and ±0.5 °C (TX500D, KINO, USA) was
used to measure the IFT of the crude oil−water before and after
adding TiO2/AEC surfactant solution at a reservoir temperature
of 68.3 °C, as illustrated in Figure 3. To reduce the

contamination bias, the tube was cleaned with toluene, followed
by acetone and DM water, and then dried before each IFT
measurement. The TiO2/AEC surfactant was injected into the
capillary tube until it was filled, and the crude oil was injected
after that using a micro syringe with a volume of 2 μL. The test
was then run for 30 min at 3000 rpm. The IFT of the tested
solution was obtained by analyzing the image of the oil in the

Figure 2. TEM image of TiO2 nanoparticles.

Table 3. Characteristic Properties of the Tempino Oil Field4

oil characteristics value

SARA
saturated 71.60%
aromatics 25.49%
resins 2.14%
asphaltenes 0.78%
EACN (equipment alkane carbon number) 8.29
TAN (total acid number) 1.23 mg KHO/g
viscosity 0.90 cP (66 °C)
API gravity 43.45

Table 4. PH and Conductivity Values for all Tested Experimental Conditionsa

solution TiO2 concentration (ppm) pH value σw (mS/m)

NaCl brine 8000 ppm 6.28 ± 0.1 14.25 ± 0.01
AEC surfactant 1.25 wt % 0 4.69 ± 0.1 7.37 ± 0.01

100 4.76 ± 0.1 7.62 ± 0.01
250 4.73 ± 0.1 7.74 ± 0.01
500 4.75 ± 0.1 8.03 ± 0.01

aThe reported uncertainties of pH and σw are based on the measurement repeatability.

Figure 3. Experimental setup used for interfacial tension measurement.
(a) Computer; (b) spinning drop tensiometer TX-500D; (#1) camera;
(#2) sample; and (#3) light source.
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TiO2 NPs/AEC surfactant using Interfacial Tension TX500D
software.
2.2.2. Contact Angle Measurement. A Theta One Attention

Optical Tensiometer (Accuracy of ±0.1°, Biolin Scientific, UK)
was used to measure the contact angle, as depicted in Figure 4.

Prior to conducting the measurement, the contact angle cell was
heated at 68.3 °C (reservoir temperature) for at least one hour to
ensure a constant temperature during the experiment. The thin
section of Berea and the micro syringe filled with the tested
solution were placed into the heated contact angle cell for
another hour to condition the temperature of the thin section
and the tested solution. A TiO2 NPs/AEC surfactant solution
droplet was then dispensed on top of the thin Berea section
using the micro syringe, and all images of the process were
recorded using One Attention software. The contact angle was
obtained by analyzing the captured image of the droplet on the
rock surface. To ensure no contaminants bias, the micro syringe
and thin section of Berea were replaced with a new clean syringe
and a new uncontaminated thin section of Berea after each
measurement. In addition, the contact angle measurement was
repeated at least two times to determine the experimental
repeatability.

3. RESULTS AND DISCUSSION
3.1. Interfacial tension. Various concentrations of the AEC

surfactant were tested from 0.5 to 2 wt % to determine the
surfactant’s critical micelle concentration (CMC; Figure 5). The
CMC of the AEC surfactant was obtained at the concentration
of 1.25 wt %, exhibiting the smallest measured IFT value of 2.7×
10−3 mN/m. To enhance the effect of TiO2 NPs on the IFT, the
AEC surfactant with the CMC (1.25 wt %) was then mixed with
various concentrations of TiO2 NPs (Table 5 and Figure 6).
Figure 6 shows that the IFT of the AEC surfactant combined

with TiO2 NPs decreases with increasing TiO2 concentration.
Thus, the presence of TiO2 NPs enhances the ability of the AEC
surfactant to reduce IFT in the oil−water system. This can be
attributed to the adsorption of the surfactant onto the NPs. The
reduction of IFT may be explained by considering that NPs
become more hydrophobic after adsorbing positively charged of
surfactant molecules, consistent with the argument from the
previous studies of Al-Anssari et al.28 and Moghadam and
Azizian55 The reduction of IFT in the oil−water system also

impacts the ability of oil to easily flow through the small pores
and yield additional oil recovery (Figure 7).

