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Applying nanomaterials in nanoflooding is an emerging research topic in nanomaterials and petroleum

engineering research. In this review, we analyzed the functions of nanomaterials during nanofluid

flooding operations. We summarized different nanomaterials that have been reported to be used for

nanofluid flooding in the lab. We concluded different factors that can control nanofluid flooding

qualities. Lastly, we discussed the challenges and opportunities present in nanofluid flooding research.
Introduction

The injection of nanouids into oil reservoirs, a novel chemical
enhanced oil recovery (EOR) technique, has the potential to
produce a greater portion of the 50% of in-place oil reserves, which
is currently not recoverable by conventional primary and
secondary recovery methods,1,2 nor even by conventional EOR,
such as polymer or surfactant ooding. Nanotechnology and
nanomaterials, which have garnered attention in the upstream
industry,2,3 may enable greater recovery ratios from oil bank
reserves.3–5 Nanouid ooding (also called nanoooding) is a new
chemical EOR technique whereby nanomaterial or nanocomposite
uids are injected into oil reservoirs to effect oil displacement or to
improve injectivity.6 Current EOR techniques comprise chemical,
thermal, microbial, miscible gas, and immiscible gas techniques.
In particular, chemical EOR, involving the use of polymers,
surfactants, or alkalis to improve sweep efficiency and oil
displacement, enjoys a proven history of successful applications in
reducing oil production cost, increasing efficiency, and stimu-
lating oil well productivity.7 The recovery percentage of conven-
tional chemical EOR techniques, however, is unable to recover
roughly 50% of oil reserves.8 Considering current low oil prices,
technology innovation could increase production from existing
assets and moderate the effect of shrinking prot margin. We
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think a technical review on technology innovations, like nano-
ooding, would help both academia and upstream industry to
grasp the trending of nanoooding clearly. Compared with
conventional chemical ooding, nanouid ooding has several
advantages. By modifying material surface functionalization or
altering templatematerials, engineered nanomaterials can possess
additional functions, such as magnetic-responsive and pH-
responsive properties. In addition, the unique functions of nano-
materials allow nanouid to recover those inaccessible oil reserves
using conventional methods. Finally, different from molecular
surfactant or polymer stabilized emulsions, nanoparticle-
stabilized emulsions, also known as Pickering emulsions, are
very stable even under harsh reservoir conditions, owing to the
well-organized particle layer at the emulsion interface.

Some previous reviews have summarized applications of
nanotechnology in enhanced oil recovery from the petroleum
engineering perspective.1,5,6,9 Shamsi Jazeyi et al. also gave
a thorough discussion on application of polymer-coated nano-
particles in enhanced oil recovery.10 In this review, we will
discuss nanoooding techniques from the material and
colloidal science perspective, focus on the fundamental mech-
anisms underlying the nanouid enhanced oil recovery and
parameters controlling the success of a nanoooding operation.
Potential functions of nanomaterials in nanooodings
proposed by researchers will be reviewed rst to explain two
questions: what are the advantages and limitations of nanouid
ooding techniques and what is the potential mechanism of
nanouid ooding. Then, we will summarize current nano-
materials, which have been tested for nanoooding EOR.
Discussion will be based on three categories of material
dimensions: zero-dimensional nanostructures (nanoparticles
and heteroepitaxial core–shell structures), one-dimensional
nanostructures (nanorods, nanowires, and nanotubules), and
two-dimensional structure (thin plates, sheets). We will also
summarize data to help readers to compare performance of
nanooodings with different materials under each category.
This journal is © The Royal Society of Chemistry 2017
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Next, we will outline factors that can affect nanoooding
quality, such as particle morphology, surface decoration, and
particle environment resistance, to help readers understand
how to enhance oil recovery by nanouids and how to mitigate
risks associated with nanouid oodings. With the advantages
of small size and different geometries, different dimensions of
nanoparticles can achieve free movement in suitable oil reser-
voirs of different permeabilities. However, particle morphology
and surface decoration of nanomaterials not only affect particle
retention in the formation but also change emulsion stability.
Different knowledges on the nanomaterial structures and
morphologies, surface decorations and emulsion stabilizations
can help engineers and scientists to implement nanooodings
in a more successful way. Finally, we will discuss the potential
opportunities and challenges of nanomaterial-assisted EOR.

