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Abstract
Low-salinity water injection has been utilized as a promising method for oil recovery in recent years. Low-salinity water 
flooding changes the ion composition or brine salinity for improving oil recovery. Recently, the application of nanoparticles 
with low-salinity water flooding has shown remarkable results in enhanced oil recovery (EOR). Many studies have been 
performed on the effect of nanofluids on EOR mechanisms. Their results showed that nanofluids can improve oil recovery 
when used in low-salinity water flooding. In this work, the effects of injection of low-salinity water and low-salinity nano-
fluid (prepared by adding  SiO2 nanoparticles to low-salinity water) on oil recovery were investigated. At first, the effects of 
ions were investigated with equal concentrations in low-salinity water flooding. The experimental results showed that the 
monovalent ions had better performance than the divalent ions because of them having more negative zeta potential and less 
ionic strength. Also, low-salinity water flooding recovered 6.1% original oil in place (OOIP) more than the high-salinity 
flooding. Contact angle measurements demonstrated that low-salinity water could reduce the contact angle between oil and 
water. Then in the second stage, experiments were continued by adding  SiO2 nanoparticles to the  K+ solution which had the 
highest oil recovery at the first stage. The experimental results illustrated that the addition of  SiO2 nanoparticles up to 0.05 
wt% increased oil recovery by about 4% OOIP more than the low-salinity water flooding.
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1 Introduction

Low-salinity water (LSW) flooding has been suggested as 
an effective method for enhancing oil recovery (EOR) in 
sandstone reservoirs when the salinity of the injection flu-
ids is between 1400 and 5000 ppm (Alotaibi et al. 2010; 
Austad et al. 2010; Buikema et al. 2011; Hilner et al. 2015; 
Lager et al. 2008b; Morrow and Buckley 2011; Piñerez Tor-
rijos et al. 2016; Qiao et al. 2016; Vledder et al. 2010) and 
although most of the experiments were done below 100 °C, 
there appeared to be no limitation on temperature (Lager 
et al. 2008a). Low-salinity water flooding may be consider-
ably effective in special conditions and is recommended for 

increasing oil recovery when the following are encountered: 
clay must be present in the sandstones, polar components 
(acidic and/or basic material) present in crude oil, and for-
mation water must contain divalent ions like  Ca2+ (Lager 
et al. 2007; Tang and Morrow 1999).

The mechanisms suggested in low-salinity water flood-
ing include: double-layer expansion between fine particles 
and limited fines release (LFR) with a change in wettabil-
ity toward water wetness resulting from the removal of the 
mixed wet fines (Tang and Morrow 1999), double-layer 
expansion between oil/rock contact areas (Ligthelm et al. 
2009; Matthiesen et al. 2014; Nasralla and Nasr-El-Din, 
2014; Xie et al. 2014), and multi-component ion exchange 
(MIE) (Lager et al. 2007).

Austed et al. proposed that organic materials desorbing 
from the clay surface occurred because of an increase in 
pH at the clay-water interface. The increase in pH is due to 
desorption of cations from the surface during low-salinity 
water flooding. The proposed mechanism is schematically 
illustrated by Austad et al. (2010).
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Nowadays, nanoparticles are widely used to improve the per-
formance of chemical and physical processes in many fields, 
including petroleum engineering. Nanoparticle-assisted low-
salinity water flooding embraces both nanoparticles and ions 
as EOR agents in the injection water. Materials having a 
dimension of 100 nm or less are called ‘nanoparticles’ (Das 
et al. 2008). They are composed of two parts: a core and 
a thin shell (Das et al. 2008). Previous studies suggested 
enhanced characteristics of nanoparticles including very 
high specific surface area, remarkable thermal features, and 
chemical capability to modify the wetting characteristics of 
reservoir rocks and the rheological properties of drilling flu-
ids (Arab et al. 2014; Ayatollahi and Zerafat 2012; Baird and 
Walz 2007; Hendraningrat and Torsæter 2014; Huang et al. 
2008; Li et al. 2016; Pourafshary et al. 2009; Rahbar et al. 
2010; Timofeeva et al. 2011; Zamani et al. 2010; Zhang et al. 
2010). Moreover, nanoparticles are used as an EOR agent to 
alter water properties such as viscosity; this allows for higher 
mobility of the injected fluids in order to release the trapped 
oil (Ayatollahi and Zerafat 2012).

