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AbstractWe investigated the effects of silica nanoparticle (NP) on nanofluid flooding for enhanced oil recovery. All
NPs used in experiments were identically surface modified with PSS-co-MA and a zwitterionic surfactant. In core
flooding experiments, the oil production from Berea Sandstone showed an increasing trend as the NP concentration
increased within the range of 0.1 to 2.0 wt%. This result was closely associated with variance of interfacial tension (IFT)
and contact angle (CA). IFT continued to decrease as the NP concentration increased until 2.0 wt%. However, IFT can-
not further decrease with an increase in the NP concentration beyond 2.0 wt%, because total interaction energy may be
reduced due to the decrease of electrostatic repulsion force by the closer spacing between NPs. When combined with
silica nanofluid soaking, the CA of the rock/oil/nanofluids increased with increasing NP concentration; this indicated
wettability alteration to a more water-wet condition caused by an enhanced fluid ability to spread silica NPs along the
rock surfaces. Because of this effect, the capillary pressure is expected to be sufficiently reduced by nanofluid flooding,
compared with brine flooding. However, at higher NP concentration, the NPs caused permeability reduction and an
increased pressure drop attributable to the residual NPs in rock pores. This result implies additional oil recovery attrib-
utable to improved sweep efficiency related to the log jamming phenomenon caused by the residual NPs, as well as the
IFT reduction and wettability alteration, thus leading to enhanced oil recovery.
Keywords: Enhanced Oil Recovery (EOR), Nanoparticle Concentration, Silica Nanofluid, Capillary Pressure

INTRODUCTION

Nanoparticles (NPs) have attracted considerable attention as a
promising means of increasing oil recovery, resulting in the term
“NP-based enhanced oil recovery” (Nano-EOR) [1]. Nano-EOR has
a few advantages, compared with conventional EOR techniques. Par-
ticles smaller than 100 nm can move readily through pore throats
of porous rock and distribute to pore network locations where they
can provide efficient and noticeable differences in various man-
ners [2]. The NPs can alter the fluid properties of the displacement
fluid, including its viscosity [3-5], interfacial tension (IFT) [6-9] or
rock surface wettability [10]. For example, Hu et al. [11] reported a
remarkable maximum 31.4% increase in oil recovery at break-
through points using TiO2 NPs. Many potential mechanisms for
nanofluid EOR have been proposed [12-15]. The concentrations
of NPs are directly related to flow through the porous reservoir rock.

From the perspective of nanofluid flow, log jamming theory pro-
vides a potential mechanism for EOR [11,16-18]. The mechanism
is as follows: NPs can remain at more-permeable channel entrances
during nanofluid flooding, which forces the displacing fluid to flow
through unswept regions; this increases the overall sweep and dis-
placement efficiency, leading to increased oil recovery. During this

process, NP accumulation in porous media can cause permeabil-
ity reduction [15,19-21]. In this process, the NP concentration can
be important. The jamming effect may be insufficient if the NP
concentration is particularly low, resulting in a minimal increase in
oil recovery. However, the permeability reduction phenomenon may
be predominant if the NP concentration is adequate. Accordingly,
an optimal NP concentration should exist [20]. Because the opti-
mal NP concentration differs depending on the properties of the
reservoir rock and the nanofluid (e.g., particle size or additive type),
there is a need to clarify the relationships of NP concentration and
oil recovery with various types of NPs.

