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Abstract: Nanoparticles have shown great potential in many sectors of the oil and gas industry,
including enhanced oil recovery (EOR). They can be used to improve water flooding by altering the
wettability of the porous medium, reducing the interfacial tension, blocking pores, or preventing
asphaltene precipitation. Ensuring the stability of nanofluids injected into reservoirs is essential
and a great challenge. However, high temperature favors particle collisions and high salinity (ionic
strength) decreases electrostatic repulsion between particles. Therefore, nanofluids are extremely
unstable at reservoir conditions. In this paper, we investigated the effects of electrolytes (brine and
seawater) and temperature (up to 80 °C) on the stability of silica nanofluids. The nanofluids are
characterized by dynamic light scattering (size), turbidity (stability), and zeta potential (electrostatic
repulsions). One solution to increase the stability is to compensate for the loss of repulsive forces due
to salts in the solution through increased electrostatic and/or steric repulsions by changing the pH of
the base fluid. At high ionic strength (42 g/L NaCl and seawater), the stability of 0.1 and 0.5 wt%
silica nanofluids at basic pH is about one day, regardless of temperature. In contrast, at pH 1.5, the
nanofluids have a stability of at least three weeks at 80 °C. The results obtained with base fluids
containing divalent cations confirmed their more destabilizing effect. This study confirmed that it is
possible to stabilize silica nanofluids beyond one month at reservoir conditions just by lowering the
pH near the isoelectric point.
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1. Introduction

Laboratory- and pilot-scale studies have shown that nanotechnology has great poten-
tial in many sectors of the oil and gas industry, including enhanced oil recovery (EOR) [1,2].
Nanofluids can be used to improve the water injection process by altering the wettability of
the porous medium, reducing the interfacial tension between the oil and the injected fluid,
diverting the flow to unswept areas, or preventing asphaltene precipitation [2–4]. Currently,
ensuring the stability of nanofluids is critical and a great challenge for many operations [5].
The formulation of the nanofluid (particle type, concentration, dispersants, etc.) must
ensure stability (dispersion, low particle agglomeration) and absence of chemical changes
from the preparation to flow in the reservoir [6].

A nanofluid is a colloidal dispersion of nanoparticles (solid phase) in a base fluid
(liquid phase). Its stability is determined by the nature of the interactions between the
particles. Because the surface-to-volume ratio of the particles is so high, short-range forces,
such as van der Waals attraction, and surface forces govern every interaction [7]. Due to
their Brownian motion, nanoparticles that come into contact with one another tend to stay
together due to attractive forces, unless a longer-range repulsive force acts to keep the
particles apart. Classical DLVO theory solely takes electrostatic repulsion into account,
while the system may also be subject to steric repulsion and solvation forces [8,9].
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Electrostatic repulsion is the result of the interaction between the electrical double
layers surrounding the nanoparticles. When a charged surface is exposed to a liquid, a
structure known as the electrical double layer appears on its surface (Figure 1a). The first
layer, called the Stern layer, is composed of counterions adsorbed onto the surface due
to chemical interactions. The second layer is composed of ions attracted to the surface
charge via Coulomb forces, thus electrically screening the first layer. This second layer is
loosely associated with the surface and is therefore called the diffuse layer. With increasing
distance from the nanoparticle, the high concentration of counterions within the diffuse
layer progressively decreases until equilibrium is reached with the ion concentration in the
bulk of the solvent. When the separation of the charged nanoparticles becomes less than
twice the double-layer extension, the electrical double layers begin to overlap and repulsion
occurs as the individual double layers can no longer expand without restriction [10]. The
length of the electric double layer κ−1 is called the Debye length. A larger nanoparticle
surface charge and a longer Debye length lead to an increased stability of the nanoparticles
in aqueous solution (Figure 1b) [11,12].

Figure 1. (a) Ion distribution in the proximity of a negatively charged particle. (b) Interaction between
particles with long and short Debye length. (c) Effect of ionic concentration on Debye length.