One of the main mechanisms in nanofluid-assisted flood-
ing is called the structural disjoining pressure (Chengara 
et al. 2004; Wasan et al. 2011; Wasan and Nikolov 2003). 
This mechanism deals with the energy existing between nan-
oparticles that leads to Brownian motion and electrostatic 
repulsion between them. As the nanoparticle size becomes 
smaller, the electrostatic repulsion force between nanopar-
ticles will be larger. The larger the number of the nanopar-
ticles, the bigger the force will be (Mcelfresh et al. 2012).

(1)Clay-Ca2+ + H2O → Clay-H+
+ Ca2+ + OH−

(2)Clay-NHR3 + +OH−
→ Clay + R3N + H2O

(3)Clay-RCOOH + OH−
→ Clay + RCOO−

+ H2O

The presence of these nanoparticles in the three-phase 
contact region causes a creation of a wedge-film structure. 
Structural disjoining pressure is correlated to the fluid’s abil-
ity to spread along the surface of a substrate because of an 
imbalance of the interfacial forces among the solid, oil, and 
aqueous phases (Chengara et al. 2004). The wedge film can 
separate the formation fluids (oil, water, and gas) from the 
formation’s surface, thereby recovering more fluids (Mcel-
fresh et al. 2012).

Beside this mechanism, the surface modification of 
porous media in contact with nanoparticles should be con-
sidered. Nanoparticles would increase the attractive force in 
the surface of porous media, so clay minerals cannot detach 
from the surface (Arab and Pourafshary 2013).

In this work, the effects of low-salinity water and a com-
bination of nanoparticles with low-salinity water injection 
on oil recovery were studied. Finally, the recovery mecha-
nism was discussed using multiple analyses such as IFT, 
contact angle, zeta potential, and viscosity.

2  Experimental

2.1  Material

The brines used were artificially prepared by dissolving 
desired amounts of salts in distilled water. NaCl, KCl, 
 MgCl2, and  CaCl2 used here were obtained from Merck. As 
Table 1 shows, the concentrations of all ions in low-salinity 
brines were the same at 0.03422 mol/L.

The crude oil used in this study had an API gravity of 24° 
and a specific gravity of 0.89. The viscosity of the crude oil 
was 29 cP at ambient temperature.

Silicon dioxide  (SiO2) nanoparticles with 99.99% purity 
were purchased from the TECNAN Company, and their 
physical properties are reported in Table 2.

Table 1  Concentration of ions 
in brines

Brines Ion concentration, mol/L Total dissolved solids 
(TDS), ppm

Water type

Na+ K+ Ca2+ Mg2+

Brine 1 0.18021 0 0.5133 0 50,000 High salinity
Brine 2 0.03422 0 0 0 2000 Low salinity
Brine 3 0 0.03422 0 0 2585 Low salinity
Brine 4 0 0 0 0.03422 3258 Low salinity
Brine 5 0 0 0.03422 0 3795 Low salinity

Table 2  Properties of  SiO2 nanoparticles

Average particle size, nm Specific surface area (SSA), 
 m2/g

True density,  cm3/g Pore volume,  cm3/g Average pore size, Å Morphology Color

10–15 180–270 2.22 0.549 110.13 Spherical White
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Low-salinity  SiO2 nanofluids were formulated by sonicat-
ing  SiO2 nanoparticles in Brine 3 using a 400-watt ultrasonic 
homogenizer; the concentrations of  SiO2 nanoparticles and 
ion compositions are listed in Table 3.

The microscopic structure of dry  SiO2 nanoparticles was 
observed with a transmission electron microscope (TEM), 
as shown in Fig. 1.

In experiments, the sand packs used were 7.62 cm long, 
by 3.81 cm in diameter, filled with 90% glass beads with a 
diameter of 210–600 μm and 10% kaolinite clay. The poros-
ity and permeability values of each sand pack used are given 
in the following section.