Wettability alteration also can occur because of residual NP exis-
tence on the surfaces of rock; the NP concentration has an effect
on the level of wettability alteration. Theoretical and experimental
investigations have shown that nanofluids reduce oil adsorption on
rock surfaces by contributing to a structural disjoining force (film)
between the oil and the rock surfaces, then creating a wedge film
structure on the rock surfaces [22-25]. The degree of aqueous nano-
fluid film spreading on rock surfaces is a function of NP concen-
tration. At higher NP concentration, the wedge film energy ampli-
tudes increase because of increasing particle confinement in the oil-
nanofluids-rock contact regions [25]. This wettability also reflects
the characteristics of both the nanofluid and the reservoir rock; thus,
changes according to NP concentration differ depending on the
conditions of the rock and nanofluid. Yuan et al. [26] tested the effi-
ciency of wettability alterations by nanofluids at different NP con-
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centrations (from 1 to 7wt%). They observed that a greater potential
energy barrier leads to greater nanofluid film stability on the rock,
thus producing more water-wet conditions. Their experimental
results showed that a concentration beyond 1 wt% does not con-
tribute to additional wettability alteration because the potential
energy barrier for a system with 7 wt% NP is less than the barrier
for a system with 1 wt% NP. This result indicates that there is an
optimal NP concentration for wettability alteration. Moreover, NP
retention on rock surfaces may affect the wettability alteration. There-
fore, further experimental studies (e.g., concerning the relation-
ship between the amount of NP retention and rock wettability, as
well as the relationship between potential energy barrier variation
and NP retention density on rock surfaces) are needed to deter-
mine the optimal NP concentration for rock wettability.

Thus far, few studies have examined the effects of NP concen-
tration on IFT [27]. For example, Radiom et al. [28] found that the
IFT of TiO2 nanofluids depends weakly on the particle concentra-
tion and exhibits a decreasing trend at higher concentrations. They
demonstrated that the nanofluid IFT reduction is attributable to
the reduction in cohesive energy at the liquid-air interface. This is
related to the Brownian motion of NPs within the liquid. This
Brownian motion can disperse NPs located at the interface to new
orientations, resulting in lower total interface free energy. Conse-
quently, this reduces the IFT [28]. Correspondingly, Zhu et al. [29]
observed that the IFT of Al2O3 nanofluids decreases with increas-
ing NP concentration from 0.1 vol% to 0.5 vol%. They showed
that variations of IFT are attributable to a reduction of the liquid
surface layer interaction force when Al2O3 NPs are incorporated
into the base fluid. In contrast, Tanvir et al. [30] demonstrated that
the nanofluid IFT increases linearly with increasing concentration
because the van der Waals force between NPs at the liquid-gas
interface increases the surface free energy, thus increasing the IFT.
These dissimilar results among previous studies have shown that
the influence of particle adsorption on oil-nanofluids IFT is not
well understood. In addition, for research on IFT variation, the
NP spatial density at the oil-nanofluids interface is important [31].
The NP concentration can affect the spatial density at the oil-nanoflu-
ids interface; this effect may change the IFT at the interface. From
this perspective, additional studies are needed regarding the effects
of NP concentration on IFT at the oil-nanofluids interface. Thus far,
a limited number of transport experiments have been performed
to investigate NP retention during transport in porous media [13,
14,32,33]. Accurate assessments of the potential for NP flooding as
an agent of EOR require detailed analyses of several aspects, such
as the relationship between NP concentration and capillary pres-
sure, the effects of NP retention on flooding injectivity in porous
media, and the recovery efficiency and flow pressure differences
during nanofluid injection. The objective of the present work was
to investigate the effects of NP concentration on EOR applications.
This study is novel in several respects. First, we examined the cap-
illary pressure (Pc) to discover how NP-induced changes in IFT and
rock wettability affect the flow in porous rock. We measured the
contact angle (CA) in the three-phase (oil/nanofluid/rock) contact
area to determine the extent to which the NP concentration affects
the rock wettability alteration. The variation of IFT at the oil/nano-
fluid interface was also measured using variation of pendant drop

shape analysis with different concentrations of silica NPs. Then,
capillary pressure was calculated using the measured IFT and CA
data in the NP concentration range of 1.0-2.0wt%. Second, we ana-
lyzed how the mass of NPs adsorbed per bulk volume of rock affects
the relative permeability and change in oil recovery. We determined
the variations of endpoint relative permeability and reduction of
oil saturation as functions of retention density. Third, we evalu-
ated changes in apparent viscosity according to NP retention using
the pressure drop during nanofluid flooding. The oil recovery and
flow mechanism were analyzed using our experimental results.

