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ABSTRACT: Anatase and amorphous TiO2 nanoparticles were used to improve recovery of heavy oil from sandstone cores.
Before performing core floods, the stability of nanoparticles at different salinities was tested using ζ potential and ultraviolet−
visible (UV−vis) methods. While water recovered only 49% of the oil in the core flood experiments, 0.01% anatase structure
solution recovered 80% of the oil after injecting two pore volumes at optimum conditions. To understand the mechanism
responsible for improved recovery, contact angle measurements were performed on the rock surface before and after treatment
with the nanoparticle solution. Contact angle measurements showed that the rock wettability changed from oil-wet to water-wet
conditions after treatment with nanoparticles. In 0.01% concentration, scanning electron microscopy (SEM) results showed
homogeneous deposition of nanoparticles onto the core plug surface and a few nanorods with a diameter about 60 nm were
observed. Energy-dispersive spectrometry (EDS) confirms diffusion of nanoparticles in porous media and uniform distribution.
When the nanoparticle concentration was increased, more nanorods with the same diameter were composed, which resulted in
plugging to occur. These results indicated the possibility of TiO2 application in enhanced oil recovery (EOR); however, more
investigation is required to overcome multi-nanoparticle deposition onto pores.

1. INTRODUCTION

In many of the world’s reservoirs, approximately two-thirds of
the oil in place cannot be recovered by conventional production
methods. Hence, there is a huge potential for enhanced oil
recovery (EOR) techniques in mature oil fields.1 Because water
flooding recovery methods are relatively inexpensive, they are
reasonable choices for EOR after the primary production
period.2 The efficiency of the water flooding process can be
enhanced using some chemical agents, such as alkaline,
surfactants, and polymers. When these chemicals are added
to the injecting water, the wettability of the rock surface can be
altered to a more water-wet state. Polymers increase the
viscosity of injected water and can improve sweep efficiency in
heterogeneous and viscous oil reservoirs. Surfactants are mainly
employed to reduce interfacial tension, leading to additional
mobilization of oil initially trapped by capillary forces in the
rock matrix.3

The critical difficulties in using polymers in reservoirs are
chemical degradation and thermal degradation of the polymer.4

Furthermore, typical polymers used in flooding applications
have a molecular weight of 10−25 million Da, which make
problems in low-permeability reservoirs.5 Surfactant flooding
processes become challenging in hard salinity and high
temperatures, which raise the loss of effectiveness and possible
plugging.3 Additionally, conventional surfactants for EOR are
also sensitive to hydrolysis. Thus, there is a need for developing
new cost-effective materials for high-temperature, high-hard-
ness, and low-permeability reservoirs.
Nanotechnology can contribute to more efficient, less

expensive, and more environmentally EOR methods. The
diameters of pores in normal oil reservoirs are generally in the
order of micrometers; therefore, nanoparticles can flow through

them. In addition, nanoparticles have a large surface/volume
ratio, which increases surface energy. The adsorption of an
active material on a solid surface can alter the surface energy
and wettability of the system.6

Recently, nanofluids have been introduced and used for EOR
in the laboratory.7−18 Developing a catalytic method for
bitumen recovery with the aid of metallic (W, Ni, and Mo)
colloidal nanoparticles dispersed in water was studied.9 Results
showed the effectiveness of nanocatalysts in viscosity reduction
of bitumen compared to the cases in which no nanoparticles
were implemented. Ponnapati et al. developed water dispersible
SiO2−ethylene-oxide-based polymer nanohybrids. Although
these nanohybrids did not yield high viscosity at determined
concentrations, the authors suggested that higher molecular
weight polymers and a higher grafting density can lead to an
improved viscosity.10

