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a b s t r a c t

Profile control is utilized to redirect the injection water to low permeability region where a large amount
of crude oil lies. Performed gel particles are the commonly used agent for redistributing water by
blocking the pores in high permeability region. But the capability of deep penetration of performed gel
particles is poor. Here, we formulate nanoparticle stabilized emulsion (NSE). The stability and the effect
of NSE on the fluid redirection in a three-dimensional porous medium were investigated. By using m-PIV
(particle image velocimetry), it was found that the velocity gradient of continuous fluid close to the
nanoparticle stabilized droplets is much higher than that close to surfactant stabilized droplets. NSE
behaves as solid particle in preferential seepage channels, which will decrease effectively the perme-
ability, thereby redirecting the subsequent injection water. Furthermore, NSE shows high stability
compared with emulsion stabilized by surfactant in static and dynamic tests. In addition, water flooding
tests also confirm that the NSE can significantly reduce the permeability of porous media and redirect the
fluid flow. Our results demonstrate NSE owns high potential to act as profile control agent in deep
formation.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

With continued demand for oil and gas, the methods that can
extend the life of mature oilfields are needed urgently. The major
parameter that affects oil recovery unfavorably is excessive water
production which mainly results from viscous fingering caused by
the huge viscosity difference between displacing phase and dis-
placed phase such as water and crude oil. Besides, formation
permeability heterogeneity exacerbates the channeling of the dis-
placing fluid (Saikia et al., 2020). Herein, Enhanced oil recovery
(EOR) techniques are of paramount importance for mature oilfields
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(Bai et al., 2015). All kinds of methods have been proposed to reduce
excessive water production in oil wells, like gel treatment, polymer
flooding, alkaline-surfactant-polymer flooding (ASP), emulsion
flooding, and so on (Liu et al., 2010). Polymer gel is preferentially
used as a profile control agent to plug high permeability paths,
diverting the fluid into low permeability zones (Zhao et al., 2015).
Nevertheless, the polymer used to form gel is always poly-
acrylamide which would degrade or lose the thermal stability in
high temperature formation, leading to a declining plugging effi-
cacy (Saikia et al., 2020; Samuelson et al., 1996; Caulfield et al.,
2002). In addition, due to the strong shear stress cause by porous
media, the dispersed particle gel (DPG) may reduce its gel strength
and can't function as an in-depth fluid diversion agent.

Emulsion, an important oil-water two-phase system, has been
widely studied and used inmany fields such as chemistry (Yin et al.,
2013), food industries (Xiao et al., 2016), materials science (Wang
et al., 2018) and oil recovery (Perino et al., 2013; Sharma et al.,
2014; Wu et al., 2017) because of their special physicochemical
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Nomenclature

Postscript In order to facilitate the understanding of the
acronyms in this article, here is a summary of the
acronyms used frequently in this article

NSE nanoparticle stabilized emulsion
NS nano-silica
DTAB Dodecyl Trimethyl Ammonium Bromide
NS-DTAB the complexes of nano-silica and DTAB
SDS Sodium Dodecyl Sulfate
PIV particle image velocimetry
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and flow properties (Yu et al., 2019). Especially in oil recovery field,
O/W emulsion owns high apparent viscosity and low surface ten-
sion with oil relative to water, which make it easier for emulsion to
penetrate into deep formation and small pores because the capil-
lary force needed to be overcome become smaller (Wang et al.,
2006; Shi et al., 2014). On the other hand, the droplets can cause
pore blockage due to the Jamin effect, creating flow path diversion
away from the wellbore (McAuliffe, 1973; Ponce F et al., 2014), and
therefore the emulsion can act as displacing fluid and fluids
diverting agent to enhance oil recovery.