MATERIALS AND METHODS

1. Materials
A hydrophilic silica NP, Ludox CL-X colloidal silica (45wt% sus-

pension in H2O and particle diameter of 22 nm), was purchased
from Sigma-Aldrich (St. Louis, MO, USA). An anionic polymer,
poly (4-styrenesulfonic acid-co-maleic acid) sodium salt (PSS-co-
MA), and a zwitterionic surfactant, 3-(N,N-dimethylmyristylam-
monio) propanesulfonate (TPS), both of 99% purity, were both pur-
chased from Sigma-Aldrich. The oil used was KF-96-10 (Shinetsu,
Tokyo, Japan), which is a distillate of petroleum having a viscosity
of approximately 10 cP. Brine (3 wt% NaCl) was used as an aque-
ous phase. For the flow experiments, Berea Sandstone cylinders with
a diameter of 3.8 cm and length of 5.7 cm were used. Their mea-
sured properties were porosity of 20-22% and permeability of 141-
145 md.
2. Preparation of Silica NP Dispersions (Silica Nanofluids)

First, the nanofluids were prepared by adding silica NP disper-
sions with various concentrations (0.1, 0.5, 1.0, 1.5, 2.0, 3.0 wt% sil-
ica content, diameter of 22 nm) to a 3 wt% NaCl brine. Then, to
surface modify the NPs, a 0.5 wt% concentration of PSS-co-MA
(an anionic polymer) was added to each nanofluid; each mixture
was stirred for 5 min at 800 rpm with a magnetic stirrer [12]. Next,
a 0.1wt% concentration of TPS (a zwitterionic surfactant) was added
to each nanofluid; the nanofluids were mixed again for approxi-
mately 1 h. Finally, the NP dispersions were mixed to homogene-
ity for 2 min in 2-s/1-s bursts (on/off time) at 3,000 rpm with an
ultrasonic homogenizer (Digital Sonifier, Branson, Brookfield, CT,
USA).
3. Characterization of Silica Nanofluids

Transmission electron microscopy (TEM) was used to observe
the shapes and sizes of NPs in the static condition. The measure-
ments were performed with a JEN 2100F electron microscope (Jeol,
Peabody, MA, USA). The hydrodynamic sizes and size distribu-
tions of particles in the nanofluids were analyzed by dynamic light
scattering (Zetasizer Nano ZS-90, Malvern Pananalytical, Malvern,
UK). The zeta () potential was measured using the same instru-
ment. The suspension concentration was 10.0 mg/mL, and mea-
surement was performed over a period of 3 min for each sample
at 25 oC. The steady state viscosity of the colloidal dispersion was
measured over a shear rate range using a viscometer (DV3, Brook-
field Engineering Laboratories, Inc., Middleboro, MA, USA). Each
measurement was conducted at 25 oC. IFT and CA measurements
were performed to analyze the stabilized nanofluids with NPs and
surfactant. The change in CA was measured at oil side that had
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been initially equilibrated on the brine-soaked rock surface during
diffusion of the introduced NPs. The measurements were made
using a tensiometer (Theta, Biolin Scientific, Sweden), and the data
were analyzed using OneAttension imaging software (Dyne Test-
ing, Staffordshire, UK). Each measurement was at 25 oC.
4. Core Flooding Experiments

Berea Sandstone was packed into a core holder. To prepare the
initial state of the Berea Sandstone, brine was injected into it. Next,
oil was injected into the brine-saturated sandstone until no addi-
tional brine was produced. The initial brine and oil volume frac-
tions in the sandstone were calculated from the amount of brine
produced. Ageing time was two days under room temperature.
Theoretically, as the ageing time and temperature increase, the rock
surface tends to change to more oil-wet, but this study was con-
ducted at room temperature to examine the effect of the concen-
tration of silica nanoparticles under same conditions with minimal
rock-surface change. For core flooding experiments, the NP dis-
persions (i.e., silica NPs/PSS-co-MA/TPS mixtures) were injected
into the core holder at a constant flow rate of 1 cm3 min1. The
fluid that flowed through the sandstone was collected in a measur-
ing cylinder; oil recovery was calculated by the amount of oil ex-
tracted from the oil contained in the sandstone (original oil in place).
Pressure transducers (DXD, Heise, USA) were installed at the inlet
and outlet of the core holder to monitor the pressure change. To
avoid any effect from the NP thermal motion, all experiments were
carried out at 25 oC.
5. NP Retention Density Measurement