Ju et al. conducted the adsorption experiments of lipophobic
and hydrophilic polysilicon nanoparticles (LHPNs) to testify
the wettability change of the sandstone surface. They
concluded that polysilicon nanoparticles are effective agents
for water injection EOR.11−13 Hydrophilic silica nanoparticles
were used, and some parameters influencing EOR processes,
including size and concentration of nanoparticles, initial core
wettability, and temperature were studied by Hendraningrat et
al.14−16 They came to the conclusion that oil recovery because
of nano-EOR increases by increasing the temperature and also
decreasing the nanoparticle size and nanofluid injection rate.14

In addition, they achieved the highest oil recovery and
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displacement efficiency from intermediate-wet rocks. They
found that oil recovery is not proportional to the nanofluid
concentration, which means that oil recovery enhances when
the nanofluid concentration increases but decreases when the
concentration is higher than a critical value.15

The effect of ZrO2-based nanofluids on the wettability
alteration of a carbonate reservoir rock was experimentally
studied by Karimi et al. It was shown that nanofluids could
change the wettability of the rock from a strongly oil-wet to a
strongly water-wet condition.17 Giraldo et al. studied
effectiveness of alumina-based nanofluids in altering the
wettability of sandstone cores with an induced oil-wet
wettability. They have shown that nanofluids could change
the wettability of the sandstone cores from an oil-wet to a
water-wet condition.18

The huge amount of available literature on changing
wettability using TiO2 surface modification is a good
motivation to check the possibility of using TiO2 nanofluid in
EOR applications.19−21 TiO2 nanoparticles are inexpensive and
environmentally friendly materials widely used in photo-
catalysis, sunscreen, and coating industries for surface
modification.22,23 TiO2 nanoparticles have potential of photo-
catalytic degradation of oil pollution in water under sunlight
irradiance.23 Therefore, the remaining TiO2 nanoparticles could
degrade oil contaminants of water produced during EOR
operation. TiO2 nanoparticles are found in crystalline anatase,
rutile, and brookite structures in addition to amorphous
nanoparticles. Among these structures, the anatase structure
and amorphous nanoparticles are easily available on a large
scale.
In this paper, we used TiO2 nanoparticles for heavy oil

recovery from sandstone core samples. We checked the stability
of nanoparticles in the presence of different salts. We measured
the recovery factor of TiO2 nanofluid flooding. To understand
the mechanism of EOR enhancement, we observed the core
structure before and after flooding by scanning electron
microscopy (SEM). The composition was checked using

energy-dispersive spectroscopy (EDS), X-ray fluorescence
spectroscopy (XRF), and X-ray diffraction (XRD). Contact
angle and viscosity measurements were performed to
investigate the mechanism of nanoparticle influence. These
results are useful in extending the application of nanostructures
in EOR.

2. MATERIALS AND METHODS
2.1. Synthesis and Fabrication of Nanofluids. Colloidal

suspension of TiO2 nanoparticles was synthesized by mixing titanium
tetraisopropoxide (TITP), H2O2, and H2O, with volume proportions
of 12:90:200, respectively. Suspension of amorphous nanoparticles was
obtained in this procedure, which is applicable for EOR without
further treatment. The resulting solution was refluxed for 10 h to
promote the crystallinity.24 To study the stability, the synthesized
TiO2 nanoparticles were kept in a container in the presence of
different salts, namely, NaCl, Na2SO4, KCl, and CaCl2, with different
concentrations for 24 and 48 h. In addition, the stability of TiO2
nanoparticles in NaCl brine was checked at 80 °C up to 48 h. The
stability of nanoparticles was studied afterward using the sedimenta-
tion behavior and, also, by means of ultraviolet−visible (UV−vis)
spectroscopy. All chemicals were purchased from Merck.