Surfactant is a commonly used emulsifier, which can reduce the
interfacial tension (Bera et al., 2013; Almobarky et al., 2017) and the
required energy for emulsification (Forgiarini et al., 2001),
decreasing the degree of instability of emulsion. Nevertheless, the
disadvantages of surfactant are also notable. The adsorption of
surfactant at oil-water interface is always in a state of dynamic
balance because of its low desorption energy (Guo et al., 2016;
Paulson and Pugh, 1996; Matteo et al., 2012; Kong et al., 2010),
which means that surfactants are easy to detach from oil-water
interface. As a result of that, during the transportation process of
emulsion in formation, the effective concentration of surfactant in
the emulsion system will gradually decrease due to the adsorption
of surfactants on rock surface and the dilution of formation water
(Yang, 1985), making the emulsion become more unstable. There-
fore, emulsion stabilized by surfactant alone have a short stability
period.

In comparison, emulsion stabilized by nanoparticles have better
stability due to the high desorption energy (Aveyard et al., 2003;
Binks. 2002; Du et al., 2010; Curschellas et al., 2012; Metin et al.,
2012), which means that nanoparticles can adsorb firmly at oil-
water interface. Pickering et al. took the lead in using small parti-
cles instead of surfactant to stabilize emulsion (Pickering, 1907).
Afterwards, Binks and Lumsdon, 2000 carried out a series of in-
vestigations on nanoparticles stabilized emulsion and found that
the stability of which is mainly affected by the interfacial property
of nanoparticles (Binks and Clint, 2002; Binks. 2001; Binks et al.,
2002). The adsorption of nanoparticles at oil-water interface also
requires amphiphilicity. Thus, in order to modify the interfacial
property of nanoparticles, two category methods have been pro-
posed. One method is surface grafting realized by endowing
nanoparticle surface with hydrophilic and hydrophobic functional
groups coinstantaneously (Dendukuri et al., 2007; Walther et al.,
2008; Saigal et al., 2010; Alvarez et al., 2012). The other method
is physical modification through electrostatic interaction, hydrogen
bond and so on (Wu et al., 2019; Alyousef et al., 2018; Liu et al.,
2017; Toor et al., 2018). It is obvious that physical modification is
simple and feasible. Binks and Lumsdon, 2000 investigated the
behavior of emulsions stabilized by amixture of silica nanoparticles
and cationic surfactant under different pH, and revealed that the
presence of surfactant altered the surfactancy of NPs (Binks et al.,
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2007).
Additionally, it has been found that nanoparticles could form a

solid-like film on the gas-liquid surface, which would decrease the
contact area of gas-liquid and prevent the foam from Ostwald
ripening (Wu et al., 2018). To further illustrate how surfactant
decorated nanoparticles affect bubble flow behaviors, Yu et al.
investigated the differences between interfacial properties of
bubble with various stabilizers by measuring the flow field of
continuous phase around bubble surface using particle image
velocimetry (PIV) (Yu et al., 2019). They found that the continuous
phase velocity in the case where nano-silica (NS)-surfactant com-
plexes were added was much smaller than the case using pure
surfactant, and therefore the bubble surface showed a better
fluidity in the system using surfactant alone. It was the solid-like
films formed by NS at the gas-liquid interface that made bubble
behave as a solid wall. Based on the discoveries above, we speculate
whether there would be similar phenomena and mechanisms in
NSE.

With such conjecture, a novel system was proposed to stabilize
emulsion in this research. Dodecyl trimethyl ammonium bromide
(DTAB) was chosen as the modifier to change the surfactancy of
nano-silica through electrostatic interaction. The aim of this work is
to thoroughly explore the flow behavior of emulsions stabilized by
different emulsifiers (surfactants with or without NS), and the
properties of which under shear force were further investigated. In
addition, the profile control capacity of emulsions stabilized by
different emulsifiers in porous media will also be studied.
2. Materials and methods

2.1. Materials

Dodecane (98% of purity) from Aladdin Biochemical Technology
Co., Ltd (Shanghai, China) was used as oleic phase for emulsifica-
tion. Nano-silica (NS) (LUDOX® HS-30 colloidal silica, 30 wt%) was
purchased from Sigma-Aldrich with a surface area of 220 m2 g�1,
pH of 9.8 and a density of 1.21 g mL�1. Dodecyl trimethyl ammo-
nium bromide (DTAB) and sodium dodecyl sulfate (SDS) were ob-
tained from Sinopharm Group Chemical Reagent Co., Ltd. Ultra-
pure water was prepared by using reverse osmosis unit (ULU-
PURE, UPTeIIe5T). The red fluorescent polymer microspheres from
Thermo Scientific function as tracer agent in the flow field mea-
surement experiments. In the oil displacement experiments, the
diameter of quartz sand is of 50 mesh.
2.2. Microfluidic devices