3.2. Contact Angle. The contact angle indicates the
wettability and the extent to which it is altered. In this study, a
contact angle test was performed to determine the effect of
adding TiO2 NPs to altering the wettability of the surfactant
(Table 6 and Figure 8). Figure 8 shows that the contact angle
slightly decreases with the addition of TiO2 NPs in the AEC
surfactant solution. Note that increasing the TiO2 concentration
in the AEC surfactant does not significantly alter the contact
angle but the value remains lower than that for the AEC

Figure 4. Schematic of the experimental setup used for the contact
angle measurement; (#1) Computer with drop image program; (#2)
camera; (#3) micro syringe; (#4) thin section of rock sample; (#5)
substrate; and (#6) light source.

Figure 5. IFT of the oil−water system with AEC surfactant
concentrations in the range of 0.5−2 wt %.

Table 5. Summary of IFT Measurements for Various
Concentrations of TiO2 NPs Combined with 1.25 wt % AEC
Surfactant Solution

surfactant
nano

particles
concentration of NPs

(%) IFT (mN/m)

AEC 1.25 wt % TiO2 0 2.7 × 10−3

100 1.31 × 10−3

250 8.50 × 10−4

500 5.85 × 10−5

Figure 6. Interfacial tension of the oil−water system at different TiO2
NPs concentrations mixed with the AEC surfactant 1.25 wt %.

Figure 7. Illustration of crude oil in porous media and the effect of IFT
reduction using the TiO2 NPs/AEC surfactant.
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surfactant alone. The presence of TiO2 NPs on the wedge film
also made the Berea sandstone more water-wet as a result of the
layering and structuring of the TiO2 NPs, which increased the
structural disjoining pressure. The structural disjoining pressure
gradient or film tension gradient (Figure 9) directed toward the
wedge from the bulk solution is the driving force for the
spreading of the nanofluid; thus, the film tension is high toward
the vertex owing to the nanoparticle structuring in the wedge
confinement. As the film tension increases toward the wedge’s
vertex, the nanofluid spreads toward the wedge tip, improving
the dynamic spreading characteristic of the nanofluid and
causing the oil droplet to be released from the pore surface of the
rock. This argument is also consistent with the study reported by
Wasan et al.52

4. CONCLUSIONS
The addition of TiO2 NPs to the AEC surfactant was
investigated herein. The results and conclusions can be
summarized as follows:

1. TiO2 NPs improve the ability of the AEC surfactant to
reduce the IFT between the oil and water system by two-

order magnitude, from 1.31× 10−3 to 5.85× 10−5 mN/m,
which later can be translated to reducing the capillary
number and yield to additional oil recovery.

2. The TiO2 NPs reduce the contact angle of the AEC
surfactant solution on the Berea sandstone, from 29.7° to
8.8°. This result indicates that adding TiO2 NPs into the
AEC surfactant can shift the wetting state of the system to
be more water-wet, which preferentially is a better
condition to gain additional oil recovery.

3. The addition of TiO2 NPs to the AEC surfactant has the
potential to be applied in EOR technology and increase
oil production by removingmore trapped oil in subsurface
oil reservoirs.

Future experimental work involves testing the addition of
TiO2 NPs in the AEC surfactant using an intact natural Berea
sandstone in a one-dimensional displacement coreflooding
apparatus. This experiment can help estimate the amount of
trapped oil that can be recovered from natural porous media
using the combination of TiO2 NPs and the AEC surfactant.
Moreover, additional data must be obtained for higher ionic
strength and complex brine compositions to determine the effect
of divalent ions and ionic strength on the interfacial properties of
the TiO2/AEC surfactant in the oil−water-rock system.
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Figure 8. Contact angle measurements of AEC surfactant 1.25 wt %
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Figure 9. (a) Illustration of structural disjoining pressure gradient mechanism among crude oil and TiO2 NPs/AEC surfactant solution in the aqueous
phase due to nanoparticle structuring in the wedge-film, adapted fromWasan et al.52 with permission from Elsevier. (b) Illustration of an oil droplet to
be released from the pore surface of the rock due to disjoining pressure.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05365
ACS Omega 2023, 8, 38539−38545