Functions of nanomaterials in
nanofloodings
Wettability alteration

Wettability alteration is a well-known practice for oil-wet and
mix-wet formation enhanced oil recovery.11,12 Formation surface
contacted and reacted with underground oil reserve for millions
of years before recovery processes were developed, so reservoirs
normally show oil-wet or mix-wet formations. By changing
formation wettability, capillary force will decrease and mobility
of the oil phase will be enhanced. The general mechanism of
wettability alteration has been well studied and reported by
different literatures.13–15 The common explanation is either
surfactant absorbing on rock surfaces altering wettability or
natural lyophilic surfactant generated by crude oil oxidization
removed by ion pairs. For nanooodings, wettability alteration
mechanism is slightly different as reported. Karimi et al.11

observed wettability alteration in carbonates surface with
zirconium oxide nanouid (shown in Fig. 1). With microscopic
Fig. 1 Wetting conditions for rock surface in different phases ((A) air/
water, (B) water/n-heptane) and a carbonate rock aged in the oil ((C)
air/water, (D) water/n-heptane). (Reprinted with permission from (ref.
11). Copyright (2012) American Chemical Society.)

This journal is © The Royal Society of Chemistry 2017
imaging and theoretical calculation, authors propose the
wettability alteration is due to ZrO2 deposition on the rock
surface and governed by the partition coefficient of nano-
material in water and oil phases. Their result also shows the
wettability alteration by nanouid is a slow process that may
take days to nish. Other researchers proposed to use surface-
modied material for wettability alteration. Recently, Luo
et al.16 reported “climbing lm”, which is an assembly of
surface-modied Janus graphene nanosheets that serve to
reverse wettability of solid surfaces, shown in Fig. 2. The same
wettability alterations by nanoparticles and the nanoparticle
mixture were also reported by Giraldo et al.,17 Maghzi et al.18 and
Dehghan Monfared et al.12 According to above literatures,
wettability alteration can be affected by particle size, co-
surfactants, pH value and ion strength.10 We have also noticed
that some researchers claimed SiO2 nanoparticles can also be
applied as an augmented injection agent. However, the mech-
anism for depression and augmented injection is very similar to
the wettability alteration.19,20
Reduction of interfacial tension

To increase oil recovery ratio, one of the common strategies is to
reduce the oil–water interfacial tension. For conventional
chemical ooding, interfacial tension is a standard parameter
to be used for surfactant characterization. The lowest oil–water
interfacial tension by molecular surfactant can reach 10�3 to
10�2 mN/m.21,22 Although nanouid systems cannot achieve
that small interfacial values, researchers try to reduce interfacial
tension between oil and water by nanomaterials.23–25 The most
common method is thorough surface-modication or asym-
metrical surface-modication. If nanoparticles or nanoplatelets
are modied with hydrophobic and hydrophilic groups on
opposite sides, creating a Janus particle (named by Nobel
Laureate P. G. de Gennes26), then the particle has the potential
to reduce interfacial tension (IFT) sharply. The surface activity
of Janus particle is dependent on its surface modications. To
use Janus particles as active surfactants, each side of the particle
Fig. 2 Oil displacement mechanism proposed by Luo et al.
(Figure adapted from (ref. 15). Reprint permission is waived by PNAS for
educational use.)

RSC Adv., 2017, 7, 32246–32254 | 32247
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must exhibit distinctive surface hydrophilicity.27 More detail
will be discussed in the surface modication section later.

Controllable viscosity

Another important dimensionless number in EOR is mobility
ratio, which is the ratio between the displacing uid and dis-
placed uid. A higher mobility ratio is desired for more oil
displacement, under which has a higher sweep efficiency and
less ngering effect in the reserve.21 Nanouids have been re-
ported to be used to reduce oil viscosity and increase displacing
uid viscosity. Both factors will contribute to increase mobility
ratio and as a result, boost oil recovery ratio.28

Disjoint pressure for oil displacement

A disjoining pressure at the oil–water–solid contact region has
been observed and studied during nanoooding, which is one
of the driving forces to expel oil from rock surface.29,30 The
pressure magnitude is related with wedge lm thickness and
nanoparticle structure and can be theoretically calculated
(Fig. 3).31 Recently Zhang et al.32 displayed their work on crude
oil displacement with nanouid. They concluded that disjoin-
ing pressure is the mechanism underlying their successful oil
displacement with sandstone experiment.