The layout of the microfluidic device used in the experiments is
shown in Fig. 1. The channel was mechanically milled on a poly-
methyl methacrylate (PMMA) plate (190 � 120 � 8 mm). The
microchannel structure consists of a droplet-formation section, a
snail-like section, and an expanding chamber. The droplet-
formation section is used to generate oil droplets. Snail-like sec-
tion is designed to guarantee enough retention time in micro-
channel, thereby providing abundant time for nanoparticle
adsorption. The dispersed phase, dodecane was injected to the
micro device from point B at a flow rate of Q1 (0.03 mL$min�1-
0.1 mL min�1) and the aqueous phase was injected to the micro
device from point A at a flow rate of Q2 (0.1 mL$min�1-1 mLmin�1),
then the aqueous phase bifurcate into two branches vertical to the
oil injection channel. The droplet-formation and snail-like sections
have the same cross section, whose width (W) and height (H) are
both 400 mm. The expanding chamber width (We) and height (He)
are 1800 mm and 400 mm, respectively.



Fig. 1. Microfluidic devices (a) continuous phase inlet, (b) oil phase inlet, (c) oil
entrapment structure, (d) entrance of oil entrapment structure, (e) expanding cham-
ber, (f) main outlet.
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2.3. Methods

2.3.1. Preparation of emulsions
The DTAB solutions, SDS solutions and NS-DTAB dispersions

were prepared respectively. For DTAB solutions and SDS solutions, a
certain amount of DTAB or SDS and ultra-pure water were added
andmixed in the beaker. To prepare 100 g 8mmol L�1 SDS solution,
0.2307 g SDS was first added into the beaker, followed by 99.7693 g
ultra-purewater, and then the solutionwasmechanically stirred for
at least 1 h to thoroughly dissolve SDS in water. The steps of pure
DTAB solution preparation were similar to the steps above, and the
only difference between themwas the dosage of the used chemical
agent. For NS-DTAB dispersion, DTAB was first added to the beaker
followed by the addition of water, and then NS were added drop-
wise into DTAB solution. Ultrasonic dispersionmethodwas used for
more than 10 min to ensure homogeneity. Last, an equal volume of
DTAB solutions, SDS solutions and NS-DTAB dispersions were
mixed with dodecane, respectively using homogenizer with
agitation speed set at 10000 rpm for 5 min. The generated emul-
sions were used for further investigation.

2.3.2. Diameter and zeta potential of NS
A Nano Brook Omni instrument (Brookhaven Instruments Cor-

poration) was used to measure the diameter and zeta potential of
nano-silica with different DTAB concentration. The temperature
was set at 25 �C.

2.3.3. Flow visualization
Micro-particle image velocimetry (m-PIV) from LaVision. Ltd was

used to perform quantitative measurements on the flow fields
surrounding single droplet and numerous oil droplets. The whole
flow field measurements experiments were performed on the
microfluidic device and the flow visualization experiments setup is
shown in Fig. 2. The velocity vectors were calculated by a conven-
tional cross-correlation PIV algorithm. The m-PIV instrument was
used to measure the flow field of continuous phase around oil
droplet surface with the focal plane of m-PIV located in the middle
of the channel in the vertical direction so as to further illustrate the
influence of NS-DTAB complexes on oil droplets’ flowbehaviors. For
these experiments, single oil droplet was first generated in the
droplet-formation section. Afterwards, different continuous phase,
as NS-DTAB complexes dispersions, DTAB or SDS solution, was
injected separately at a flow rate of 1 mL min�1 to drive the oil
droplet entering the expansion chamber as shown in Fig. 1. After
the droplet entered the expansion chamber, the flow rate of
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continuous phase was reduced to a rate much lower than
1mLmin�1 for the purpose of avoiding that the ratewas too high to
flush away the droplets, and then maintained to further test the
flow field around the droplet. Themeasurementmethod of the flow
field surrounding multiple droplets was similar to the steps above,
the only difference between them was that single droplet was
replaced by numerous droplets.