To measure the NP retention density (ANP) on the rock surface,
we collected the injected and effluent nanofluids following a brine
flush with a glass vial at the inlet and outlet of the Berea Sand-
stone, respectively. Nanofluid was collected when oil no longer flowed
out during the EOR experiment. The collected nanofluid was suf-
ficiently dried for 24 h at 80 oC using a forced convection oven.
The masses of the dried inlet nanofluid (MNP in.) and the dried efflu-
ent nanofluid (MNP eff.) were measured using an ultra-precise elec-
tronic balance. The retained mass of NPs (Mret. NP) was determined
by the material balance method (Mret. NP=MNP in.MNP eff.). To calcu-
late the NP retention density (i.e., mass of NPs adsorbed per bulk
volume of Berea Sandstone), the Mret.NP was divided by the calculated
bulk volume (Vbulk) of the sandstone (ANP=Mret. NP/Vbulk [mg/cm3]).

RESULTS AND DISCUSSION

1. Dispersion of Silica NPs in Nanofluids
For characterization of silica NPs in the nanofluids, we per-

formed TEM analysis. The results revealed spherically shaped par-
ticles of uniform size with a mean diameter of approximately 22
nm in the dried condition (Fig. 1). When NPs were suspended in
brine, the silica suspension indicated that the dispersion was ther-
modynamically stable and homogeneous. This status originated
from the negatively charged surfaces of the silica NPs [34,35]. In
our previous study, after incorporation of TPS (zwitterionic surfac-
tant) and PSS-co-MA (anionic polymer), the sizes in the disper-
sions were similar to the sizes of the isolated NPs (22-27 nm) [31].
Thus, aggregation did not occur. The dispersions were also stable
in the presence of the surfactant and polymer because of the nega-

tively charged surfaces of silica NPs [35]. Furthermore, the forma-
tion of a sufficient polymer steric layer on NP surfaces is necessary
to stabilize NPs in the nanofluids. Adsorption of the zwitterionic
surfactant onto NPs is mediated by the dipole-charge interaction
between trimethylammonium groups of the zwitterionic surfac-
tant and the negatively charged particles with PSS-co-MA under
the brine condition [12]. Thus, the hydrodynamic radius of NP did
not change significantly after one week of silica nanofluids from
DLS measurement (Fig. 2). In our previous studies, the  poten-
tials were less than approximately 40 mV after incorporation of
TPS and PSS-co-MA onto the surfaces of the silica NPs (Table 1).
This showed that the stability was attributable to the stable distance
between NPs; particle-particle repulsion was effective [12]. The
DLVO theory is useful for demonstrating the force balance of charge-
stabilized dispersions. In this approach, we calculated the total inter-
action energy between two particles is obtained by summation of
attractive VdW (van der Waals) and the repulsive electrostatic inter-
action (Vtot=Vvdw+Velec) and plotted as a function of the interparticle
distance (Fig. 3(a)). The energy barrier was in the range of approx-

Fig. 1. TEM Image of silica nanoparticles.

Fig. 2. Hydrodynamic radius of NPs immediately after preparation
and after storage for one week.
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imately 10-15 kBT in all this experimental cases (silica NP with con-
centration range of 0.1-2.0 wt%). According to previous research,
this sufficiently large energy barrier (>10 kBT) remained in a sta-
ble state for a long time [36]. From long-term phase stability test,
silica dispersions with concentration range of 0.1-2.0 wt% retained
stable phase behavior after storage for one week (Fig. 3(b)).
2. Variation of IFT and Wettability Alteration According to
NP Concentration

NP adsorption at the oil–fluid interface affects the IFT. To fully

understand how the NP concentration in the nanofluids affects the
IFT, we measured changes in IFT between the oil and nanofluids
directly under various NP concentrations. When PSS-co-MA chains
and TPS surfactant are effectively adsorbed onto silica NPs, these
electrostatically charged NPs reach the interface via interfacial energy
reduction because of the TPS surfactant,so they are likely to remain
as a trapped monolayer at the interface [37]. Thus, when zwitteri-
onic surfactant is adsorbed on the NP surface, NP has amphiphilic
properties [38,39]. Therefore, it can be readily located even at the