Stable foam and emulsion under harsh conditions

Harsh conditions, i.e. high temperature, high pressure and high
salinity, are always challenges for conventional molecular
surfactant ooding because under harsh conditions, molecular
surfactant may undergo phase separation and render the
surfactant solution into inhomogeneous phases.33Nanoparticles
and surface-modied nanoparticles, on the other hand, have
been reported with high thermal stability and been analyzed
with ooding experiment in laboratory.34,35 Moreover, foam
stability and emulsion stabilization are important for conduct-
ing ooding for reservoirs with harsh conditions. Pickering
emulsion and Pickering foam have shown stability under
Fig. 3 Schematic shows nanoparticle wedge film confined by solid
surface and oil-nanofluid interface and relationship between disjoining
pressure and film thickness. (Reprinted with permission from (ref. 32).
Copyright (2014) American Chemical Society.)

32248 | RSC Adv., 2017, 7, 32246–32254
extreme conditions.36,37 Thermal stability would be another
merit that nanoparticles can contribute to the ooding proce-
dure. Stabilization of Pickering emulsions can be controlled by
manipulating particle morphology and surface modication.
Synthesis of anisotropic particles have been reported previ-
ously.38–40 Stable foam or emulsion is necessary for emulsion or
foam ooding. From the perspective of thermal dynamics,
reserved oil bank will tend to become emulsied and mobilized
if the emulsied oil can form stable emulsions, thereby
increasing oil recovery ratio. A major application of surface
modied nanoparticles, therefore, is stabilization of emulsions
and foams.41 Zhang et al. applied silica nanospheres that have
been surface-modied with PEG on foams and emulsions to
promote conformance.37,42 Meanwhile, hydrophobic silica
particles stabilized water/CO2 emulsion was rstly reported by
Adkins et al.43 Emulsion ripening and coalescence is not
obvious, however, the author concluded that particle sedimen-
tation is the major contribution for destabilization. Later, Janus
particles are reported to be used for CO2 ooding, a popular
technique for EOR in areas where CO2 can be easily achieved.44,45

Guo et al. studied silica and clay stabilized CO2 foam structure
and its EOR applications. They demonstrated that CO2 foam is
improved by the nanoparticle and surfactant mixture.46
Nanomaterials for nanoflooding
Zero-dimensional nanomaterials

In this section, we will review several laboratory experiments
investigating the use of zero-dimensional nanoparticles for oil
recovery and oil recovery ratio with zero-dimensional nano-
particles. Silica dioxide, among other zero-dimensional mate-
rials, has been used to increase oil recovery ratio. To study oil
sweep efficiency of silica particles under different conditions,
Skauge et al.47 conducted experiments on hydrophilic silica
nanoparticles and compared the result with polystyrene nano-
particles. Results show that silica particles possess a low
differential pressure and small permeability reduction. With
further investigation, Skauge found when system combined
with brine or with a 300 ppm polymer solution, there is no
signicant oil mobilization; however, if applied with a 600 ppm
polymer solution which has a higher viscosity, the oil bank can
be mobilized. The author hypothesizes that this result is due to
silica particles being “log-jammed” at the pore throat, thus
requiring a high viscosity to generate the oil bank during
microscopic observation. Hendraningrat et al. also studied zero-
dimensional nanoparticles sweep efficiency with glass micro-
channels and microchips (shown in Fig. 4). He found that 0.1
wt% silica particles ooding can achieve higher oil recovery
ratio compared to the brine control group.48 Researchers have
also tried other zero-dimensional nanoparticles than silica for
enhanced oil recovery. Ogolo et al.28 tested nanoparticles other
than silicon dioxide, such as aluminum oxide and magnesium
oxide, with different solvents. In these trials, aluminum oxide
with distilled water achieved the most successful ooding
result. This solution delivered 12.5% more on oil recovery ratio
than slick water ooding.
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Flooding experiment carried out with microfluidic chip (a) brine
flooding (b) silica particle nanoflooding. Hendraningrat et al.
concluded that nanofluid can potentially increase recovery rate.
(Reprinted with permission from (ref. 48). Copyright (2013) Elsevier.)
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Another category of zero-dimension material used in the oil
eld is nanocapsulates. The encapsulated breaker has already
been used in hydraulic fracturing to reduce the viscosity of
cross-linked systems.49 Some researchers also proposed to use
encapsulated self-healing polymers for storage tank and pipe-
line self-repair.50 The use of nanoencapsulation for enhanced
oil recovery have been proposed in Bennetzen's paper.51 In the
paper, Bennetzen mentioned that uorescent encapsulate can
be used as a tracer to differentiate different reservoir condi-
tions, such as pH value, temperature, oil water content and
salinity. Also, nanoencapsulates can be used to deliver chem-
icals to specic regions then triggered to release chemicals.
Fig. 5 Schematic illustrates advantage of two-dimensional nano-
sheets over zero-dimensional nanoparticles to stabilize emulsions.
(Reprinted with permission from (ref. 60). Copyright (2014) American
Chemical Society.)
One-dimensional nanomaterials