38543

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taufan+Marhaendrajana"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:tmarhaendrajana@itb.ac.id
mailto:tmarhaendrajana@itb.ac.id
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rima+Megayanti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0000-0708-5869
https://orcid.org/0009-0000-0708-5869
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miftah+Hidayat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ndaru+Cahyaningtyas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mahruri+Sanmurjana"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05365?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05365?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05365?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05365?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05365?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05365?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05365?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05365?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05365?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Mahruri Sanmurjana − Enhanced Oil Recovery Laboratory,
Faculty of Mining and Petroleum Engineering, Bandung
Institute of Technology, Bandung 40116, Indonesia

Zeta Nur Muhammad Yahya − Enhanced Oil Recovery
Laboratory, Faculty of Mining and Petroleum Engineering,
Bandung Institute of Technology, Bandung 40116, Indonesia

Fuja Sagita − Division of Inorganic and Physical Chemistry,
Faculty of Mathematics and Natural Sciences, Bandung
Institute of Technology, Bandung 40116, Indonesia

Grandprix ThomryesMarth Kadja−Division of Inorganic and
Physical Chemistry, Faculty of Mathematics and Natural
Sciences and Research Center for Nanosciences and
Nanotechnology, Bandung Institute of Technology, Bandung
40116, Indonesia; orcid.org/0000-0003-0264-2739

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.3c05365

Author Contributions
R.M.: Conceptualization, Data curation, Formal analysis,
Investigation, Validation, Visualization, Writing−original draft,
Writing−review and editing. M.H.: Formal analysis, Data
curation, Investigation, Writing−original draft, Writing−review
and editing. N.C.: Conceptualization, Data curation, Inves-
tigation. M.S.: Data curation, Investigation. Z.N.M.Y.: Data
curation, Investigation. F.S.: Data curation, Investigation.
G.T.M.K.: Data curation, Writing−review and editing. T.M.:
Conceptualization, Methodology, Formal analysis, Resources,
Data curation, Supervision, Validation, Writing−review and
editing, Funding acquisition.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors would like to express our gratitude and appreciation
to the Bandung Institute of Technology for funding and
supporting this research. Also, the authors thank Oil and Gas
Research Consortium (OGRINDO) ITB and Enhanced Oil
Recovery Laboratory ITB for access to the experimental
apparatus.

■ REFERENCES
(1) Alvarado, V.; Manrique, E. Enhanced Oil Recovery: Field Planning
and Development Strategies; Gulf Professional Publishing, 2010; pp 7−
16.
(2) Sharma, T.; Iglauer, S.; Sangwai, J. S. Silica Nanofluids in an
Oilfield Polymer Polyacrylamide: Interfacial Properties, Wettability
Alteration, and Applications for Chemical Enhanced Oil Recovery. Ind.
Eng. Chem. Res. 2016, 55 (48), 12387−12397.
(3) Sheng, J. Modern Chemical Enhanced Oil Recovery: Theory and
Practice; Gulf professional publishing: United State, 2011; pp 4−11.
(4) Manshad, A. K.; Rezaei, M.; Moradi, S.; Nowrouzi, I.;
Mohammadi, A. H. Wettability Alteration and Interfacial Tension
(IFT) Reduction in Enhanced Oil Recovery (EOR) Process with Ionic
Liquid Flooding. J. Mol. Liq. 2017, 248, 153 DOI: 10.1016/
j.molliq.2017.10.009.
(5) Swadesi, B.; Marhaendrajana, T.; Siregar, H. P. S.; Mucharam, L.
The Effect of Surfactant Characteristics on IFT to Improve Oil
Recovery in Tempino Light Oil Field Indonesia. J. Eng. Technol. Sci.
2015, 47 (3), 250−265.
(6) Song, Binglei; Hu, Xin; Shui, Xiangqiang; Cui, Zhenggang; Wang,
Zhijun A New Type of Renewable Surfactant for Enhanced Oil
Recovery: Dialkylpolyoxyethylene Ether Methyl Carboxyl Betaines.
Colloids Surf., A 2016, 489, 433 DOI: 10.1016/j.colsurfa.2015.11.018.