In addition, the homogenous micromodel was used to measure
the permeability after the micromodel was full of emulsion to
further confirm the validity of the conclusions drawn from the PIV
experiments. The procedures were as following: 1. The perme-
ability of the micromodel was measured first using Darcy's

law: K ¼ QmL
ADP by water flooding at a flow rate of 0.5 mL h�1, and the

DP0 was gained; 2. Fill the micromodel with 10 mmol L�1 DTAB
stabilized emulsion, and then the 10 mmol L�1 DTAB solution was
used to flow through the micromodel at the flow rate of 80 mL h�1

to prevent the emulsion from being displaced out at a high flow
rate, measure the pressure drop as a function of time; 3. After the
measurement was finished, clean up the micromodel, and measure
the permeability at the flow rate of 0.5 mL h�1 again, gain the DP1;
4. Inject the same volume of NS-DTAB emulsion (0.6 mmol L�1

DTAB with 2 wt% NS) as DTAB stabilized emulsion. Then the
0.6 mmol L�1 DTAB with 2 wt% NS dispersion was used to flow
through the micromodel at the same flow rate of 80 mL h�1, mea-
sure the pressure drop with time; 5. Repeat step 3, and gain DP2; 6.
Clean up themicromodel and inject the same volume of 8mmol L�1

SDS emulsion. Then the 8 mmol L�1 SDS solution was used to flow
through the micromodel at the same flow rate of 80 mL h�1, mea-
sure the pressure drop with time; 7. Repeat step 3, and gain DP3.
2.3.4. Microscopic experiments
Coalescence experiments and microscopic images were inves-

tigated in this section. In coalescence experiments, surfactant so-
lutions or silica NPs dispersions were first added to a square glass
container and then dodecane was added to the container slowly to
form an oil-water interface. The needle connected to a syringe was
immersed in the surfactant solutions or silica NPs dispersions. The
volume of oil droplet was controlled by adjusting the flow rate of
the pump. As the droplet volume increased, oil droplet came into
contact with the oil-water interface and then the oil droplets coa-
lesced with the oil in the square glass container. The process of
coalescence was recorded by Photron Fastcam SA-Z high speed
camera which can be also used to capture the microscopic images
of droplets in the emulsions stabilized by different emulsifiers and
the images were uploaded to the software to be further processed.
The microscopic images served as evidence for the coalescence
experiments. In addition, a Leica DMi8 C inverted microscope was
used to observe the morphology of droplets in emulsions. Average
sizes of oil droplets in the emulsions stabilized by different emul-
sifiers were recorded at 10 min, 1 d, 2 d, 3 d, 4 d, 6 d, 8 d, 12 d, 20 d
and 1 month after emulsion preparation.
2.3.5. Rheological properties of emulsions
The rheological properties are crucial parameters to assess the

stability of emulsion. Rheological measurements were employed by
the Haake RS6000 rheometer with a cone-and-plate sensor system.
For steady shear measurement, the viscosities of emulsions were
recorded as the shear rates ranging from 0.01 to 100 s�1. In oscil-
latory measurements, storage modulus and loss modulus of
emulsion were investigated at the rotational speed ranged from
0.01 to 100 rad s�1. The experimental temperature was set at
25.00 ± 0.05 �C.



Fig. 2. Schematic diagram of the flow visualization experiments setup. The whole flow visualization experimental setup is composed of laser power supply, CCD camera, control
panel and computer with processing software.

Fig. 3. Schematic diagram of water flooding test in sand-packs (1. micro pump; 2.
intermediate container, where A is filled with water or emulsion; 3. sand-packs; 4e5.
Rosemount pressure gauge).
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2.3.6. Dynamic displacement tests
The oil displacement experiments were performed using sand

pack to study the profile control capability of emulsion at second-
ary water flooding stage.