Table 1. Zeta potential measurement of silica nanofluids
Concentration (wt%)

Mean value
 (mV)

Standard
deviation (mV)Silica nanoparticle

(Ludox CL-X)
Anionic polymer

(PSS-co-MA)
Zwitterionic

surfactant (TPS) NaCl

0.1 0.5 0.1

3.0

45.7 ±3.2

0.5

0.0 0.0 41.2 ±2.9
0.0 0.1 36.6 ±3.7
0.5 0.0 51.1 ±3.1
0.5 0.1 49.6 ±3.8

1.0 0.5 0.1 50.2 ±2.7
1.5 0.5 0.1 49.4 ±3.1
2.0 0.5 0.1 48.4 ±2.6

Fig. 3. (a) Total DLVO interaction energy between silica NPs as a function of NP concentration, (b) Phase behavior of NPs immediately after
preparation and after storage for 1 week.
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oil-water interface. In our experiment, the IFT continued to decrease
in the silica NP concentration range of 0.1-2.0 wt% as the concen-
tration of silica NPs in the nanofluids increased (Fig. 4). This phe-
nomenon occurred because more NPs were driven into the oil/
nanofluids. The NP number density in the nanofluids influences
the IFT reduction. A previous study confirmed that NP spatial den-
sity at the oil-nanofluids interface is important for interfacial stability
[31]. At higher NP concentration, NPs adsorb readily to the oil-
nanofluids interface; thus NP spatial density is increasing with the
reduction of the interfacial area covered by each particle. However,
when the NP concentration exceeds 2 wt%, the IFT cannot further
decrease with increasing NP concentration and a weak opposite
trend begins to develop. This phenomenon can be explained by
van der Waals and repulsive interactions. When NPs are added
into the aqueous phase, the molecules of the NPs and brine inter-
act with each other. The NPs become closer to each other when the
silica NP concentration becomes sufficiently high. Accordingly, the
forces of adjacent NPs and the forces of the liquid molecules inter-
fered in the liquid surfaces [27]. Thus, total interaction energy may

Fig. 4. Variation of interfacial tension (IFT) as a function of NP con-
centration at oil-NP fluid interface (0 wt% of NP concentra-
tion means that zwitterionic surfactant and PSS-co-MA were
present in the brine without NP).

Fig. 5. (a) Images and (b) values of contact angle as a function of NP concentration. (a) Images of contact angle, (b) Values of contact angle.

reduce with decreasing electrostatic repulsion force, thereby increas-
ing interfacial energy and IFT. This result is consistent with the
findings in a previous study [40]. Because of these effects, we con-
cluded that the optimal NP concentration in this study, in terms of
IFT, was 1.5-2.0 wt%.

To evaluate how the addition of NPs in suspension affects the
rock surface wettability, the effects of NP adsorption on wettabil-
ity alteration were investigated in a concentration-dependent man-
ner. Soaking in silica nanofluids changed the CA of the sandstone
rock. The CA is a quantitative measure of Berea Sandstone wet-
ting by nanofluids. In the brine condition (3 wt% NaCl) without
NPs, the rock/oil/-nanofluids CA was 120.5o. However, the silica
nanofluid increased the CA in a concentration-dependent manner,
from 128o for 0.1 wt% nanofluid to 151.5o for 2.0 wt% nanofluid;
this indicated alteration of rock surface wettability to a more water-
wet condition. The reason for this change may be the disjoining
pressure. The structural disjoining pressure is correlated with the
fluid ability to spread along a rock surface because of the interfa-
cial force imbalance among rock, the oil phase, and the nanofluids
[41]. The presence of NPs in the three-phase contact region tends to
create a wedge-film structure comprising nanofluid film (disjoin-
ing pressure) between rock surface and oil drop. As the particle con-
centration increases, more NPs diffuse into the wedge film. Thus,
the disjoining pressure substantially increases at a particular wedge
thickness with increasing NP concentration. Because of this pres-
sure increase, the oil-nanofluids interface advances; the nanofluids
then spreads on the rock surface, thus detaching the oil drop. Ac-
cordingly, a higher hydrophilic silica NP concentration increases
water-wetness, as shown in Fig. 5.
3. Variations of Capillary Pressure (Pc) According to NP Con-
centration