(7) Kamal, M. S.; Hussein, I. A.; Sultan, A. S. Review on Surfactant
Flooding: Phase Behavior, Retention, IFT, and Field Applications.
Energy Fuels 2017, 31, 7701−7720.
(8) Bou-Mikael, S.; Asmadi, F.; Mawoto, D.; Cease, C. Minas
surfactant field trial tests two newly designed surfactants with high EOR
potential. SPE asia pasific oil gas Conf Exhib. 2000, 7, 64288.
(9) Marhaendrajana, T.; Kurnia, R.; Wahyuningrum, D.; Fauzi, I. A
Novel Sulfonated Alkyl Ester Surfactant to Reduce Interfacial Tensions
in a Wide Range Salinity with Monovalent and Divalent Ions. Mod.
Appl. Sci. 2015, 10 (1), 93.
(10)Marten, B.; Tandon, K.; Jain, S.; Handgraaf, J. W.; Fraaije, J. G. E.
M. Surfactant optimization for EOR using advanced chemical
computational methods. SPE - DOE Improv Oil Recover Symp. Proc.
2012, 2, 1195−1206.
(11) Alvarez, J. O.; Neog, A.; Jais, A.; Schechter, D. S. Impact of
surfactants for wettability alteration in stimulation fluids and the
potential for surfactant EOR in unconventional liquid reservoirs. Soc.
Pet Eng. - SPE USA Unconv Resour Conf. 2014, 6, 468−485.
(12) Seethepalli, A.; Adibhatla, B.; Mohanty, K. K. Wettability
alteration during surfactant flooding of carbonate reservoirs. SPE - DOE
Improv Oil Recover Symp. Proc. 2004, 5, 1−10.
(13) Haghighi, O. M.; Zargar, G.; Manshad, A. K.; Ali, M.; Takassi, M.
A.; Ali, J. A.; Keshavarz, A. Effect of Environment-Friendly Non-Ionic
Surfactant on Interfacial Tension Reduction andWettability Alteration;
Implications for Enhanced Oil Recovery. Energies 2020, 13, 3988
DOI: 10.3390/en13153988.
(14) Yekeen, N.; Elakkari, A. M. A.; Khan, J. A.; Ali, M.; Al-Yaseri, A.;
Hoteit, H. Experimental and Computational Fluid Dynamics
Investigation of Mechanisms of Enhanced Oil Recovery via Nano-
particle-Surfactant Solutions. Energy Fuels 2023, 37, 5114−5129.
(15)Nourinia, A.; Manshad, A. K.; Shadizadeh, S. R.; Ali, J. A.; Iglauer,
S.; et al. Synergistic Efficiency of Zinc Oxide/Montmorillonite
Nanocomposites and a New Derived Saponin in Liquid/Liquid/Solid
Interface-Included System: Application in Nanotechnology Assisted
Enhanced Oil Recovery. ACS Omega 2022, 7, 24951−24972.
(16) Mohanty, U. S.; Awan, F. U. R.; Ali, M.; Aftab, A.; Keshavarz, A.;
Iglauer, S. Physicochemical Characterization of Zirconia Nanoparticle-
Based Sodium Alginate Polymer Suspension for Enhanced Oil
Recovery. Energy Fuels 2021, 35, 19389−19398.
(17) Jha, N. K.; Ali, M.; Iglauer, S.; Lebedev,M.; Roshan, H.; Barifcani,
A.; Sangwai, J. S.; Sarmadivaleh, M. Wettability Alteration of Quartz
Surface by Low-Salinity Surfactant Nanofluids at High-Pressure and
High-Temperature Conditions. Energy Fuels 2019, 33, 7062−7068.
(18) Ehtesabi, H.; Ahadian,M.M.; Taghikhani, V. Enhanced heavy oil
recovery using TiO2 nanoparticles: Investigation of deposition during
transport in core plug. Energy Fuels 2015, 29 (1), 1−8.
(19) Sircar, A.; Rayavarapu, K.; Bist, N.; Yadav, K.; Singh, S.
Applications of nanoparticles in enhanced oil recovery. Pet Res. 2022, 7
(1), 77−90, DOI: 10.1016/j.ptlrs.2021.08.004.
(20) Panchal, H.; Patel, H.; Patel, J.; Shah, M. A systematic review on
nanotechnology in enhanced oil recovery. Pet Res. 2021, 6 (3), 204−
212, DOI: 10.1016/j.ptlrs.2021.03.003.
(21) Davoodi, S.; Al-Shargabi, M.; Wood, D. A.; Rukavishnikov, V. S.;
Minaev, K. M. Experimental and field applications of nanotechnology
for enhanced oil recovery purposes: A review. Fuel 2022, 324,
No. 124669.
(22) Cheraghian, G.; Rostami, S.; Afrand, M. Nanotechnology in
enhanced oil recovery. Processes 2020, 8 (9), 1073 DOI: 10.3390/
pr8091073.
(23) Cheraghian, G.; Kiani, S.; Nassar, N. N.; Alexander, S.; Barron, A.
R. Silica Nanoparticle Enhancement in the Efficiency of Surfactant
Flooding of Heavy Oil in a Glass Micromodel. Ind. Eng. Chem. Res.
2017, 56 (30), 8528−8534.
(24) Hosseini, M. S.; Khazaei, M.; Misaghi, M.; Koosheshi, M. H.
Improving the stability of nanofluids via surface-modified titanium
dioxide nanoparticles for wettability alteration of oil-wet carbonate
reservoirs. Mater. Res. Express. 2022, 9 (3), No. 035005.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05365
ACS Omega 2023, 8, 38539−38545