2.2  Zeta potential

Zeta potential (ζ) values of  SiO2 nanofluids were meas-
ured with a Malvern Zen 3600 (Malvern Instruments, UK) 
using the electrophoresis method. In this method, a fluid 
sample containing suspended particles is influenced by the 
electric field. As a result, the charged particles in the zeta 
potential and intensity of the applied electric field with dif-
ferent speeds are attracted toward the oppositely charged 

electrodes. By measuring the speed of the particles moving 
in the porous media, the zeta potential of the particles is 
measured. At first, two sets of samples were prepared for 
brines 2, 3, 4, and 5; then, glass beads were equally added 
to the first set of samples and clay was added to the next set. 
After standing for 24 h, the zeta potentials of the solutions 
were measured.

2.3  Contact angle

The effects of low-salinity water and low-salinity nanofluids 
(adding  SiO2 nanoparticles to low-salinity water) on wet-
tability alteration were investigated by measuring the con-
tact angle between crude oil and brines or nanofluids on 
glass plates. Contact angle measurements were performed 
at room temperature and atmospheric pressure with a Kruss 
DSA-100 contact angle analyzer with an accuracy of ± 0.1°. 
Measurements were conducted on glass plates because glass 
is of the same material as glass beads filled in sand packs. 
After being cleaned with acetone, 18 pieces of glass plate 
were immersed in brines at 333 K for 1 h to form a film of 
brine on the glass plates. The glass plates were then aged 
in crude oil at 333 K for 4 weeks. In order to measure the 
contact angle, the oil-wetted glass plate was immersed in 
the low-salinity water or the low-salinity nanofluid. Then, a 
crude oil drop was placed on the plate surface.

The measurements were performed for two sets of the 
plates, each containing 9 plates. The contact angles of the 
first 9 plates were measured at the initial stage of putting 
the oil-wetted plates in brines, and the contact angles of the 
second set were measured after remaining in contact with 
the brines for 24 h. In order to better clarify the results, 
the contact angles were measured in three different spots on 
the surface of each glass plate, and the average value was 
reported as the contact angle of that sample.

2.4  Interfacial tension

The IFT between crude oil and aqueous solutions was meas-
ured using the ring method with a Sigma 700 force tensiom-
eter. All measurements were performed in ambient condi-
tions. Brine and crude oil were added to the device, and the 
IFT was measured. In this method, a platinum ring is held at 
the interface of water and oil. The force required to pull the 
ring out of the interface is related to the IFT.

2.5  Fluid viscosity

Viscosity was measured with a Brookfield rotational viscom-
eter (model NDJ-4) in ambient conditions. This instrument 

Table 3  Concentration of  SiO2 nanoparticles in low-salinity nanoflu-
ids

Nanofluids SiO2 concentra-
tion, wt%

K+ concentration, 
mol/L

TDS, ppm

6 0.02 0.03422 2585
7 0.05 0.03422 2585
8 0.08 0.03422 2585
9 0.10 0.03422 2585

Fig. 1  TEM image of  SiO2 nanoparticles (with a diameter of 
10–15 nm)
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can be used to determine viscosity resistance and dynamic 
viscosity of liquids in a wide range.

2.6  Core flooding procedure

The core flood setup consisted of a high-pressure positive 
displacement pump, two transfer vessels, a hydraulic pump, 
a core holder, and a heater, as illustrated in Fig. 2. Flooding 
procedures are as follows:

(1) Five pore volume (PV) of synthetic brine was injected 
at a rate of 0.1 cm3/min to ensure that the sand pack was 
fully saturated with water. Then, the core permeability 
was measured at several injection rates. (2) Crude oil was 
injected into the sand pack until no water was produced from 
the sand pack. (3) The sand pack was kept at this situation 
and aged at 333 K for 4 weeks. (4) Brine was injected into 
the sand pack at a flow rate of 0.1 cm3/min until no oil was 
produced, and the oil recovery was calculated.

3  Results and discussion

The experiments include two parts: first, low-salinity water 
flooding was performed in order to choose the best ion and 
to optimize its concentration. In the second part,  SiO2 nano-
particles were added to the selected low-salinity water to 
study its effect on oil recovery.