2.2. Water Flooding Experiments. EOR experiments were
carried out on the basis of the water flooding routine using a three-
phase relative permeability apparatus from Alberta Research Council
(schematic presented in Figure 1). Three cylinder containers with a
piston plate inside were filled up with brine, nanofluid, and crude oil.
Using a piston plate, pumps were isolated from nanofluid. Moreover,
two different lines were used for oil and brine/nanofluid to prevent
early mixing of them. The system pressure and temperature were
about 1500 psi and 75 ± 1 °C, respectively. Furthermore, the
apparatus dead volume was measured before EOR experiments. Core
flood experiments were performed using a core plug with a diameter of
37.7 mm and length of 31.9 mm. The partially oil-wet surface of the
core plug was confirmed by contact angle measurement with an oil
droplet (see Figure S1 of the Supporting Information). SEM images of
the core plug before water flooding are shown in Figure 2 and Figure
S1 of the Supporting Information which indicates the pore size in the
range of 1 μm. We used a helium porosimeter (from Vinci
Technologies) to determine core porosity to be 23.7%. On the basis
of core porosity, the pore volume of the core plug was calculated to be

Figure 1. Schematic scheme of the flooding setup.
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8.4 mL. The flow rate was set to 0.5 ± 0.01 mL/min to ensure that the
capillary number was low enough. The permeability of the core was 84
mD. Before conducting EOR experiments, core plug washing by a
Soxhlet extractor (using a toluene and methanol solvent) and core
plug drying in an oven at 70 °C were carried out for 4 h. The core plug
was fixed in a stainless-steel core holder and evacuated using a vacuum
pump for 4 h. Then, the core plug was saturated with brine of 5000
ppm. In the next step, heavy oil was injected with a rate of 0.5 mL/
min, until no more water exited. Oil in place was calculated from the
volume of outlet water and dead volume. Brine (5000 ppm) was used
for the first water flooding test. The results of adding 0.01% TiO2
anatase nanoparticles to brine were obtained afterward. Supplementary
tests with 1% TiO2 anatase and 1% TiO2 amorphous have been
performed. The total amount of recovered oil was calculated from the
ratio of measured recovered oil to total oil in place. In addition, the
properties of the oil used in EOR experiments in this study are as

follows: density, 0.92 g/cm3; kinematic viscosity, 44.79 cSt; and
dynamic viscosity, 41.21 cP.

2.3. Characterizations. Size distribution and ζ potential of
nanoparticles in the presence of 10000 ppm NaCl was measured by
Malvern Instrument (Zetasizer Nano ZS). An UV−vis spectrometer
(Lambda 950 from PerkinElmer) was used for measuring optical
transmission of TiO2 nanoparticles dispersed in brines with different
concentrations in a wavelength of 300−800 nm. The concentrations of
dispersed TiO2 were calculated on the basis of these spectra in
different times to identify the stability in the presence of different salts.
To identify the core components, XRF was used from Spectra
Company (Xepos model) using four secondary targets for changing X-
ray excitation. By routine sample heating, the loss of ignition (LOI)
was measured for XRF calculation. To understand the deposits during
core floods, a thin layer of the core plug were milled and XRD data
were collected with a StoeStadi-P transmission X-ray diffractometer,
using Cu Kα1 radiation in the range of 2θ = 20−80° with step size of
0.03°. The instrument was calibrated using Si standard before the
measurements. SEM measurements were performed on a field
emission ZEISS ΣIGMA and also MIRA from TESCAN. Oxford
Instrument was used for EDS analysis. For SEM, each section of the
core plug was ground and coated with gold. To identify the
mechanism of nanoparticles, we measured the viscosity using a DV-
E viscometer from Brookfield. Contact angle measurements were
performed using instruments manufactured by Data Physics model
OCA with a 4 μL droplet volume. We used water or oil droplets to
measure hydrophilicity and hydrophobicity of the rock surface after 10
s of contact time.

3. RESULTS AND DISCUSSION
3.1. Nanoparticle Stability. The nanoparticles were

characterized after 24 and 48 h in the presence of salt to
make the laboratory experiments closer to the real EOR
operational conditions. The size distribution (with a mean

Figure 2. SEM image of core plug before flooding test. More scales are
presented in the Supporting Information.