38544

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zeta+Nur+Muhammad+Yahya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fuja+Sagita"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Grandprix+Thomryes+Marth+Kadja"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0264-2739
https://pubs.acs.org/doi/10.1021/acsomega.3c05365?ref=pdf
https://doi.org/10.1021/acs.iecr.6b03299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.6b03299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.6b03299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molliq.2017.10.009
https://doi.org/10.1016/j.molliq.2017.10.009
https://doi.org/10.1016/j.molliq.2017.10.009
https://doi.org/10.1016/j.molliq.2017.10.009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molliq.2017.10.009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5614/j.eng.technol.sci.2015.47.3.2
https://doi.org/10.5614/j.eng.technol.sci.2015.47.3.2
https://doi.org/10.1016/j.colsurfa.2015.11.018
https://doi.org/10.1016/j.colsurfa.2015.11.018
https://doi.org/10.1016/j.colsurfa.2015.11.018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.7b00353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.7b00353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5539/mas.v10n1p93
https://doi.org/10.5539/mas.v10n1p93
https://doi.org/10.5539/mas.v10n1p93
https://doi.org/10.3390/en13153988
https://doi.org/10.3390/en13153988
https://doi.org/10.3390/en13153988
https://doi.org/10.3390/en13153988?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.3c00136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.3c00136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.3c00136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c07182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c07182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c07182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.1c07182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.1c02724?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.1c02724?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.1c02724?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.9b01102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.9b01102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.9b01102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef5015605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef5015605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ef5015605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ptlrs.2021.08.004
https://doi.org/10.1016/j.ptlrs.2021.08.004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ptlrs.2021.03.003
https://doi.org/10.1016/j.ptlrs.2021.03.003
https://doi.org/10.1016/j.ptlrs.2021.03.003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fuel.2022.124669
https://doi.org/10.1016/j.fuel.2022.124669
https://doi.org/10.3390/pr8091073
https://doi.org/10.3390/pr8091073
https://doi.org/10.3390/pr8091073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/pr8091073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.7b01675?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.7b01675?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/2053-1591/ac4fdf
https://doi.org/10.1088/2053-1591/ac4fdf
https://doi.org/10.1088/2053-1591/ac4fdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05365?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(25) El-Diasty, A. I.; Aly, A. M. Understanding the mechanism of
nanoparticles applications in enhanced oil recovery. Soc. Pet Eng. - SPE
North Africa Tech Conf Exhib, NATC 2015, 9, 944−962.
(26) Xian, H. W.; Sidik, N. A. C.; Saidur, R. Impact of Different
Surfactant and Ultrasonication time on the Stability and Thermophys-
ical Properties of Hybrid Nanofluids. Int. Commun. Heat Mass Transfer