However, the Debye length decreases as the ionic strength increases due to the high
concentration of ions adsorbed on the particle surface and the compression of the layer
(Figure 1c) [13]. The counterions in electrolytes have a screening effect, which reduces the
electrostatic repulsion by offsetting the surface charges. The type of salt and its divalence
are key parameters for the stability of the nanofluids: multivalent salts have a stronger
shielding effect than monovalent salts. For example, nanoparticles in contact with seawater
are always more unstable than NaCl brine because it contains monovalent and multivalent
salts (Mg2+, Ca2+, Sr2+, . . . ).

Although silica nanoparticles have been extensively studied and their efficacy in EOR
processes is well established [14–16], the applications of hydrophilic silica nanoparticles
are constrained because of the ease with which they aggregate due to their highly energetic
hydrophilic surfaces [17]. Moreover, the reservoir conditions of high temperature and high
salinity (ionic strength) favor nanofluid instability. Although Brownian motion is indepen-
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dent of the nature of the particle, it depends on the size of the particles and the viscosity
of the base fluid. The motion becomes faster at higher temperature, favoring collisions
between particles, and at high salinity, the repulsive forces are not strong enough to prevent
aggregation. For successful EOR application, the long-term stability of nanoparticles under
harsh reservoir conditions is essential.

One solution to increase the stability of nanofluids at reservoir conditions is to com-
pensate for the loss of repulsive forces due to electrolytes in the solution by increasing
electrostatic and steric repulsions through the modification of the pH of the base fluid. The
protonation/deprotonation capacity of a nanoparticle’s surface is a crucial factor in the
charge transfer between the particle and the solvent in an aqueous solution. The relative ba-
sicity or acidity of the solvent to the particle dictates the direction of proton transfer [18,19].
For silica nanoparticles, there are two protonation reactions:

SiOH 
 SiO− + H+ (1)

SiOH2+ 
 SiOH + H+ (2)

For each system, there is a pH value at which the potential at the slipping plane (close
to the Stern layer), called the zeta potential (ZP), which surrounds the particle, takes a value
of zero. This pH is known as the isoelectric point (IEP) and is measured by electrophoretic
light scattering [19]. Consequently, to prepare electrostatically repelling suspensions, pH
values away from the IEP are required. The IEP of hydrophilic silica is between 2 and
3.5 [9,20–23]. Above the IEP, the zeta potential is negative, and as the pH increases towards
8, it decreases rapidly as SiO− groups appear on the particle surface. As the pH increases
from 8 to 12, the changes in zeta potential are less pronounced due to the large amount of
ions present in the solution. The zeta potential of the suspension in these pH ranges varied
between −30 and −70 mV, which is low enough to electrostatically stabilize the systems in
the absence of electrolytes.

For this particular system of hydrophilic silica, some authors [9,20,22,24,25] have
noticed an abnormal stability at low pH values close to the IEP, which contrasts with that
predicted by the classical DLVO theory [26]. This means that there is another short-range
repulsive force that is not accounted for in the theory. This force appears as a consequence
of the particle hydration due to the ability of silanol groups (SiOH) to form hydrogen
bonds with water [27]. The hydration force, which acts as a potent short-range repulsive
force between two polar surfaces separated by a thin layer of water, diminishes nearly
exponentially at decay lengths of around 1 nm [28]. This repulsion can be considerable for
hydrophilic nanoparticles in the presence of electrolytes [29,30].

The effectiveness of silica nanofluids for EOR applications relies on their dispersibility
and ability to resist agglomeration during transport through the reservoir for long peri-
ods of time at extreme salinities (>10,000 ppm) and high temperatures (up to 150 °C) [5].
Studies have shown that silica nanoparticles are extremely unstable in seawater and con-
centrated ionic solutions containing divalent ions, such as Mg2+, Ca2+, and Ba2+ [9,23].
Recently, Sofla et al. proposed a theory based on “H+ protection”, which consists of the
addition of HCl to stabilize silica nanoparticles in seawater at 25 °C [9]. The results of this
study demonstrate that the size of the nanoparticles in seawater directly relates to their
concentration, which is inverse to the HCl content.

In this article, we investigated the stability of the silica nanofluid at different con-
centrations at reservoir conditions (high salinity and high temperature) as a function of
base fluid pH. We compared the evolution of nanoparticle size and turbidity over time for
monovalent and mixed ionic solutions as a function of time.