Because of its natural abundance and accessibility, one-
dimensional nanobers and nanotubes have been examined
for oil recovery and oil emulsication. One of the most popular
one-dimensional nanober is carbon nanotubes. Several
researchers reported that carbon nanotubes demonstrated
superoleophilicity and can be applied in oil/water emulsion
stabilization. Hu et al. demonstrated, by graing one-
dimensional carbon nanotube (CNTs) onto functionalized gra-
phene aerogel surface, the aerogel shows superhydrophobicity
and oleophilicity. The capacity and selectivity can also be ne-
tuned by pore size and channel diameter.52 Zhai et al. re-
ported silver phosphate and multiwall carbon nanotube-
stabilized Pickering emulsion for photo catalysis use.53 Shen
et al. used carbon nanotube/silica nanohybrids to stabilize
decalin and showed controllable emulsion type and volume
fraction with different particle concentrations.54 Applying
synthetic amphiphilic nanorods for EOR may increase the cost
of production. A more feasible and cost-effective solution is
applying natural material. Kusanagi et al. reported core ooding
results with cellulose nanobers. To control uid mobility, 0.4
wt% cellulose nanober and crosslinker AlCl3 were injected into
an inhomogeneous core sample. The crosslinked cellulose ber
was able to control mobility of nanouid and increase recovery
ratio from 13.3% to 24.3%; however, severe ltration was also
observed during experiment.55 Titanium dioxide nanoparticles
and nanorods have been used in nanooodings. Ehtesabi et al.56

applied anatase and amorphous titanium dioxide in core
ooding test and they found oil recovery ratio increased to 80%
This journal is © The Royal Society of Chemistry 2017
compared to the value for pure water ooding 49%. With
further testing, they concluded that the reason of increasing oil
recovery ratio is rock wettability change by the nanorods. Some
papers reported using low-cost natural one-dimensional mate-
rial to stabilize emulsions. Kalashnikova et al. reported hexane/
water emulsion stabilized by bacterial cellulose nanocrystals,
nanobers from cotton, and other natural nanobers.57,58

Nanobers with different aspect ratios were utilized in their
experiments. They found aspect ratio could inuence emulsion
surface coverage of nanobers.
Two-dimensional nanomaterials

Variations in particle geometry can greatly change the proper-
ties of emulsions, including ability to reduce interfacial tension,
emulsion and foam stabilization,59 which is essential for
emulsion and foam ooding under harsh reservoir conditions.
Numerical simulation work justied two-dimensional material
is more favored for emulsion stabilization in comparison with
zero-dimensional and one-dimensional materials. Creighton
et al.60 presented a thermodynamic model to analyze the free
energy change during particle stabilization, shown in Fig. 5. For
two-dimensional thin lm, the stabilization energy can be
expressed as:

DG ¼ pR2[go/w � |go/s � gw/s|] (1)

where R is radius of disk, go/w is oil/water interfacial tension, go/

s is oil/disk interfacial tension, and gw/s is water/disk interfacial
tension. Creighton et al. further developed the equation by
applying Young's equation. They found that the Gibbs energy
change is related to emulsion droplet radius, interfacial
tension, and three-phase contact angle. Many types of two-
dimensional nanomaterials have been used to prepare emul-
sions. Graphene and graphene oxide are common carbon-based
nanosheets. Kim et al.61 reported amphiphilic graphene oxide
sheet in 2010, shown in Fig. 6. The amphiphilicity is due to the
carboxylic group on the edge and to the hydrophobic basal
RSC Adv., 2017, 7, 32246–32254 | 32249
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Fig. 6 Amphiphilic graphene oxide between different interfaces.
(Reprinted with permission from (ref. 61). Copyright (2010) American
Chemical Society.)