2020, 110, No. 104389.
(27) Yekeen, N.; Salampessy, S. N.; Bakar, A. H. A.; Ali, M.; Okunade,
O. A.; Musa, S. A.; Bavoh, C. B. Synthesis and Pore-scale Visualization
Studies of Enhanced Oil Recovery Mechanisms of Rice Straw Silica
Nanoparticles. Geoenergy Sci. Eng. 2023, 221, No. 111292,
DOI: 10.1016/j.petrol.2022.111292.
(28) Al-Anssari, S.; Wang, S.; Barifcani, A.; Iglauer, S. Oil-water
interfacial tension of silica nanoparticles-surfactant formulations.
Tenside, Surfactants, Deterg. 2017, 54, 334−341.
(29) Olayiwola, S. O; Dejam, M. Synergistic interaction of
nanoparticles with low salinity water and surfactant during alternating
injection into sandstone reservoirs to improve oil recovery and reduce
formation damage. J. Mol. Liq. 2020, 317, No. 114228.
(30) Nazarahari, M. J.; Manshad, A. K.; Ali, M.; Ali, J. A.; et al. Impact
of a Novel Biosynthesized Nanocomposite (SiO2@Montmorilant@
Xanthan) on Wettability Shift and Interfacial Tension; Applications for
Enhanced Oil Recovery. Fuel 2021, 298, No. 120773.
(31) Yahya, Z. N.M.; Puspaseruni, N. P.; Kurnia, R.; et al. The effect of
aluminosilicate in anionic−nonionic surfactant mixture on wetness and
interfacial tension in its application for enhanced oil recovery. Energy
Rep. 2022, 8, 1013−1025.
(32) Jha, N. K.; Lebedev,M.; Iglauer, S.; Ali, M.; Roshan, H.; Barifcani,
A.; Sangwai, J. S.; Sarmadivaleh, M. Pore Scale Investigation of Low
Salinity Surfactant Nanofluid Injection into Oil Saturataed Sandstone
via X-ray Micro-Tomography. J. Colloid Interface Sci. 2020, 562, 370−
380.
(33) Al-Anssari, S.; Ali, M.; Alajmi, M.; Akhondzadeh, H.; Manshad,
A. K.; et al. Synergistic Effect of Nanoparticles and Polymers on the
Rheological Properties of Injection Fluids: Implications for Enhanced
Oil Recovery. Energy Fuels 2021, 35, 6125−6135.
(34) Al-Anssari, S.; Joondalup; Arain, Z.; et al. Effect of Nanoparticles
on the Interfacial Tension of CO2-Oil System at High Pressure and
Temperature; An Experimental Approach. SPE Asia Pacific Oil and Gas
Conference and Exhibition 2020, 1−11.
(35) Al-Anssari, S.; Arain, Z.; Barifcani, A.; Ali, M.; et al. Influence of
Pressure and Temperature on CO2-Nanofluid Interfacial Tension:
Implicatipn for Enhanced Oil Recovery and Carbon Geosequenstra-
tion. SPE-Abu Dhabi International Petroleum Exhibition and Conference
2018, 1−9.
(36) Zargartalebi, M.; Barati, N.; Kharrat, R. Influences of hydrophilic
and hydrophobic silica nanoparticles on anionic surfactant properties:
Interfacial and adsorption behaviors. J. Pet Sci. Eng. 2014, 119, 36−43.
(37) Mahmoudi, S.; Jafari, A.; Javadian, S. Temperature effect on
performance of nanoparticle/surfactant flooding in enhanced heavy oil
recovery. Pet Sci. 2019, 16 (6), 1387−1402.
(38) Hirasaki, G. J. Wettability: fundamentals and surface forces. SPE
Form Eval. 1991, 6 (2), 217−226, DOI: 10.2118/17367-PA.
(39) Jackson, M. D.; Al-Mahrouqi, D.; Vinogradov, J. Zeta potential in
oil-water-carbonate systems and its impact on oil recovery during
controlled salinity water-flooding. Sci. Rep. 2016, 6, 37363
DOI: 10.1038/srep37363.
(40) Derjaguin, B. V.; Churaev, N. V. Structural component of
disjoining pressure. J. Colloid Interface Sci. 1974, 49 (2), 249−255.
(41) Voinov, O. V. Wetting film dynamics. J. Colloid Interface Sci.
2000, 226 (1), 29−34.
(42) Starov, V. M.; Kalinin, V. V.; Chen, J. Spreading of liquid drops
over dry surfaces. Adv. Colloid Interface Sci. 1994, 50, 187−221.
(43) Chengara, A.; Nikolov, A. D.; Wasan, D. T.; Trokhymchuk, A.;
Henderson, D. Spreading of nanofluids driven by the structural
disjoining pressure gradient. J. Colloid Interface Sci. 2004, 280 (1), 192−
201.
(44) Vinothini, K.; Daisy, E. R. A. C.; Rajan, M.Mechanism of Loading
and Release in Nanocontainers; Elsevier Inc., 2019; pp 67−68.