Figure 3. (a) Size distribution by number and (b) ζ potential of TiO2 anatase with 1% concentration in 10 000 ppm NaCl solution after 48 h.
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diameter of 63 ± 8 nm) and ζ potential of 1% TiO2 anatase in
the presence of 10 000 ppm NaCl is shown in Figure 3. ζ
potential was −10.7 mV, which is an acceptable amount after
48 h. TiO2 nanoparticles showed acceptable stability in the
presence of NaCl and Na2SO4, and no sediment could be seen
in the container after 24 h. On the other hand, the suspension
showed weak stability in the presence of KCl and was unstable
in the presence of CaCl2. The stability of nanoparticles in the
presence of different types of salts depends upon pH and
surface charge of the nanoparticles in the solution. Because the
most applicable brine is NaCl, we focused on it for the rest of
the study. We observed the appearance of the solution changing
from clear to opaque after a few days (Figure 4a). For

quantification of aggregation, Rayleigh scattering was used to
estimate the size of TiO2 nanoparticles in the presence of 10
000 ppm NaCl. We plot the sum of scattering and adsorption
versus the inverse fourth power of wavelength (Figure 4b) and
calculated the slope of the lines. The relation between slope
(m) and size (d) of the two conditions is25

=
⎛
⎝⎜

⎞
⎠⎟

m
m

d
d

1

2

1

2

6

(1)

On the basis of this calculation, the mean size of TiO2
nanoparticles increased from 40 to 48 and 52 nm in the

presence of 10 000 ppm NaCl after 24 and 48 h, respectively.
This increase in the size should lead to sedimentation during
the time. However, 24 h of stability for the water flooding
process is sufficient. We also checked the stability at 80 °C for
48 h, which confirms that the stability of nanoparticles in
operational reservoir conditions is acceptable.

3.2. Macroscopic Measurements: Flooding Tests,
Viscosity, and Contact Angle. On the basis of the
experiments carried out in this study, using 5000 ppm brine
for water flooding test leads to a 49% recovery factor. Using
TiO2 anatase nanoparticles (0.01%) can improve the recovery
factor up to 80%. Using TiO2 anatase nanoparticles (1%) did
not show any impressive effect on the EOR level. However, the
recovery factor of using TiO2 amorphous nanoparticles (1%)
was less than using brine only. Recovery factor results after
flooding tests with different injection materials are shown in
Table 1. To check the effect of cations (dissolved from rock) in

the stability of nanoparticles, we used inductively coupled
plasma (ICP), which indicated that the amounts of dissolved
ions are too low to change the stability of nanoparticles (see
Table S1 of the Supporting Information).
We checked different mechanisms for recovery factor

improvement in this system. First, the nanoparticles may affect
the viscosity of injected fluid. Viscosity measurements in
different revolutions per minute showed that nanofluid with a
concentration up to 2% is Newtonian and the dynamic viscosity
of fluid increased from 1.24 ± 0.02 to 1.70 ± 0.02 cP for a 1%
concentration of TiO2 nanoparticles. This means that, first, the
viscosity of injected fluid do not change significantly and cannot
explain the change in EOR. Second, the nanoparticle
adsorption may change the surface of the rock from oil-wet
to partially water-wet. Contact angle measurements of water
droplets after flooding with 0.01% TiO2 nanofluids showed that
TiO2 deposition reduces the contact angle from 125 ± 3° to 90
± 3° (Figure 5). The contact angle of oil droplets increased
after TiO2 injection, which confirmed surface alteration from
oil-wet to water-wet (not shown). These results predict that,
after the addition of nanoparticles, the surface at the interface of
solid−water−oil becomes partially water-wet because of the
hydroxyl groups at the surface of TiO2 nanoparticles (inset of
Figure 5b).