Fig. 7 (A) Hydrophilic silica nanoparticles stabilized by inverse Pick-
ering emulsion droplets (reprinted with permission from, (ref. 69)
copyright (2015) American Chemical Society). (B) Polystyrene stabi-
lized by bacteria cellulose nanofibers reported by Kalashnikova et al.
(reprinted with permission from (ref. 57). Copyright (2011) American
Chemical Society). (C) Polyacrylamide (PAAm) latex particles stabilized
by surface modified montmorillonite. (adapted with permission from
(ref. 70). Copyright (2006) American Chemical Society). (D) pH-
sensitive encapsulates stabilized by silica particles reported by Haase
et al. (reprinted with permission from (ref. 68). Copyright (2010)
American Chemical Society).
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surface. By changing pH value, dissociation of carboxylic varies,
resulting a tunable amphiphilicity. Luo et al.16 successfully
modied a single face of graphene oxide and reported a 15.2%
increase in oil recovery ratio. By applying modied graphene at
Table 1 Some examples of material that can be potentially used in nano

Dimension Material

Zero-dimensional Silica; surface-modied silica
silica dumbbell; aluminum o
oxide;

One-dimensional Carbon nanotubes; bacterial
nanocrystals; cotton nanob

Two-dimensional Graphene; graphene oxide; c

32250 | RSC Adv., 2017, 7, 32246–32254
the interface of oil and water, they generated an interfacial lm
with strong elasticity that exhibits special properties of a two-
dimensional material.

Other two-dimensional materials, especially low-cost natural
clay disk materials, have also been modied and used as
emulsiers and foam stabilizers. Mejia et al.62 modied zirco-
nium phosphate surface with octadecyl isocyanate, then exfo-
liated the zirconium phosphate structure to generate Janus and
Gemini platelets. They also found that emulsion droplet size is
related to particle concentration. Based on the modication
method published by Mejia,62 Yu et al. varied surface func-
tionalization groups. Using the 0.4 wt% modied zirconium
phosphate nanoplatelet, they achieved a high oil recovery ratio.
In the same work, they also demonstrated synergetic effect
between zirconium phosphate and molecular alkyl polyglyco-
side (APG) surfactant on enhanced oil recovery.63 Later, Wang
et al.64 used the Janus surfactant developed in Mejia's paper to
encapsulate phase changing material (PCM), which is thermally
stable and uniform in particle size. The successful application
of Janus particle surfactant veried the functionality of Janus
nanoplatelets for oil emulsication. Guillot et al. studied
LAPONITE® and montmorillonite behavior at the water/oil
interface.65 According to their publication, in some trials,
although the montmorillonite plate sizes are larger than
emulsion droplets, the plates wrap around the emulsion drop-
lets to stabilize them. Yang et al. found paraffin/water emulsion
can be solely stabilized by layered double hydroxide. They
proposed the mechanism of stabilization is due to reduction of
zeta potential.66 Fig. 7 shows oil phases stabilized by different
dimensions of nanomaterials. Table 1 summarizes materials
used for nanoooding by different dimensions that are dis-
cussed in this paper.
Factors controlling success of
nanoflooding

Examining results obtained from laboratories, it appears that
nanooodings techniques have advantages over conventional
ooding techniques for oil emulsication, wettability alteration
and foam stabilization, and they possess unique mechanisms
for oil displacement.6,12,17,27 Before practical application,
however, nanomaterials must be assessed to determine if they
satisfy a criterion to carry out an enhanced oil recovery operation
successfully without causing damage to the reservoir. Following
are several factors that can affect nanoooding quality:
flooding for EOR

Research examples

; silica hybrids;
xide; magnesium

Ref. 28, 41, 47, 67 and 68

cellulose
ers

Ref. 53–55, 57 and 58

lay materials Ref. 16, 61 and 62

This journal is © The Royal Society of Chemistry 2017
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Nanomaterial structure

A major concern of applying nanoparticles in EOR is material
swelling causing formation jamming and formation damage71

especially for unmodied clay nanomaterials with layered
structures which can be intercalated with formation water. Aer
interacting with water, exchangeable ions within the clay
structure will hydrate and expand the d-space of layered clay
material. A 60% to 380% increase in d-space has been observed,
which is the root cause for severe formation damage.72 Applying
swelling inhibitors (like K+) or using exfoliated clay mate-
rials72–74 canmitigate material swelling issues and thus solve the
formation damage problem. Gonzalez et al. reported applying
swelling inhibitors can achieve a swelling reduction up to
60%.75 Exfoliation and delamination of different lamellar clay
materials have also been well studied in laboratory.76–78
Nanomaterial morphology