(45) Donaldson, E. C.; Alam, W. Wettability. Elsevier Inc., 2008; pp
57−119.
(46) Hidayat, M.; Sarmadivaleh, M.; Derksen, J.; Vega-Maza, D.;
Iglauer, S.; Vinogradov, J. Zeta potential of CO2-rich aqueous solutions
in contact with intact sandstone sample at temperatures of 23 and 40 °C
and pressures up to 10.0 MPa. J. Colloid Interface Sci. 2022, 607, 1226−
1238.
(47) Vinogradov, J.; Jackson, M. D.; Chamerois, M. Zeta potential in
sandpacks: Effect of temperature, electrolyte pH, ionic strength and
divalent cations. Colloids Surf., A 2018, 553, 259−271.
(48) Hidayat, M.; Sarmadivaleh, M.; Derksen, J.; Vega-Maza, D.;
Iglauer, S.; Vinogradov, J. Zeta Potential of a Natural Clayey Sandstone
Saturated With Carbonated NaCl Solutions at Supercritical CO2
Conditions. Geophys. Res. Lett. 2022, 49 (15), No. e2022GL099277.
(49) Vinogradov, J.; Hidayat, M.; Kumar, Y.; Healy, D.; Comte, J. C.
Laboratory measurements of zeta potential in fractured lewisian gneiss:
Implications for the characterization of flow in fractured crystalline
bedrock. Appl. Sci. 2022, 12 (1), 180.
(50) Li, S.; Collini, H.; Jackson, M. D. Anomalous Zeta Potential
Trends in Natural Sandstones. Geophys. Res. Lett. 2018, 45 (20),
11068−11073, DOI: 10.1029/2018GL079602.
(51) Vinogradov, J.; Hidayat, M.; Sarmadivaleh, M.; et al. Predictive
surface complexation model of the calcite-aqueous solution interface:
The impact of high concentration and complex composition of brines. J.
Colloid Interface Sci. 2022, 609, 852−867.
(52) Wasan, D.; Nikolov, A.; Kondiparty, K. The wetting and
spreading of nanofluids on solids: Role of the structural disjoining
pressure. Curr. Opin. Colloid Interface Sci. 2011, 16 (4), 344−349.
(53) Company, G. United States Patent. 1993, 741.
(54) Herawati, I.; Permadi, P.; Rochliadi, A.; Marhaendrajana, T.
Adsorption of anionic surfactant on sandstone reservoir containing clay
minerals and its effect on wettability alteration. Energy Reports. 2022, 8,
11554−11568.
(55) Moghadam, T. F.; Azizian, S. Effect of ZnO Nanoparticle and
Hexadecyltrimethylammonium Bromide on the Dynamic and Equili-
briumOil-Water Interfacial Tension. J. Phys. Chem. B 2014, 118, 1527−
1534, DOI: 10.1021/jp4106986.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05365
ACS Omega 2023, 8, 38539−38545