To determine how nanofluid-induced changes in IFT and rock
wettability affect the flow in porous rock, we measured the pore
size distribution and mercury capillary pressure (Pc) of Berea Sand-
stone using the mercury injection method. The maximum value
of the probability density of the pore size distribution was in the
range of 5 to 20m (Fig. 6(a)). This pore size range is reasonable for
Berea Sandstone [42]. Then, the capillary pressure for the oil-nano-
fluid phase was calculated using the equation Pc=Pc Hg·(oil/nanofluids·
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cos oil/nanofluids/rock/air/Hg·cos air/Hg/rock), where Pc Hg is the capillary pres-
sure measured by the mercury injection method [43]; oil/nanofluids

and air/Hg are the IFT values at the oil/nanofluid interface (10.6-5.3
mN/m) and the air/Hg interface (385 mN/m); and oil/nanofluids/rock

and air/Hg/rock are the CA values at the oil/nanofluid/rock interface
(128-151.5o) and the air/Hg/rock interface (130o), respectively. In
addition, the minimum nanofluid saturation in the experiment
was obtained through core flooding until no more nanofluid was
discharged from porous rock. The results showed that the mini-
mum nanofluid saturation was in the range of 22.4-25.2%. The cal-
culation results confirmed that Pc was substantially reduced during
nanofluid flooding, compared with brine flooding. In particular,
the Pc decreased rapidly through the 0.1-1.0wt% NP range, although
there was no substantial difference in Pc within the NP concentra-
tion range of 1.0-2.0 wt% (Fig. 6(b)). In terms of changes in IFT
and rock wettability, these results imply that residual oil in the rock
can flow easily with nanofluid injection at the NP concentration of
1.0 wt%. Thus, the nanofluids used in this study can reduce the Pc

in the matrix by reducing the ST and/or by changing the wettabil-
ity of the rock surface when adsorbed onto surfaces. However, this
Pc calculation does not consider NP retention in the rock pores.
4. Variations of Pressure Drop and Relative Permeability with
NP Concentration

The main objective of this study was to quantitatively characterize
the transport and retention of particles under different NP concen-
trations. To determine the qualitative relationship between trans-
port and NP concentration, we observed the pressure drop (p)
across the sandstone during the core flooding process as function
of NP concentration. Our experimental results showed that p
increased with increasing NP concentration (Fig. 7(a)). This phe-
nomenon may be attributable to NP retention on rock grain sur-
faces. Because NPs were retained in pores during injection, incoming
NPs accumulated on top of the previously captured NPs. These NPs
could also become lodged in pore throats if the applied shear force
was less than the capillary force. In this scenario, the injection pres-
sure built up gradually as more pores became occupied. Addition-
ally, to characterize multiphase flow in porous media according to
NP concentration, we calculated the relative permeability of the

oil-nanofluid phase using both the Corey correlation and experi-
mental permeability values. The relative permeabilities were calcu-

lated as follows [44]: krw=k0
rw  kro=k0

ro

where krw and kro are the relative permeabilities of nanofluid and
oil for each saturation, respectively (when two fluids flow simulta-
neously in a rock); Swir is the irreducible nanofluid saturation (mini-
mum nanofluid saturation in rock); Sor is the residual oil saturation
(it is ratio of the volume of residual oil to the total pore volume in
the rock); and m and n are adjusted parameters (we used the value
of 2 for both). k0

rw and k0
ro are the relative permeabilities of nano-

fluid and oil at Swir and Sor, respectively [12]. As the NP concentra-
tion increased, the Sor decreased, from 0.246 at 0.1 wt% NP to 0.165
at 2.0 wt%; the relative nanofluid permeability at the endpoint (k0