Physical size of the pore throat will place a physical limitation
on the success of nanoparticle-assisted EOR, thus right
morphology is an important criteria for successful nano-
ooding operation. If the particle size is larger than the pore
throat, then materials cannot propagate through the pore neck,
and formation damage is inevitable. In some cases, although
the size of individual particles is smaller than pore throat size,
the materials still cannot pass through the pore neck due to the
log-jamming phenomenon.6 Particle retention and entrapment
are the main causes of log jamming.48,79 To prevent potential
formation damage, particle size has to be controlled to let
material pass through the throat neck freely. Meanwhile,
particle hydrophobicity, uid ion strength, and formation
conditions should also be considered and modied to avoid
jamming. The ratio of particle size to pore size and uid velocity
are two other factors controlling retention and entrapment.80

Different papers have discussed nanoparticle entrapment
theoretically and experimentally.81,82 According to the analysis
in the above papers, particle retention, therefore, is related to
particle morphology and physical size.

Nanoparticle shape and morphology can also play an
important role in oil emulsication, as evidenced by interests in
particle-stabilized emulsions, also known as Pickering emul-
sions.83 Interface stability is related to surface wettability, aspect
ratio, and especially to particle shape. De Folter et al. reported
Pickering emulsions with cubic and peanut-shaped particles
achieved 90% surface coverage, higher than that achieved with
normal spherical particles.84 Gao et al. numerically studied
surface activity of different shapes of Janus particles and found
sphere and rod shapes have only one equilibrium state, but
discotic shapes have another metastable state: reverse orienta-
tion.59 Madivala et al. observed a strong correlation between
particle aspect ratio and emulsion stability.85
Formation salinity, temperature and pH value

Formation salinity, temperature, and pH value can impact
nanoooding performance, and inorganic material stability can
be affected by those variables. Before implementation,
This journal is © The Royal Society of Chemistry 2017
compatibility of nanomaterials with formation conditions, such
as formation salinity, temperature and pH value. McElfresh's
recent research examined the inuence of temperature and
salinity on nanoparticle stability and reported several historical
cases of applying nanoparticle dispersions with acid for
asphaltene remediation.8 Inuence of those factors on the
organic compounds graed on the inorganic templates can be
more complicated. Apropos of amphiphilicity, different
surfactants have different optimal salinities and pH values, at
which interfacial tension will reach its minimum value. The
optimal salinity and pH value are normally measured by an IFT
screening test.86 Low IFT value will increase oil recovery ratio
dramatically.87,88 In addition to salinity and pH value, the rela-
tionship between temperature and interfacial tension has also
been studied for molecular surfactant systems.89 It has been
reported that due to effects of chemical stability and electric
interaction, high salinity and high temperature will degrade or
destabilize molecular surfactant, which is also expected to
happen for the surface modications on the nanomaterials.90 A
thorough surface chemistry compatibility check is suggested.
Surface modication of nanomaterial

Particle surface chemistry determines particle retention,
wettability alteration, ability to emulsify and stabilize emul-
sions or foams. The intrinsic surface property is decided by
pristine material properties; however, with proper surface
modication, material surface properties can be controlled.
Well-designed surface modications can change particle
hydrophobicity, and thus alleviate particle retention on the
rock surface. A lower particle retention is desired, as particle
retention is one of the direct causes for formation damage.
Rodriguez et al. reported their observations on particle
retention of polyethylene glycol (PEG)-coated silica particles.
They observed that surface coating naturalizes surface charge
on silica particles. As a result, their system has less particle
retention compared to other peer research.67 Surface charge
modication and particle retention are also explained theo-
retically by Monfared et al. They studied adsorption of silica
nanoparticles on calcite, interpreted obtained data with
DLVO theory, and found adsorption follows a second-order
model.91