3.1  Effect of low‑salinity water flooding on oil 
recovery

Mg2+,  Ca2+,  K+, and  Na+ ions were tested to determine 
the best ion for increasing oil recovery. As a result, the 
maximum oil recovery of low-salinity water injection was 
about 39% which is 6.1% more than high-salinity brine 
injection. It can be seen from Fig. 3 that  K+ and  Na+ had 
better effects on oil recovery than did  Mg2+ and  Ca2+. The 
kaolinite clay used here did not swell significantly in con-
tact with brine, but there was some unusual pressure drop 
at core ends. This is due to clay migration during brine 
injection. Monovalent ions tended to detach the charged 
clay particles from rock surfaces and higher pressure drop 
occurred in monovalent-ion brine injection. The detached 
clay particles entered bulk of the fluid and flowed inside 

Fig. 2  Schematic of the setup 
used for core displacement
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porous media until reaching pore throats. These particles 
would plug the throats, and as a result a higher pressure 
drop was recorded at the core ends. This is one of the 
assisting EOR mechanisms in low-salinity water flooding. 
The pressure drop data and the ultimate oil recovery are 
shown in Table 4.

3.1.1  Effect of low‑salinity water on zeta potential

As mentioned above, one of the mechanisms of low-salinity 
water flooding is double-layer expansion. Ligthelm et al. 
(2009) introduced double-layer expansion between clay sur-
face and oil particles as one of the governing mechanisms 
in low-salinity water flooding that leads to lowering the zeta 
potential toward more negative values. Also by lowering 
the salinity in the brine, the ionic strength decreases and 
the electrostatic repulsion between clay particles and oil 
increases (Ligthelm et al. 2009).

The ionic strength is defined as:

where C is molality, mol/kg; Z is ion capacity.
The obtained results showed that the glass bead or the 

clay sample which was exposed to  K+ and  Na+ had more 
negative zeta potential values than the sample exposed to 
 Mg2+ and  Ca2+ (Table 5). So,  K+ and  Na+ are more effective 
on oil recovery than  Mg2+ and  Ca2+ because of lower ionic 

I =
1

2

n
∑

i=1

C
i
Z
2
i

strength and more negative zeta potential. Table 5 shows 
the zeta potential values of four types of low-salinity water.

3.1.2  Effect of low‑salinity water on IFT

The IFTs between low-salinity water and crude oil are listed 
in Table 6, and the IFT value between distilled water and 
crude oil is also listed to compare the effect of ions. The 
experimental results showed that the ion in the low-salinity 
water reduced the IFT between water and crude oil from 
28.2 to approximately 21.1 mN/m2. Also, the IFT reduced in 
low-salinity cases compared to the high-salinity brine (Brine 
1). The value of IFT was nearly the same for both monova-
lent and divalent ions. This leads to more oil recovery, as 
the IFT between oil and brine decreases, more oil will be 
produced from the sand pack.

3.1.3  Effect of low‑salinity water on contact angle

Contact angle measurements were performed to determine 
the mechanism of low-salinity water flooding, and the con-
tact angle values are listed in Table 7.

As can be seen from Table 7, the low-salinity water could 
reduce the contact angle more than the high-salinity water. 
It can be concluded that the low-salinity water may alter 
wettability toward more water wetness and as a result the oil 
recovery increases. According to the results of zeta potential, 
oil recovery, IFT, and contact angle measurements,  K+ brine 
was selected as the best cation for enhanced oil recovery and 

Table 4  Pressure drop across the sand pack and oil recovery in brine displacement tests

Displacement fluid Sand pack 
porosity, %

Sand pack per-
meability, mD

Pressure 
drop, psi

Final oil recovery by 
water flooding, % OOIP

Incremental oil recovery compared to 
high-salinity water flooding (Brine 1), % 
OOIP

Brine 1 29 – – 32.9 –
Brine 2 30 51.3 0.32 38.6 5.7
Brine 3 30 46.8 0.35 39.0 6.1
Brine 4 31 56.6 0.29 37.2 4.3
Brine 5 31 60.8 0.27 37.0 4.1

Table 5  Values of zeta potential for low-salinity water

Water Ion in brine Zeta poten-
tial of clay, 
mV

Zeta potential of 
glass bead, mV

Ionic 
strength, 
mol/L

Brine 2 Na+ − 26.5 − 27.4 0.03422
Brine 3 K+ − 28.4 − 29.8 0.03422
Brine 4 Ca2+ − 8.6 − 11.0 0.10266
Brine 5 Mg2+ − 8.0 − 10.0 0.10266

Table 6  IFT values between 
low-salinity water and crude oil

Water Measured 
IFT, mN/m

Distilled water 21.0
Brine 1 28.2
Brine 2 21.2
Brine 3 21.1
Brine 4 21.1
Brine 5 21.2
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the rest of the experiments were performed in the presence 
of this ion and  SiO2 nanoparticles.