The experimental procedures are as following: (1) The sand pack
was first filled with dry sand and then saturated with brine slowly
with successive compaction. (2) The pore volume of sand pack was
determined by the volume of used brine when the sand pack was
full. (3) The permeability of sand pack was measured using Darcy's

law: K ¼ QmL
ADP bybrinewaterflooding at theflow rate of 1.0mLmin�1,

where Q is the flow rate, m is the viscosity of the brine water, L is the
length of sand pack, A is the cross-sectional area of sand pack, DP is
the injection pressure of water flooding. After that, sand pack was
displacedwith oil at a flow rate of 0.1mLmin�1 until nomorewater
was produced. (4)Waterflooding stagewas carried out at aflowrate
of 1.0 mL min�1 until the water cut reached 98%. Subsequently, 0.1
pore volume (PV) emulsion was injected into the sand pack with
same pump rate. Afterwards, secondary water flooding was
continued until the water cut approached 98% again. The volume of
oil and produced fluid were recorded every 1min. In themeantime,
the pressure drop across the rock samples was measured. The total
recoverywas the ratio of the volume of total produced oil and initial
saturated oil. The schematic diagramofmacroscopic dynamic test in
sand-packs is shown in Fig. 3.

3. Results and discussion

3.1. Interfacial property of NS-DTAB complexes at oil-water
interface

Based on the conjecture mentioned at the end of the introduc-
tion, the mechanisms for diverting subsequent injected water of
NSE were proposed: The adsorption of NS-DTAB complexes at oil-
water interface would result in interface hardening, forming a
solid-like film, and the solid-like film could increase the flow
resistance of injection water that flows through the oil-water
interface to a great extent, which endows the emulsion with bet-
ter plugging ability to achieve the in-depth profile control.

The choice of suitable DTAB concentration range in the presence
of NS was discussed in the Supporting Information S1. The physical
properties of NS-DTAB dispersion were measured first, and the
results verified the adsorption of DTAB molecules on the surface of
NS by electrostatic attraction (Supporting Information S2.).

To directly investigate the effect of NSE interfacial properties on
the flow field, a micromodel containing snail-like section and
expanding chamber was used and the flow fields surrounding the
nanoparticle stabilized droplets were recorded and analyzed by m-
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PIV and accessory software LaVision DaVis 8 as well. As shown in
Fig. 4, when the emulsion is stabilized by NS-DTAB complexes, the
continuous phase velocity close to droplet surface is much smaller
than central maximum velocity. The fluidity of droplet surface in
emulsionwith the NS-DTAB complexes is significantly less than the
droplet stabilized by DTAB or SDS alone. Furthermore, the contin-
uous phase velocity close to droplet surface decreased with the
increase of DTAB concentration in NS-DTAB dispersion. This also
represents that the packing density and stability of NS-DTAB
complexes at oil-water interface would increase with the
improvement of NS amphiphilicity, further resulting in the increase
of velocity gradient at droplet surface. We compared the velocity
distributions in y¼ 0 from five different systems as shown in Fig. 4g
(for convenience, the x ¼ 0 was reset at oil droplet surface). The
velocity gradient in NS-DTAB systems is larger than the system
containing DTAB or SDS alone. In addition, the increase of DTAB
concentration in NS-DTAB dispersion led to the augment of velocity
gradient as shown in Fig. 4. These phenomena imply that the
adsorption of NS-DTAB complexes at oil-water interface would
result in interface hardening, forming a solid-like film. NSE played
the role of solid particle in preferential seepage channels. The
droplet with solid-like film could reconstruct the channeling-path
and convert small fracture into porous media again as shown in
Fig. 5. In addition, it could be seen that the droplets in SDS system
easily coalesced when emulsion was subjected to water flooding
while this phenomenon hardly appeared in NSE from Fig. 5, which
means that the anti-flush ability of SDS stabilized emulsion is worse
than NSE.



Fig. 4. The flow field surrounding single droplet (a) 0.1 mmol L�1 DTAB with 2 wt% NS dispersion (1: continuous phase, 2: oil droplet); (b) 0.3 mmol L�1 DTAB with 2 wt% NS
dispersion; (c)0.6 mmol L�1 DTAB with 2 wt% NS dispersion; (d) 0.6 mmol L�1 DTAB; (e) 8 mmol L�1 SDS; (f) velocity bar; (g) velocity distributions in y ¼ 0 from five different
systems.