3.3. Microscopic Characterization: SEM, XRD, and
XRF. SEM and EDS measurements were conducted on the
both sides of the core plug. According to Figures 6 and 7, TiO2
nanoparticles are deposited on the surface of the rock. An EDS
map of Ti shows that TiO2 deposited homogenously onto
stone (Figure 8). EDS analysis from the other side of the core
plug sample indicates that TiO2 nanoparticles are diffused in
porous media in a smaller amount in comparison to the
entrance side. To verify the source of Ti in EDS analysis, we
used XRF to determine the components of the core plug before
injection. XRF results showed 34.36% CaCO3, 33.23% SiO2,
13.24% Al2O3, 7.88% Fe2O3, 4.97% MgO, 2.39% Na2O, and

Figure 4. (a) UV−vis spectra of TiO2 nanoparticles in the presence of
10 000 ppm NaCl in different times and (b) using Rayleigh scattering
relation for estimating the size of nanoparticles.

Table 1. Recovery Factor Results after the Flooding Test
with Different Injection Materials

injected material recovery factor (%)

water 49 ± 10
TiO2 anatase (0.01%) 80 ± 10
TiO2 anatase (1%) 42 ± 10
TiO2 amorphous (1%) 23 ± 10
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1.94% K2O with an error of 0.02% for each element by the
report of the software of the instrument. TiO2 is not a
component of the core plug.

SEM images also show some nanorods with a diameter of 60
nm that were synthesized during the flooding test (Figure 9). It
means that TiO2 nanoparticles converted to TiO2 nanorods. It
seems that TiO2 nanoparticles adjusted to each other and
composed TiO2 nanorods. To understand the mechanism,
TiO2 with a higher weight concentration was analyzed. As we
know, amorphous nanoparticles have less density than
crystalline nanoparticles (because of packing), and its diffusion
is more simple; therefore, we tested amorphous nanoparticles
(1%). It is clear from Figure 10 that a cake was created on the
core plug after the water flooding test using both amorphous
and anatase nanoparticles with 1% (no cake could be observed
on the core plug after the flooding test with 0.01%). Although
the same solutions (TiO2 amorphous and TiO2 anatase) were
placed in the tank at the same pressure and temperature as that
of the water flooding test, no sediment was created in the tank.

Figure 5. Contact angle measurement (a) after water flooding and (b)
after nanofluid containing TiO2 nanoparticles with 0.01% concen-
tration. The inset represents the functional group on TiO2
nanoparticles after adsorption on the rock surface. Hydroxyl groups
make the surface water-wet.

Figure 6. (a) SEM image of the core plug and (b) EDS measurement
after the flooding test with a 0.01% concentration of TiO2
nanoparticles from the entrance side of the core plug.

Figure 7. (a) SEM image of the core plug and (b) EDS measurement
after the flooding test with a 0.01% concentration of TiO2
nanoparticles from the exit side of the core plug. The EDS signal is
obtained from a larger area presented in Figure S3 of the Supporting
Information.

Figure 8. EDS map of Ti after the flooding test with a 0.01%
concentration of TiO2 nanoparticles on the entrance side of the core
plug.
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However, the sediment on the core plug using amorphous
sample (1%) was qualitatively more than that of the anatase
sample (1%). This cake could cause the drastic pressure drop
during the test (no unexpected pressure drop was created in the
flooding test with 0.01%). During the experimental runs, the
pressure drop was higher when TiO2 amorphous nanoparticles
(1%) were used. The SEM results obtained from both cases are
shown in Figure 11. According to the SEM results, the nanorod
formation amplified and these nanorods plugged the pores of
the rock and decreased the EOR level.
It was found from the XRD pattern of composed cake after

the injection of the anatase TiO2 sample that the sediment had
the same structure as TiO2 anatase nanoparticles without any
change in the structure (Figure 12a). However, there are
diffraction peaks in the XRD pattern of the amorphous TiO2
sample after injection. It can be identified as a partially anatase
phase (Figure 12b).26 Using the Debye−Scherrer formula, the
size of TiO2 anatase nanoparticles was calculated to be about 58
nm, which is consistent with the value estimated from the
dynamic light scattering (DLS) result (∼63 nm).
The amount of nanoparticle deposition depends upon the