3.2  Effect of nanoparticles in low‑salinity water 
on enhanced oil recovery

SiO2 nanoparticles were added to Brine 3 to prepare nanoflu-
ids of different nanoparticle concentrations (0.02 wt% 0.05 
wt%, 0.08 wt%, and 0.1 wt%, respectively). The oil recovery 
increased as the  SiO2 nanoparticle concentration increased 
up to 0.05 wt%, and there was no further increase above this 
concentration. The ultimate oil recovery was about 43% at 
2.5 PV nanofluid injection; above this volume there was no 
further increase in oil recovery. Figure 4 shows the  SiO2 
nanofluid flooding results. The following mechanisms may 
be the reason for oil recovery enhanced by increasing the 
nanoparticle concentration up to 0.05 wt%. Four differ-
ent physical mechanisms commonly cause the particles to 
be retained in the pores: (1) log-jamming, (2) mechanical 
entrapment, (3) gravity settling, and (4) adsorption.

It should be considered that nanofluid flooding would 
not always increase oil recovery because various physical 
mechanisms commonly cause the particles to be retained in 
the pores (Engeset 2012):

1. Adsorption of nanoparticles on the surface of the porous 
rock due to Brownian motion of nanoparticles and their 
electrostatic interactions.

2. Mechanical entrapment of nanoparticles when the par-
ticle sizes are larger than pore throats.

3. Sedimentation or gravity settling when the densities of 
the moving particles and the carrying fluid are very dif-
ferent.

4. Log-jamming when the nanoparticles move at lower 
velocities compared to the carrying fluid and accumulate 
in the pore throats, which eventually leads to blockage.

As illustrated in Fig. 5 and Table 8, the addition of  SiO2 
nanoparticles to the low-salinity water would increase the 
oil recovery. This proves the effectiveness of  SiO2 nanopar-
ticles as an EOR agent. The pressure drop data are shown 
in Table 8.

3.2.1  Effect of nanoparticles in low‑salinity water on brine 
viscosity

As shown in Fig. 6, the addition of  SiO2 nanoparticles to 
low-salinity water would increase the viscosity of brine; 

Table 7  Contact angle values 
for brines 1–5

Brine Ion in brine Contact angle at 
the initial state, 
degree

Contact angle after in 
contact with brine for 
24 h, degree

Percentage changes after in 
contact with brine for 24 h

Brine 1 Na+,  Ca2+ (high-
salinity water)

51.0 47.3 − 7.3

Brine 2 Na+ 44.3 38.3 − 13.5
Brine 3 K+ 44.0 38.3 − 12.8
Brine 4 Mg2+ 44.2 39.3 − 11.1
Brine 5 Ca2+ 44.7 39.6 − 11.3
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however, the viscosity increase was not significant, and the 
mobility of the nanofluid decreased more than the low-salin-
ity water. It can be concluded that increasing viscosity of 
the displacing fluid (nanofluid) would drive more oil toward 
production, and finally, the oil recovery is higher than low-
salinity water flooding.

3.2.2  Effect of  SiO2 nanoparticles in low‑salinity water 
on IFT

In order to study the effect of  SiO2 nanoparticles in the low-
salinity water on IFT, four tests were conducted and the 
experimental results are listed in Table 9. The results showed 
that the addition of  SiO2 nanoparticles to the low-salinity 
water could not alter the IFT between brine and crude oil, 
and the IFT value was approximately 21.1 mN/m2 for any 
concentration of  SiO2 nanoparticles.

3.2.3  Effect of  SiO2 nanoparticles in low‑salinity water 
on contact angle

Contact angle measurements were performed to determine 
the mechanism of EOR after adding  SiO2 nanoparticles to 
the low-salinity water. The obtained contact angle values are 
listed in Table 10.