2. Material & Methods
2.1. Nanofluids

The nanofluids were made of hydrophilic fumed silica SiO2 (AEROSIL® 200, Evonik,
Essen, Germany) [31] (see Table A1 for more information) dispersed in Direct-Q® water
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(18.2 MΩ·cm at 25 °C) containing different salts, such as NaCl, MgCl2, and CaCl2 (ACS
reagent, >99%, Sigma-Aldrich, Sao Paulo, Brasil). We also used the salt composition of
substitute seawater from ASTM D1141-98 (2013) (Table 1) [32]. The pH was measured with
a PC700 Oaklon pH-meter and changed with the addition of NaOH (reagent grade, >98%,
pellets, Sigma-Aldrich , Sao Paulo, Brasil) and HCl (ACS reagent, 37%, Sigma-Aldrich, Sao
Paulo, Brazil).

Table 1. Main composition of ASTM D1141-98 substitute seawater.

Compound Concentration (g/L)

NaCl 24.53
MgCl2 5.2

Na2SO4 4.09
CaCl2 1.16
KCl 0.695

NaHCO3 0.695
KBr 0.101

H3BO3 0.027
SrCl2 0.025
NaF 0.003

Sonication was performed for 40 min at 30% amplitude (caloric energy density,
EV,cal ≈ 731 J/mL) with a 1′′ probe (titanium alloy) connected to the Q700 module (Qson-
ica, Newtown, USA). The protocol is identical to the one used in our recently published
paper [33]. The primary particle size of silica SiO2 AEROSIL® 200 is about 12 nm; however,
it can be seen that even in the best-dispersed nanofluid, the particle size is 15 times the
primary particle size. One of the reasons for this behavior is the process used to produce
fumed silica fuses the particles together and it is impossible to breakdown particles that
small. This means that particles form stable aggregates of sintered primary particles in
aqueous suspension even after the ultrasonic treatment.

The procedures to obtain nanofluids at different salinities and/or pH are shown in
Figure A1. The addition of salts to the base fluid can be performed before or after the
centrifugation process. However, high salinity may influence the aggregation of nanopar-
ticles during or just after the sonication process. Unless otherwise specified, salts were
added after sonication (Procedure A in Figure A1) to allow better characterization of the
nanofluids. Thus, the size and stability of the nanofluids at time 0 were determined un-
der optimal stability conditions. The seawater preparation process is more complex and
requires several dilutions; therefore, in order to avoid the nanoparticle concentration of the
nanofluid being affected by this process, the nanoparticles were mixed with the seawater
before sonication (Procedure B in Figure A1). If the pH needed to be adjusted, this was
always performed before bringing the nanoparticles and salt ions into contact.

After preparation, the nanofluids were stored in a heating cabinet at 25 or 80 °C.

2.2. Characterization of Nanofluids
2.2.1. pH

The initial pH (pHi) of nanofluids was measured just after preparation. As it can be
seen in Table 2, it depends mainly on the initial silica concentration.

Table 2. Initial pH of silica nanofluid as a function of initial A200 concentration.

Silica Concentration pHi

0.1 wt% 4.91 ± 0.26
0.5 wt% 4.57 ± 0.38
1 wt% 4.20 ± 0.16
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2.2.2. Stability

The nanofluids were scanned with a Turbiscan LAB analyzer (Formulaction Inc.,
Toulouse, France) at 25 °C and the stability was given by the dimensionless turbidity scan
index (TSI) (see Hutin and Carvalho [33] for more details on the method and calculations).
For ease of reading the data and interpreting the results, we divided the TSI scale into
two parts: TSI < 10 nanofluid is considered stable and TSI > 10 is considered unstable.

2.2.3. Size Distribution and Zav

The Zetasizer Nano-ZS90 (Malvern Panalytical Ltd., Malvern, UK) was used to mea-
sure the particle size distribution using the dynamic light scattering (DLS) technique at
25 °C in disposable polystyrene cuvettes. The following assumptions were made in the
analysis: the dispersant is assumed to be water with a viscosity equal to 0.888 mPa·s at
25 °C and a refractive index of 1.33, and the refractive index of the material (SiO2) was
selected to be 1.46 with an absorption of 0.01. Each sample was measured at least 5 times.