total amount of injected nanoparticles. The Ti concentration at
the exit side reduces to 1/10 of the concentration at the entrance
side. This indicates that the concentration of Ti reduced
dramatically. The high accumulation of nanoparticles at the
entrance side, which led to blockage and weak diffusion in
porous media, is an important problem in the long-range
injection.
3.4. Mechanism of Rock Surface Alteration. In EOR

process, changing the wettability from oil-wet to partially water-

wet increases the relative permeability for brine and the
recovery factor. Wettability alteration (from super hydrophilic
to super hydrophobic) using TiO2 nanoparticles is a well-
known process, which has been studied in details.27,28 In this
process, water molecules occupy oxygen vacancies at the
surface of TiO2 nanoparticles, producing OH groups, which
make the surface hydrophilic, as schematically illustrated in the
inset of Figure 5b.29 The equilibrium of the hydroxyl group and
oxygen at generated defects of the TiO2 surface controls the
wettability of the surface. The equilibrium should change to the
hydroxyl group in reservoir conditions because of oxygen
deficiency, and the aqueous medium in the presence of aliphatic
chains should stay the same. Although the elevated temperature
(in the range of 100 °C, similar to our experiments) and
darkness make the situation complicated, oxygen is necessary in
making the hydrophobic surface.30 In this way, TiO2 nano-
particles should have the role of hydrophilic material in oil field
conditions.
The system energy is reduced by deposition of TiO2

nanoparticles on the rock surface. Because the average
thickness of deposited TiO2 gives a better view of the
phenomenon, we estimate the internal surface area (s) of the
sandstone rock from the below empirical equation12

Figure 9. SEM image of the core plug after the flooding test with a
0.01% concentration of TiO2 nanoparticles from the entrance side of
the core plug. Nanorods can be seen in the image.

Figure 10. Cake created on the core plug after TiO2 nanoparticles
with a 1% concentration flooding test.

Figure 11. SEM images of the core plug after the flooding test with a
1% concentration of TiO2 nanoparticles from the entrance side of the
core plug. (a) Nanorods plugged the pores, and (b) diameter of one
nanorod was estimated at about 67 nm.
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φ φ=s 7000
K (2)

where φ is porosity and K is permeability of the core plug. On
the basis of the equation and core plug volume (33 cm3), the
surface area of the core plug is about 76 000 cm2. If we calculate
the surface area, which is covered by one layer of injected
nanoparticles, we find 380 cm2 for 0.01% nanoparticle injection
and 38 000 cm2 for 1% nanoparticle injection. On the basis of
this calculation, it seems that wettability alteration of the whole
surface is not necessary for EOR and local surface alteration in
some specific sites may detach the oil. More investigation in
distribution and mass balance of TiO2 nanoparticles is
necessary for clarification of the phenomenon.
These results reveal the possibility of using TiO2 nano-

particles in EOR application in low concentrations. In oil field
application, the distance that nanoparticles should diffuse is
longer. Therefore, modification of TiO2 nanoparticles for long-
range diffusion while avoiding overdeposition should be
performed to alter the core surface with a minimum
concentration of nanoparticles. Because of the high energy
demand, more investigation for TiO2 nanoparticle application,

as an inexpensive and environmentally friendly additive, in
water flooding in oil fields is essential.