Measurements show that increasing the concentration 
of  SiO2 nanoparticles increased the water wetness of the 
glass surface. This is because, when the number of  SiO2 

Table 8  Pressure drop across the sand pack in nanofluid displacement tests

Displacement fluid K+ con-
centration, 
mol/L

SiO2 nanoparticle 
concentration, 
wt%

Sand pack 
porosity, %

Sand pack 
permeability, 
mD

Pressure 
drop, 
psi

Final oil recovery 
by water flooding, % 
OOIP

Incremental oil recovery 
compared to high-
salinity water flooding, 
% OOIP

Nanofluid 6 0.03422 0.02 32 44.5 0.36 40.5 7.6
Nanofluid 7 0.03422 0.04 29 42.0 0.39 43.0 10.1
Nanofluid 8 0.03422 0.08 30 41.4 0.39 43.0 10.1
Nanofluid 9 0.03422 0.10 31 40.0 0.41 43.0 10.1
Brine 3 0.03422 0 30 46.8 0.35 39.0 6.1
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Fig. 6  Brine viscosity after the addition of  SiO2 nanoparticles

Table 9  IFT values between 
nanofluids and crude oil

Fluid Measured 
IFT, mN/m

Distilled water 21.0
Brine 3 21.1
Nanofluid 6 20.3
Nanofluid 7 21.2
Nanofluid 8 21.2
Nanofluid 9 21.2

Table 10  Contact angle values for the nanofluids

Nanofluid SiO2 nanoparticle concen-
tration, wt%

Contact angle at the 
initial stage, degree

Contact angle after in contact with 
nanofluid for 24 h, degree

Percentage changes after 
in contact with brine 24 h

Nanofluid 6 0.02 39.4 36.2 −8.26
Nanofluid 7 0.05 38.5 35.3 −8.4
Nanofluid 8 0.08 36.4 32.4 −11.1
Nanofluid 9 0.10 34.6 30.5 −11.7
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nanoparticles increases, the electrostatic repulsive force 
between nanoparticles becomes larger. As a result, driven 
by the aqueous pressure of the bulk liquid, the nanofluid will 
spread along the solid surface thus decreasing the contact 
angle which enhances the water wetness of the surface.

As shown in Table 10, adding  SiO2 nanoparticles to the 
low-salinity water could reduce the contact angle more than 
that of the low-salinity water itself. It can be concluded that 
the addition of  SiO2 nanoparticles to the low-salinity water 
can alter contact angle.

4  Conclusions

Previous studies have reported the effectiveness of low-salin-
ity water flooding on enhanced oil recovery. The experimen-
tal results of this study showed that the low-salinity water 
flooding would increase the oil recovery and the addition of 
 SiO2 nanoparticles to the low-salinity water improved the 
oil recovery even more than low-salinity water alone. At the 
first set of experiments, the low-salinity water flooding was 
performed by using brines containing  Na+,  K+,  Ca2+, and 
 Mg2+, respectively, and the recovery was recorded between 
33% and 39%. On the basis of oil recovery and zeta potential 
values, brine containing  K+ was chosen as the most effec-
tive ion for EOR. Zeta potential analysis showed that the 
monovalent ions had better performance than the divalent 
ions because of having a more negative zeta potential and 
lower ionic strength. Also, the low-salinity water reduced the 
IFT between the solution and oil. The second set of experi-
ments were performed by combining  SiO2 nanoparticles and 
 K+ brine.  SiO2 nanoparticles were added to the  K+ brine at 
four concentrations, 0.02 wt%, 0.05  wt%, 0.08 wt%, and 
0.10 wt%, and the injection of nanofluids increased the oil 
recovery by 4% over the low-salinity water flooding. The 
increase in oil recovery was observed when the nanopar-
ticle concentration increased up to 0.05 wt% and no fur-
ther increment in oil recovery was observed at nanoparticle 
concentrations higher than 0.05 wt%. The addition of  SiO2 
nanoparticles would increase the viscosity of the injection 
water and decrease the contact angle between water and oil, 
but had no significant effect on IFT values. This led to an 
incremental oil recovery when the low-salinity  SiO2 nano-
fluid was as a displacing fluid.
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