Fig. 5. The flow field surrounding numerous droplets (a) 0.6 mmol L�1 DTAB with 2 wt% NS dispersion (1e9: oil droplets); (b) 8 mmol L�1 SDS (1e9: oil droplets); (c) velocity bar.
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Consequently, NSE weakens the degree of formation heteroge-
neity, diverting the following water into relatively low permeability
zones, increasing the sweep efficiency and finally enhancing the oil
recovery.

3.2. Relationship between flow field and pressure drop in
homogenous micromodel

To confirm that the anti-flush ability of the NS-DTAB stabilized
emulsion is better than the emulsion stabilized by surfactant alone,
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the interrelation between the pressure drop of different solutions
flowing through the homogenous micromodel after the model was
full of corresponding emulsion and flow fields was investigated
individually.

As depicted in Fig. 6, the pressure drop increased continually
with time. Besides, the pressure drop of the NS-DTAB system
increased more quickly and was much higher all the time, in
comparison with the cases using the DTAB and SDS. After 2 h, the
pressure drops for the three systems were 0.26 kPa, 0.15 kPa, and
0.09 kPa, respectively. It is obvious that the NS-DTAB system has



Fig. 6. Pressure drop measurements of the homogenous micromodel after the model was injected with different emulsions (10 mmol L�1 DTAB stabilized emulsion, 0.6 mmol L�1

DTAB with 2 wt% NS stabilized emulsion and 8 mmol L�1 SDS stabilized emulsion).
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more powerful resistance to water invasion, resulting in a larger
pressure drop, which is caused by the interface hardening.

Combining with the flow fields of the three systems, the fluidity
of the NS-DTAB system was less than the surfactant stabilized
system so that the NS-DTAB system could generate a larger flow
resistance. Consequently, at the same flow rate, a larger pressure
drop occurs for the NS-DTAB system relative to that of the DTAB and
SDS system in the homogenous micromodel. Besides, the DP0, DP1,
DP2, and DP3 were almost the same, 0.08 kPa, proving that the
variation in pressure drop was caused only by the temporary
emulsion plugging instead of the permanent permeability loss
under the circumstance of the micromodel being cleaned
completely and no substance left in the previous measurements.
3.3. Emulsion stability

From the results above, we speculate that the solid-like film
formed at interface at micro scale would affect some macroscopic
properties of NSE like shear viscosity, elastic modulus and viscous
modulus. Therefore, in this section, the static and dynamic stability
of emulsions stabilized by different emulsifiers were investigated.
3.3.1. Static stability
The volume of emulsion was recorded after surfactant solution

or nanoparticle fluid was emulsified with dodecane. The rate of
volume shrinkage of emulsion was chosen to evaluate the static
stability. Fig. 7a shows the changes in the volume of emulsions
stabilized by different emulsifiers with time. The inset in Fig. 7a
showed the evolution of DTAB stabilized emulsion: emulsion vol-
ume reduced with time, which might be attributed to the coales-
cence of droplets. A small amount of water phasewas also observed
at the bottom of the glass bottle after 30 min. However, there was
no obvious change in NSE volume after 7 days, indicating that NSE
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displayed outstanding stability for months. As indicated by Fig. 7a,
the volume of NS-DTAB stabilized emulsion was approximately 3
times and 12 times as much as that of DTAB and NS stabilized
emulsion after 20 days, respectively.