4. CONCLUSION

The application of TiO2 nanoparticles for heavy oil recovery
from sandstone core plugs was introduced in this study. The
recovery factor can be improved from 49 to 80% using anatase
nanoparticles. However, when the concentrations of nano-
particles were about 1%, the recovery factor decreased for both
anatase and amorphous particles. It was found that the pressure
drop for 0.01% concentration was insignificant, while it was
substantial because of blockage of the pores by 1% nano-
particles. Viscosity measurement showed that dispersion of the
nanoparticle could not influence the viscosity of water. On the
other hand, contact angle measurements showed that nano-
particle sedimentation changed the wettability of the surface.
SEM showed that nanoparticles were deposited uniformly in
low concentrations but accumulated in high concentrations; a
thick cake was observed as well. The pressure drop increased,
whereas the recovery factor decreased because of the blockage
of porous media. While, in high concentrations, a lot of long
nanorods were observed, smaller nanorods with the same
diameter existed in low concentrations. This indicates that
production of nanorods starts in initial stages of deposition of
nanoparticles. EDS showed that TiO2 could diffuse to the other
side of the core plug, but the concentration decreased. XRD
results showed that the crystal phase and size did not change
for the anatase phase. The interaction and adsorption
mechanism of nanoparticles onto the internal surface of pores
are important in alteration of the rock wettability without
reducing the pore size. On the other hand, overdeposition of
nanoparticles produces nanorods. These nanostructures block
the pores and decrease the recovery factor dramatically. In
oilfield application, the distance that nanoparticles diffuse is
longer and, if nanorods start to compose, blockage occurs.
Therefore, by controlling nanoparticle deposition, we can
modify the surface using a minimum concentration of
nanoparticles with no blockage problem.

■ ASSOCIATED CONTENT

*S Supporting Information
Contact angle of the core plug using an oil droplet (Figure S1),
more SEM images with different magnifications and EDS
measurement of the rock surface (Figure S2), ICP result of
outlet fluid of the flooding test (Table S1), and more SEM
images of the core plug after 0.01 and 1% nanofluid injection
(Figure S3). This material is available free of charge via the
Internet at http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: ahadian@sharif.edu.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

The authors gratefully acknowledge Prof. N. Taghavinia and Z.
Hosseini for nanoparticle preparation. The authors also thank
M. Seyyedsar for flooding experiments.

Figure 12. XRD patterns before and after the flooding test for (a)
anatase nanoparticles and (b) amorphous nanoparticles.