The intensity-weighted mean hydrodynamic size (Zav) and the polydispersity index
(PdI) are obtained from the cumulant analysis of the measured correlation curve [34,35].
These two parameters are indicators of the stability of the nanofluid since the samples in
which there is an increase are unstable in contrast to those in which the values are stable or
similar over time. The corresponding standard deviation σ of a Gaussian distribution with
a Zav mean and a PdI is calculated as [36]:

σ = Zav
√

PdI (3)

For broader distributions, where the polydispersity is over 0.4, cumulants cannot
identify individual modes in a population and it is unwise to rely on the Zav. In this case,
it is more accurate to refer to the intensity-weighted size distribution to determine the
peak positions.

2.2.4. Zeta Potential

Zeta potential (ZP) measurements were carried out through the evaluation of elec-
trophoretic mobility at 25 °C using the same Zetasizer as the DLS, but with a DTS1060
folded capillary cell from Malvern. After filling the cell with the sample, it was ensured
that no air bubbles were present in the solution. Between each measurement, the cell was
rinsed with water and ethanol. At least three measurements per sample were made and
the average was reported.

We observed that measuring electrophoretic mobility at high ionic strength causes
significant Joule heating at the electrodes, which favors aggregation of nanoparticles and
causes the apparition of gas bubbles. We used the diffusion barrier technique [37] according
to the procedure described in Ref. [38] for samples with an ionic strength greater than
0.1 mol/L. This technique reduces the uncertainty of the measured electrophoretic mobility
by separating the sample from the electrodes with a buffer solution.

3. Results and Discussion

In all the plots presented next, the lines between the experimental data in the figures
are to guide the eye.

3.1. Characterization of Nanofluids and Criteria for EOR

In most publications [5,9,39,40], the initial concentration set to maximize the effects
of nanofluids for EOR is in the range of 0.1 to 0.5 wt% (1000 to 5000 ppm). Indeed, the
nanoparticle stability inversely depends on the nanoparticle concentration and a compro-
mise must be found between stability and liquid performance as an EOR agent. We chose
to study the nanofluid behavior of samples containing from 0.1 to 1 wt% silica nanopar-
ticles in order to investigate if the size of the nanoparticles can be controlled at higher
particle concentrations.
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EOR imposes size criteria for an efficient use of nanofluids in porous media. To
freely flow through the porous media, the nanoparticles must not block pore throats via
log-jamming, hence their size should be substantially smaller than the diameter of the
pore throats. The pore throat size depends on the type of reservoir: larger than 2 µm for
conventional oil reservoirs [41], 4–7 µm for coarse sandstones [42], and 0.01–100 µm for car-
bonates [43]. Log-jamming is complicated to predict as it depends on many parameters [44];
therefore, it is challenging to determine a precise nanoparticle size to prevent it. Moreover,
nano-aggregates need to keep a small size to have a high surface-to-volume ratio, which
gives them different interesting properties to improve oil recovery [5,40]. In the literature,
a mean size of 100 nm is often defined as the limit size criterion for nanofluids [5,9], and
this is because nanoparticles are defined as a particle with a size (at least in one dimension)
between 1 and 100 nm [45]. However, as we discussed before, if Zav is larger than 100 nm
that does not mean that there are not considerable populations of smaller nanoparticles
present. In addition, the hydrodynamic size falls between the smallest and the largest
dimension of a non-spherical object: an aggregate with a dimension of 10 × 10 × 900 nm
may show a Zav above 100 nm; however, the particles have at least one dimension in the
nano range. For all these reasons, we decided not to refer to an average size in particular
as a criterion but rather to study the evolution of Zav in comparison with the most stable
samples. We used the critical value of 0.4 for the PdI to state that the sample is unstable
and no more suitable for the EOR process.