rw)
also increased, from 0.178 at 0.1 wt% NP to 0.027 at 2.0 wt% (Fig.
7(b)), which indicated that oil recovery increases as the NP con-
centration increases in the porous media. Such a result is presum-
ably because a higher injected NP concentration causes an increased
pressure drop with higher NP retention at the rock surface; this
can supply a force for flow through unswept regions, thereby increas-
ing displacement efficiency and oil recovery. To confirm this con-
clusion, we measured the retention density (mg/cm3), which was
the mass of NPs adsorbed per bulk volume of Berea Sandstone.
As shown in Fig. 7(c), greater NP adsorption (retention density)
on sandstone pore surfaces can be achieved by increasing the in-
jected NP concentration. Moreover, the retention density affected
the endpoint nanofluid relative permeability and changed the oil
saturation (SioSor) in the sandstone core. With increasing reten-
tion, the endpoint nanofluid relative permeability decreases because
of the increased p, thus changing the oil saturation via Sor reduc-
tion. These results imply that the log jamming phenomenon may
be important in oil recovery, along with changes in IFT and rock
wettability.
5. Suspension Rheology According to NP Concentration

The rheological viscosity of a fluid can differ between a hetero-
geneous state flow through a complex pore network and a homo-
geneous bulk state flow measured by a rheometer. We compared

Sw   Swir

1  Swir   Sor
-------------------------
 
 

n

, So   Sor

1  Swir   Sor
-------------------------
 
 

m

,

Fig. 6. Variation of capillary pressure (Pc) with NP concentration (a) Pore size distribution of Berea Sandstone, (b) Capillary pressure as a
function of NP concentration.
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the viscosity of NP suspensions in the conditions of bulk state (bulk
viscosity) and porous (apparent viscosity) flow. First, in the bulk
state, we measured the bulk viscosity of NP suspensions to charac-
terize flow properties according to NP concentration. The NP sus-
pensions displayed a non-Newtonian shear thinning in which the
viscosity decreased with increasing shear rate (Fig. 8). At low shear
rate, there was remarkable resistance between NPs during fluid flow;
therefore, this phenomenon presumably had considerable influ-
ence on the NP suspension viscosity. In particular, when the NP
concentration was higher, a greater effect was observed because of
resistance between particles in the low shear rate region. This may
be related to greater potential for agglomeration between particles
at low shear rates. However, in the high shear rate section, the vis-
cosity difference according to NP concentration was generally low.
Thus, friction between particles had a smaller influence on viscosity
at higher shear rates; the influence of NP concentration was gener-
ally low because of low aggregation between particles in relation to
high shear stress. These results were similar in other studies. This
can also explain that the non-Newtonian characteristics of nano-
fluids are more obvious at a higher volume fraction and a longer
holding time since the chance of aggregation is higher [45]. Once
agglomeration is formed, a larger stress is necessary to break the
ligand structure among particles when shearing takes place; there-

fore, a high relative viscosity would be observed in the fluids [45].
We also calculated the apparent viscosity (app) of the porous

medium using the equation app=kpA/(qL) with the p observed
during the core flooding experiment [45]. In this formula, A is the
cross-sectional area of Berea Sandstone (11.4 cm2), k is the abso-

Fig. 7. Transport characteristics of nanofluids at various NP concentrations during core flooding. (a) Pressure drop at different NP concen-
tration, (b) Relative permeability at different NP concentration, (c) Retention densiy according to NP concentration.

Fig. 8. Apparent viscosity according to NP concentration.
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lute permeability (142 mD), L is the length of the sandstone (5.7
cm), and q is the flow rate (1 cm3/min). Our experimental results
show that the NP retention on rock surfaces could influence fluid
rheology. In particular, the apparent viscosity of the porous medium
with a mixture of residual oil and NP fluids was higher than the
bulk viscosity. To calculate the bulk viscosity, the shear rate within
the pores in Berea Sandstone can be estimated from the formula
=4v/(8kø)0.5, where ø is the porosity (0.213), v is the [46,47]. This
formula is useful for correlating and predicting the rheological
properties of non-Newtonian fluids under permeable media flow
[34]. In this experiment, the estimated shear rate within the pores
was approximately 40 s1. From this value, the bulk viscosity by
rheometer measurement was in the range of 0.8-2.3 mPa·s. How-
ever, the range of apparent viscosity at the shear rate of 40 s1 was
between 4.9 and 31.9 mPa·s during core flooding. As the NP con-
centration increased, the apparent viscosity also increased; it was
4.9 mPa·s for 0.1 wt% NP and 31.9 mPa·s for 2.0 wt% NP. This
showed that the behavior of the NP injection fluid cannot be ex-
plained by the bulk viscosity of the nanofluid because of NP reten-
tion in the porous medium. Therefore, NP retention influenced the
viscosity and injectivity of the fluid flowing in the porous medium.
6. Variations of Oil Recovery According to NP Concentration