From Fig. 7b, the average size of droplets in the emulsion sta-
bilized by NS-DTAB was almost as same as that in emulsion using
SDS just after preparation. But the average size of droplets in the
emulsion stabilized by SDS continually increased with time, which
might be ascribed to the coalescence of droplets. When droplets
collide with each other, coalescence process might happen to
reduce interface free energy of the system. Surfactant molecules
originally adsorbed at oil-water interface could rearrange or enter
the aqueous phase when the coalescence occurred due to low
desorption energy. However, after the 6th day of preparation, the
average size of droplets in the NS-DTAB stabilized emulsion hardly
changed. The shape of droplets which were observed from the
microscopic images was not a regular circular, but a non-
equilibrium shape, such as dumbbell-shape and gourd-shape. Be-
sides, wrinkles can be clearly observed on the surface of some
droplets. This special phenomenon proves that there might be a
film which was formed by the adsorption of NS-DTAB at oil-water
interface. As coalescence processes proceed, NS-DTAB complexes
will not desorb from oil-water interface due to high desorption
energy, and the interface coverage increase. When the interface is
occupied completely, droplets coalescence processes will be sus-
pended in NSE. The results of oil droplets coalescence process in
different solutions or dispersions again confirmed the validity of
these conclusions (Supporting Information S3.).
3.3.2. Rheological stability
The rheological properties of emulsions were studied as in-

dicators of dynamic stability. The process of emulsion's being
subjected to shear force simulates the flow of emulsion through



Fig. 7. (a) The volume of emulsions stabilized by different emulsifiers (10 mmol L�1 DTAB solution (inset picture: 0, 1 d, 2 d, 3 d, 6 d, 11 d and 20 d from left to right), 0.5 mmol L�1

DTAB with 2 wt% NS dispersion and 2 wt% bare NS) with time. (b) Average size of droplets in the emulsions stabilized by (1) 8 mmol L�1 SDS solution (2) 0.6 mmol L�1 DTAB with
2 wt% NS dispersion with time.
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pore-throat structure. The rheology of emulsions stabilized by
different emulsifiers (surfactant solution or NS-surfactant disper-
sions) were researched in this section. First, emulsions were pre-
pared to perform the tests that varied DTAB concentrations by
fixing the concentration of NS (2 wt%). It was difficult to produce
emulsion when DTAB concentration was 0.01 mmol L�1, while
emulsions volume could maintain at a similar level after they were
just prepared when DTAB concentration was 0.05, 0.1, 0.2, 0.3, 0.4,
0.5, 0.6 or 0.7 mmol L�1. As shown in Fig. 8a, shear viscosity of
emulsions stabilized by different emulsifiers changed with shear
rate. Different emulsions showed the same trend: the shear vis-
cosity of emulsion declined with rising shear rate. At the same
shear rate, the viscosity for the cases where the silica nanoparticles
were added was always higher relative to the system using DTAB
and SDS surfactant alone. The increase of emulsion viscosity could
simultaneously help to suppress the coalescence of droplets in the
emulsion. At fixed silica nanoparticles concentration, the addition
Fig. 8. (a) Steady shear measurement and (b) Oscillatory measure
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of DTAB from low to high concentrations could obviously produce
steadier emulsions than DTAB by itself. Oscillatory measurements
were also conducted to study the emulsions stability and results are
shown in Fig. 8b. The changing process in storage modulus (G0) and
loss modulus (G00) with rotational speed (u) was recorded. Emul-
sion using DTAB alone displayed low viscoelastic properties at low
rotational speeds, which indicated the instability of emulsion at
low rotational speeds. Storage modulus and loss modulus increase
with the increment of rotational speed, meaning that emulsion
gradually reaches a relatively steady state. Differently, the storage
modulus and loss modulus of emulsions stabilized by NS-DTAB
hardly changed with time, and the elastic modulus were always
higher than viscous modulus while elastic modulus of DTAB and
SDS stabilized emulsions were lower than viscous modulus in the
most of time, confirming the speculation that interface hardening
could effectively strengthen the stability of NSE. It is the solid-like
film that endows the NSE with special properties, making NSE
ment results of emulsions stabilized by different emulsifiers.



Table 1
Recovery in different stages of displacement oil.