The characterization of the nanofluids was completed with the study of stability
through the turbidity of the sample. The analysis of the backscattering (BS) or transmission
(T) signal allows to identify if the nanoparticles aggregate and segregate. Figure A2 shows
an example of a transmission profile, with the vertical axis showing the intensity of the
light transmission in percent and the horizontal axis representing the sample height in the
tube. The results are also given in terms of delta transmission (∆T), which is the difference
between the percent of transmission at time t and time 0. Due to their nanometric size after
the sonication, nanoparticles are first subjected to Brownian motion. This free movement
promotes the aggregation of the particles, resulting first in size increase. When the diameter
of the nanoaggregates is large enough, about 1 µm, sedimentation predominates over
Brownian motion and phase separation begins. As the aggregation process always precedes
that of phase separation, we focused on the study of the instability of the nanofluid by
studying the flocculation zone as shown in Figure A2. The stability of the dispersion is
quantified by TSI. A high TSI value (>10) indicates instability and high aggregation, while
a low TSI value denotes stability and minimal particle agglomeration.

3.2. Influence of Salinity and Temperature on Nanofluid Stability

The stability of nanoparticles in solution depends, among other things, on the type
and concentrations of salts. The ionic strength, related to the amount of electrolytes in
nanofluids, can be used as a parameter to compare the nanofluid of different compositions.
The ionic strength of seawater (ASTM D1141-98), about 7.2 × 10−1 mol/L, was taken as a
reference to stay close to the harsh conditions of an oil reservoir. We started by investigating
the effect of ionic strength with one monovalent salt and NaCl concentrations from 1 to
100 g/L (Table 3) at initial pH (pHi). Nanofluids containing 42 g/L NaCl have the same
ionic strength as seawater.

Table 3. Ionic strength of NaCl base fluids.

NaCl (g/L) Ionic Strength (mol/L)

1 1.7 × 10−2

10 1.7 × 10−1

42 7.2 × 10−1

100 1.7
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For 0.1 wt% silica (Figure 2), no remarkable changes in the evolution of the nanoparti-
cles size with time were observed up to a concentration of 10 g/L at 25 °C. For these NaCl
concentrations, the electrostatic repulsion between particles is strong enough to maintain
an almost constant particle size over a month. For higher salt concentrations, especially at
100 g/L, Zav increased from day 0 until reaching micrometer sizes after 1 week. Because
the silica nanoparticles are negatively charged at pHi, the Na+ cations are attracted by
the particles. In this case, the concentration of cations is high enough to offset the surface
charges of the silica particles, thus decreasing the electrostatic repulsion and promoting ag-
gregation under the effect of the van der Waals attraction forces. This effect was confirmed
by the values of TSI presented in Figure 3. At 80 °C, only the salt-free nanofluid maintained
stability over the period of one month. The nanofluid containing 1 g/L remained stable
for 20 days, while all other nanofluids with higher salinities were already unstable after
one day.

Figure 2. Effect of NaCl concentration and temperature on the time evolution of Zav and PdI for
0.1 wt% silica nanofluids at initial pH.

Figure 3. Effect of NaCl concentration and temperature on the time evolution of TSI for 0.1 wt% silica
nanofluids at initial pH.

Increasing temperature has the effect of increasing the kinetic energy and the colli-
sion frequency of nanoparticles; therefore, high temperatures promote aggregation and
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negatively affect the stability of nanofluids. The stability of the nanofluid depends on
the volume occupied by the particles relative to the total volume. At low concentration
(0.1 wt%), the distances between the particles are quite large compared with their ra-
dius and they can therefore move freely, driven by Brownian motion. The increase in
nanoparticle concentration (0.5 and 1 wt%) favors the hydrodynamic interactions as well
as the collision probability, thus promoting aggregation (Figures A3 and A5) and instability
(Figures A4 and A6). Since there was only one type of cation present in the prior nanofluids,
NaCl, the stability only depended on the Na+ concentration. To confirm that the instability
is indeed related to the types of cations, we compared three nanofluids (Table 4) at pHi that
have the same ionic strength but different compositions (Table 1). Fluids n°2 (NaCl+MgCl2)
and n°3 (NaCl+CaCl2) mimic the composition of seawater by maintaining the proportions
of monovalent (72%) and divalent (28%) cations to ionic strength.