Janus particle modication is a special particle surface
modication which is very promising to be applied in nano-
ooding. In a typical procedure, different functional groups or
hydrophobic and hydrophilic polymers will be graed on the
two sides of particles to achieve smaller interfacial tension.
Also, nanoparticles with heterogeneous and amphiphilic
surface modication are more stable at interface than those
with homogeneous surfaces.92 Efforts have been made to review
the synthesis of Janus particle surfactants,27,93 such as the
earlier paper reported by Takahara et al.94 on Janus silica
nanoparticles. Particles were synthesized at the water/oil inter-
face by introducing silane in oil phase. The as-synthesized
product is proved to be surface-active by the graing of gold
nanoparticles on the hydroxyl group of silica nanoparticles, and
surface tension was quantied with a pendant drop
RSC Adv., 2017, 7, 32246–32254 | 32251
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measurement. By applying Au/Fe3O4 at the hexane–water
interface, Glaser et al.23 observed a sharp decrease of interfacial
tension, and interfacial tension observed on Janus particle
systems was observed to be lower than that of non-Janus
particles. The same conclusion can be drawn from reports
from other researches; for instance, Fernandez-Rodriguez's
work on homogeneous and Janus gold nanoparticles.95 They
reported that surface functionalized Janus particles exhibited
better surface activity than homogeneously functionalized gold
particles in all testing conditions. As mentioned earlier,
reduced interfacial tension can play an important role in
displacement of formation residue oil. Moreover, by proper
surface modication, emulsication can also be reversibly
controlled.68 Such precise control of emulsication and de-
emulsication enables delivery of reagents to desired specic
targets in the underground formation.
Intrinsic material properties

Wisely utilizing intrinsic material properties can facilitate oil
recovery procedure. Such intrinsic property could be electrical,96

magnetic,97–99 rheological100,101 and thermal101 properties. Yahya
et al.102 presented their work on cobalt ferrite nanoparticles with
electromagnetic waves, which is a very promising method for
heavy oil recovery. The magnetic particle would be self-heated
under high frequency electromagnetic waves. Then nano-
particles conduct the heat to the surrounded crude oil, reducing
the viscosity of crude oil and increasing oil recovery. Ferrouid
is a suspension of paramagnetic materials. Applying ferrouid
for enhanced oil recovery has also been proposed and demon-
strated in laboratory.103
Opportunities and challenges

Application of nanomaterials in enhanced oil recovery has the
potential to improve upstream productivity. Synthesis of
different morphologies of nanomaterials is widely studied; its
technology had reached a mature state of development. The
study of protocols such as core ooding and micro channel
chips are well established, although renement of those tools
would still be welcomed. The detail mechanism of nano-
ooding, however, is still being studied. More research effort
should be addressed toward the study of interaction between
nanomaterials and rock surface and oil/water interface. The
stability of Pickering emulsions and foam has been proven
both theoretically and experimentally, but thus far researchers
have rarely applied those knowledge in nanomaterial
enhanced oil recovery. At present, the most successful appli-
cations of nanomaterials in oil eld use are encapsulated
breakers and tracers. Successful nanooodings are only re-
ported in laboratories. We think the immaturity of nano-
ooding is due to lack of understanding of the oil
displacement mechanism and the behavior of nanoparticle at
downhole. The other factors limiting wide application of
nanomaterial in oil eld use include cost and formation and
environment risk assessment.
32252 | RSC Adv., 2017, 7, 32246–32254
Conclusions

In this review, the benets of nanomaterial enhanced oil
recovery is analyzed. The mechanism of nanoooding could be
concluded as wettability alteration, reducing interfacial tension,
controllable viscosity, disjoint pressure for oil displacement
and a stable foam and emulsion. We also summarized current
progress in nanomaterial-assisted EOR based on three cate-
gories of material dimensions: zero-dimensional, one-
dimensional, and two dimensional. We compared oil emulsi-
ability of the different dimensions. According to simulation
results and the thermal dynamic model, two-dimensional
material seems to be the optimal candidate to generate stable
emulsions. We concluded and assessed the properties of
nanomaterials related to successful chemical EOR imple-
mentation, such as particle size, morphology, surface decora-
tion and environment resistance, although the requirements for
a successful nanoooding EOR can vary case by case. Some
general guidance for nanoooding EOR is drawn. Nanoparticle
size, surface charge and nanomaterial structure should be
evaluated before implementation to avoid formation damage
and particle retention. Material morphology and surface func-
tionalization should also be controlled to reduce interfacial
tension. Material compatibility with formation conditions
should also be evaluated before nanoooding implementation
to lower risks. The potential opportunities and challenges of
nanomaterial EOR are also discussed. The nanoooding tech-
nique is expected to improve oil displacement efficiency to
a large extent, and the research and development of
nanomaterial-assisted EOR techniques have the potential to
introduce revolutionary changes in the oil industry.
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