Energy & Fuels Article

dx.doi.org/10.1021/ef401338c | Energy Fuels 2014, 28, 423−430429

http://pubs.acs.org
mailto:ahadian@sharif.edu


■ REFERENCES
(1) Xiangling, K.; Ohadi, M. M. Application of micro and nano
technologies in the oil and gas industryAn overview of the recent
progress. Proceedings of the Abu Dhabi International Petroleum
Exhibition and Conference; Abu Dhabi, United Arab Emirates, Nov
1−4, 2010; DOI: 10.2118/138241-MS.
(2) Alvarez, J. M.; Sawatzky, R. P. Waterflooding: Same old, same
old? Proceedings of the 2013 SPE Heavy Oil ConferenceCanada;
Calgary, Alberta, Canada, June 11−13, 2013; DOI: 10.2118/165406-
MS.
(3) Tabary, R.; Bazin, B.; Douarche, F.; Moreau, P.; Oukhemanou-
Destremaut, F. Surfactants flooding in challenging conditions:
Towards hard brines and high temperatures. Proceedings of the 18th
Middle East Oil and Gas Show and Conference (MEOS); Bahrain
International Exhibition Centre, Manama, Bahrain, March 10−13,
2013; DOI: 10.2118/164359-MS.
(4) Levitt, D. B.; Pope, G. A. Selection and screening of polymers for
enhanced-oil recovery. Proceedings of the SPE/DOE Symposium on
Improved Oil Recovery; Tulsa, OK, April 20−23, 2008; DOI: 10.2118/
113845-MS.
(5) Wu, Y.; Mahmoudkhahni, A.; Watson, P.; Fenderson, T.; Nair,
M. Development of new polymers with better performance under
conditions of high temperature and high salinity. Proceedings of the SPE
EOR Conference at Oil and Gas West Asia; Muscat, Oman, April 16−18,
2012; DOI: 10.2118/155653-MS.
(6) Ayatollahi, S.; Zerafat, M. M. Nanotechnology-assisted EOR
techniques: New solutions to old challenges. Proceedings of the SPE
International Oilfield Nanotechnology Conference; Noordwijk, Nether-
lands, June 12−14, 2012; DOI: 10.2118/157094-MS.
(7) Zhang, T.; Davidson, A.; Bryant, S. L.; Huh, C. Nanoparticle-
stabilized emulsions for applications in enhanced oil recovery.
Proceedings of the SPE Improved Oil Recovery Symposium; Tulsa, OK,
April 24−28, 2010; DOI: 10.2118/129885-MS.
(8) Miranda, C. R.; de Lara, L. S.; Tonetto, B. C. Stability and
mobility of functionalized silica nanoparticles for enhanced oil
recovery application. Proceedings of the SPE International Oilfield
Nanotechnology Conference; Noordwijk, Netherlands, June 12−14,
2012; DOI: 10.2118/157033-MS.
(9) Hashem, R.; Nassar, N. N.; Alma, P. P. Enhanced heavy oil
recovery by in situ prepared ultradispersed multimetallic nanoparticles:
A study of hot fluid flooding for Athabasca bitumen recovery. Energy
Fuels 2013, 27, 2194−2201.
(10) Ponnapati, R.; Karazincir, O.; Dao, E.; Ng, R.; Mohanty, K. K.;
Krishnamoorti, R. Polymer-functionalized nanoparticles for improving
waterflood sweep efficiency: Characterization and transport properties.
Ind. Eng. Chem. Res. 2011, 50, 13030−13036.
(11) Ju, B.; Fan, T.; Ma, M. Enhanced oil recovery by flooding with
hydrophilic nanoparticles. China Particuol. 2006, 4, 41−46.
(12) Ju, B.; Fan, T. Experimental study and mathematical model of
nanoparticle transport in porous media. Powder Technol. 2009, 192,
195−202.
(13) Ju, B.; Dai, S.; Luan, Z.; Zhu, T.; Su, X.; Qiu, X. Study of
wettability and permeability change caused by adsorption of
nanometer structured polysilicon on the surface of porous media.
Proceedings of the SPE Asia Pacific Oil and Gas Conference and
Exhibition; Melbourne, Victoria, Australia, Oct 8−10, 2002; DOI:
10.2118/77938-MS.
(14) Hendraningrat, L.; Li, S.; Torsæter, O. Effect of some
parameters influencing enhanced oil recovery process using silica
nanoparticles: An experimental investigation. Proceedings of the SPE
Reservoir Characterisation and Simulation Conference and Exhibition;
Beach Rotana Hotel, Abu Dhabi, United Arab Emirates, Sept 16−18,
2013; DOI: 10.2118/165955-MS.
(15) Hendraningrat, L.; Li, S.; Torsæter, O. Enhancing oil recovery of
low-permeability Berea sandstone through optimized nanofluids
concentration. Proceedings of the 2013 SPE Enhanced Oil Recovery
Conference; Kuala Lumpur, Malaysia, July 2−4, 2013; DOI: 10.2118/
165283-MS.

(16) Hendraningrat, L.; Li, S.; Torsæter, O. A. Coreflood
investigation of nanofluid enhanced oil recovery in low-medium
permeability Berea sandstone. Proceedings of the 2013 SPE International
Symposium on Oilfield Chemistry; The Woodlands, TX, April 8−10,
2013; DOI: 10.2118/164106-MS.
(17) Karimi, A.; Fakhroueian, Z.; Bahramian, A.; Khiabani, N. P.;
Darabad, J. B.; Azin, R.; Arya, S. Wettability alteration in carbonates
using zirconium oxide nanofluids: EOR implications. Energy Fuels
2012, 26 (2), 1028−1036.
(18) Giraldo, J.; Benjumea, P.; Lopera, S.; Corteś, F. B.; Ruiz, M. A.
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