38545

https://doi.org/10.1016/j.icheatmasstransfer.2019.104389
https://doi.org/10.1016/j.icheatmasstransfer.2019.104389
https://doi.org/10.1016/j.icheatmasstransfer.2019.104389
https://doi.org/10.1016/j.petrol.2022.111292
https://doi.org/10.1016/j.petrol.2022.111292
https://doi.org/10.1016/j.petrol.2022.111292
https://doi.org/10.1016/j.petrol.2022.111292?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3139/113.110511
https://doi.org/10.3139/113.110511
https://doi.org/10.1016/j.molliq.2020.114228
https://doi.org/10.1016/j.molliq.2020.114228
https://doi.org/10.1016/j.molliq.2020.114228
https://doi.org/10.1016/j.molliq.2020.114228
https://doi.org/10.1016/j.fuel.2021.120773
https://doi.org/10.1016/j.fuel.2021.120773
https://doi.org/10.1016/j.fuel.2021.120773
https://doi.org/10.1016/j.fuel.2021.120773
https://doi.org/10.1016/j.egyr.2021.11.269
https://doi.org/10.1016/j.egyr.2021.11.269
https://doi.org/10.1016/j.egyr.2021.11.269
https://doi.org/10.1016/j.jcis.2019.12.043
https://doi.org/10.1016/j.jcis.2019.12.043
https://doi.org/10.1016/j.jcis.2019.12.043
https://doi.org/10.1021/acs.energyfuels.1c00105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.1c00105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.1c00105?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.petrol.2014.04.010
https://doi.org/10.1016/j.petrol.2014.04.010
https://doi.org/10.1016/j.petrol.2014.04.010
https://doi.org/10.1007/s12182-019-00364-6
https://doi.org/10.1007/s12182-019-00364-6
https://doi.org/10.1007/s12182-019-00364-6
https://doi.org/10.2118/17367-PA
https://doi.org/10.2118/17367-PA?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/srep37363
https://doi.org/10.1038/srep37363
https://doi.org/10.1038/srep37363
https://doi.org/10.1038/srep37363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0021-9797(74)90358-0
https://doi.org/10.1016/0021-9797(74)90358-0
https://doi.org/10.1006/jcis.2000.6728
https://doi.org/10.1016/0001-8686(94)80030-8
https://doi.org/10.1016/0001-8686(94)80030-8
https://doi.org/10.1016/j.jcis.2004.07.005
https://doi.org/10.1016/j.jcis.2004.07.005
https://doi.org/10.1016/j.jcis.2021.09.076
https://doi.org/10.1016/j.jcis.2021.09.076
https://doi.org/10.1016/j.jcis.2021.09.076
https://doi.org/10.1016/j.colsurfa.2018.05.048
https://doi.org/10.1016/j.colsurfa.2018.05.048
https://doi.org/10.1016/j.colsurfa.2018.05.048
https://doi.org/10.1029/2022GL099277
https://doi.org/10.1029/2022GL099277
https://doi.org/10.1029/2022GL099277
https://doi.org/10.3390/app12010180
https://doi.org/10.3390/app12010180
https://doi.org/10.3390/app12010180
https://doi.org/10.1029/2018GL079602
https://doi.org/10.1029/2018GL079602
https://doi.org/10.1029/2018GL079602?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcis.2021.11.084
https://doi.org/10.1016/j.jcis.2021.11.084
https://doi.org/10.1016/j.jcis.2021.11.084
https://doi.org/10.1016/j.cocis.2011.02.001
https://doi.org/10.1016/j.cocis.2011.02.001
https://doi.org/10.1016/j.cocis.2011.02.001
https://doi.org/10.1016/j.egyr.2022.08.268
https://doi.org/10.1016/j.egyr.2022.08.268
https://doi.org/10.1021/jp4106986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp4106986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp4106986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp4106986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05365?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