To determine the impact of NP concentration on oil recovery,
we conducted core flooding experiments using brine and different
NP concentrations (0.1-2.0wt%). All NPs used for these experi-
ments were identically surface modified with PSS-co-MA and a
zwitterionic surfactant. The experiments showed that, as the NP
concentration increased from 0.1 to 2.0wt%, oil production increased
from 67.8% to 76.2% of original oil-in-place (Fig. 9). These results
are explained by several factors. First, the dependence of additional
oil recovery on NP concentration is consistent with the IFT and
CA. The changes in IFT and CA are also a function of NP concen-
tration, such that the IFT decreases and CA increases with increas-
ing NP concentration, as shown in Figs. 4 and 5. These findings
reflect the increase in total NP surface area with increasing parti-
cle concentration, such that the NP area in contact with surfac-
tant increases. Second, the log jamming phenomenon may affect

the oil recovery. As shown in Fig. 7(a), the p increased as the NP
concentration increased, although the Pc was predicted to decrease
through variations of IFT and rock surface wetting because of resid-
ual NPs in the rock pores. When the nanofluid injection volume
was less than 1 pore volume, the pressure increased more steeply as
the NP concentration increased (Fig. 7(b)). This implies that pres-
sure drop built up gradually as residual NPs became lodged in the
pore throats. Accordingly, residual NPs can cause the displacing
fluid to flow through unswept regions with as the pressure drop
builds up; this may produce increased overall sweep and displace-
ment efficiency. Thus, we confirmed that the retention density even-
tually influenced oil recovery, as shown in Fig. 7(c). These results
indicate that the log jamming phenomenon may be important in
oil recovery, along with changes in IFT and wettability.

CONCLUSIONS

We explored the effect of concentration of silica NP surface-
modified by zwitterionic surfactants and PSS-co-MA on oil recov-
ery. The following conclusions were drawn from the results of the
study.

(1) The oil production showed an increasing trend as the silica
NP concentration increased from 0.1 to 2.0 wt%. The oil
recovery was strongly dependent on changes in IFT and
CA. IFT continued to decrease as the concentration of sil-
ica NPs increased from 0.1 to 2.0 wt%. However, IFT could
not decrease further with increasing NP concentration because
total interaction energy may be reduced due to the decrease
of electrostatic repulsion force by the closer spacing between
NPs.

(2) As the NP concentration increased to 2.0 wt%, the silica NPs
also changed the CA of the sandstone rock to a more water-
wet condition. This is presumably because the aqueous nano-
fluid film exhibits greater ability to spread along rock sur-
faces at higher NP concentration. In relation to variation of
IFT and wettability, the calculated apparent capillary pres-
sure (Pc) was expected to be sufficiently reduced by the NP
flooding method. However, this Pc calculation did not con-
sider the NP retention remaining in the rock pores.

(3) Although a decrease in Pc was expected, the experimental
results showed that the p of core flooding increased as the
NP concentration increased because of residual NPs in the
rock pores. Thus, the behavior of the injected NP fluid can-
not be explained solely by the IFT and rock surface wetta-
bility. Residual NPs influence the viscosity and injectivity of
a fluid flowing in a porous medium.

(4) In addition to changes in the IFT and wettability, the log jam-
ming phenomenon may influence oil recovery. This can
cause the displacing fluid to flow through unswept regions,
which increases the overall sweep and displacement effi-
ciency, thus leading to enhanced oil recovery.
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