Sand pack number Permeability (D) Recovery during initial water flooding stage, % Recovery during subsequent water flooding stage, % Accumulated Recovery, %

a 2.436 58.57 22.14 80.71
b 2.811 59.42 10 69.42
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show a greater elasticity relative to the emulsion using DTAB alone.
So the NSE could behave more like a solid to be resistant to the
deformation, which means that it is more difficult for droplets in
NSE to flow through the pore throat structure and therefore the
NSE has better plugging ability. Same as the trend of the shear
viscosity, storage modulus and loss modulus of emulsion increase
as the surfactancy of NS increases, indicating that the emulsion
stability improved as DTAB concentration increased. In summary,
the properties of emulsion were indeed affected by the presence of
solid-like film, suppressing the coalescence of droplets effectively
and making emulsion have remarkable anti-shear ability.
3.4. Nanoparticle stabilized emulsion (NSE) for enhanced oil
recovery in porous media

To investigate the properties of NSE in enhanced oil recovery in
3 dimensional porous media, two comparative tests of oil
displacement were carried out using emulsion stabilized by SDS
(SDS concentration was of 8 mmol L�1) and emulsion stabilized by
nanoparticlewith surface activity (the complex formed by 2wt% NS
and 0.6mmol L�1 DTAB). The oil recoveries in different stages of the
two tests are summarized in Table 1. The permeabilities of two sand
packs were 2.436 mm2 and 2.811 mm2, respectively. In the experi-
ments, the pressure drop was regarded as an indicator to evaluate
the stability of emulsion.

In Fig. 9, the injection pressure is plotted with respect to the
injection volume. During the subsequent water flooding stage, the
pressure drop produced by NS-DTAB stabilized emulsion rose more
quickly than the SDS stabilized emulsion. Comparing the difference
value of the highest pressure drop between subsequent water
flooding stage and first water flooding stage, the NS-DTAB and SDS
systems were 10.358 kPa and 4.088 kPa, respectively. It can be seen
that the difference value of NS-DTAB systemswas almost twice that
Fig. 9. Comparison of the pressure drop between different emulsifiers (8 mmol L�1

SDS and 0.6 mmol L�1 DTAB with 2 wt% NS) stabilized emulsion during initial and
subsequent water flooding.
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of the SDS system. The enhancement of pressure drop means that
there exists an obvious decline in the permeability of sand pack,
which is caused by the emulsion plugging preferential channels,
and then the water is diverted into low-permeability zones. We
also observed a trend during the subsequent water flooding stage:
In the beginning, the pressure drop increased quickly, but then
started to descend after reaching the maximumvalue. The pressure
drop of SDS system descended sharply while that of NS-DTAB
system descended a little, and the value of pressure reached a
stable state after the transient decline. The sharp decline of SDS
system pressure drop results from the structure destruction of a
part of the emulsion, which in turn illustrates the worse stability of
SDS system compared with NSE when emulsion is subjected to
water invasion. The higher the pressure, the steadier the emulsion,
meaning more powerful resistance that the emulsion owns to
water invasion in the porous media. These results demonstrated
that the stability and plugging capacity of NS-DTAB system is much
better relative to SDS system.

In addition, the results presented in Table 1 show that the in-
cremental oil recovery of the sand pack (a) (injecting NSE) is higher
than that of sand pack (b) (injecting SDS stabilized emulsion)
during subsequent water flooding stage after the emulsion injec-
tion. The total oil recoveries of two sand packs are 80.71% and
69.42%, respectively. The results also indicated that the profile
control ability of NSE is better than that of SDS emulsion and
therefore, NSE could enhance more recovery of residual oil. The
discussions above suggest that surface solidification which results
from the adsorption of NS-DTAB complexes at oil-water interface
plays a significant role to strengthen the emulsion stability.
4. Conclusion

In this study, a novel mechanism for diverting subsequent
injected water of NSE was first proposed: adsorption of NS-DTAB
complexes at oil-water interface could result in interface hard-
ening, endowing the emulsion with a better stability and plugging
ability. Different emulsion stabilizers including NS alone, DTAB
alone and NS-DTAB complexes were investigated. Emulsion stabi-
lized by mixture of DTAB and nano-silica displayed a satisfactory
stability in both static and dynamic conditions. It is found that the
adsorption of NS-DTAB complexes at oil-water interface can slow
down the coalescence rate of droplets. Once the interface is jam-
med by DTAB-decorated nano-silica, the coalescences of droplets
can be completely inhibited. What's more, in core flooding tests,
emulsion stabilized by DTAB with nano-silica shows a powerful
flow resistance to water invasion, which benefits the enhanced oil
recovery.
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