Table 4. Composition of base fluids.

n° Base Fluid

1 42 g/L NaCl
2 30.1 g/L NaCl + 6.2 g/L MgCl2
3 30.1 g/L NaCl + 7.2 g/L CaCl2

Since Zav and PdI presented the same trends over time, we will only report Zav in
the following results unless there is a different behavior to highlight. At 25 °C and with
0.1 wt% of silica, the nanoparticles aggregated more in the presence of a divalent salt (Mg2+

or Ca2+) than with a monovalent salt (Na+) as can be seen in Figure 4. However, the
nanofluids remained stable for at least one month and there was no significant difference
in size between the three nanofluids after one month. For a higher silica concentration of
0.5 wt% (Figure 5), the number of days that the dispersion remained stable was smaller
and depended on the salt composition. The base fluid containing only NaCl had the
best stability performance (about 18 days), while the stability was about 15 days in the
presence of CaCl2 and about 13 days in the presence of MgCl2. These results are in
agreement with the literature [9,23] and confirm that divalent ions are screening the charge
of silica nanoparticles more effectively than monovalent ions. These results support the
literature [9,23] by demonstrating that divalent ions shield silica nanoparticle charges more
efficiently than monovalent ions. Moreover, as observed by Metin et al. [23], we confirmed
that Mg2+ is more effective in destabilizing the silica particles than Ca2+. However, the
results showed a very different behavior with 0.1 and 0.5 wt% when the base fluid was
synthetic seawater. In both cases, the nanofluids had a stability of less than one day. One
could have expected that seawater would give a similar behavior to nanofluids n°2 and
n°3 because their composition is closer than that of nanofluid n°1. This behavior can
have two explanations: either there are other salts (monovalent or divalent) that are more
destabilizing that compose synthetic seawater or the pH of the base fluid strongly influences
the stability. ASTM D1141-98 requires that the pH of synthetic seawater after mixing the
various salts be set at 8.2. Although the addition of silica nanoparticles decreases the pH, it
will always remain significantly higher than the pHi of nanofluids n°1, 2, and 3 (Table 2).
The effect of pH on stability is discussed in the following sections to better understand
this behavior.

The size results obtained for these nanofluids at 80 °C have not been reported here
because the aggregation of the particles is very fast (less than 12 h) and therefore does not
allow a correct estimation by the DLS method. Moreover, the study of the turbidity of the
different nanofluids confirmed a stability lower than 12 h, whatever the salt composition of
the base fluids. Because of the high instability at 80 °C, it was not possible to differentiate
the behavior of nanofluids according to their salt composition.
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Figure 4. Effect of salt composition on Zav and TSI as a function of time for 0.1 wt% pHi silica
nanofluids at 25 °C.

Figure 5. Effect of salt composition on Zav and TSI as a function of time for 0.5 wt% pHi silica
nanofluids at 25 °C.

The results of this section confirmed that the stability of silica nanoparticles is mainly
governed by particle concentration, electrolytes, and temperature. The stability of silica
nanofluids at high salinity and high temperature (typical conditions of oil reservoirs) is at
best a few hours, which is insufficient for their use in EOR.

3.3. Improving Nanofluid Stability at High Salinity and High Temperature

Since the charge density and potential of the particles vary on pH and ionic strength,
the zeta potential (ZP) is helpful for assessing the electrical double-layer repulsive forces
between particles in suspensions. Figure 6 shows the ZP of three different nanoparticle
concentrations as a function of pH in a NaCl solution with a concentration of 0.1 g/L. ZP
varies from positive to negative as pH increases because of surface deprotonation and does
not depend on nanoparticle concentration. At a pHi between 4 and 5 (see Table 2), ZP is
negative and varies from −10 to −20 mV. The addition of NaOH favors deprotonation,
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which results in a more negative charge density, and ZP decreases as SiO− groups appear at
the particle surface. Beyond pH 7, ZP slightly decreases from −40 to −50 mV. The addition
of HCl favors protonation, increasing ZP from negative to positive values. The isoelectric
point (IEP) was found to be between pH 2 and 3. The effect of adding salt (up to 42 g/L
NaCl) on ZP with 1 wt% nanoparticles is reported in Figure 7. ZP becomes less negative
with increasing NaCl concentration. At pHi, ZP is close to the IEP for a concentration of
42 g/L NaCl; in general, increasing NaCl concentration shifts the IEP to a higher value.
At pH < pHi, there is no significant change in ZP values; however, it is complicated to
clearly determine IEP because the values of ZP increase little and remain close to 0. At
pH > pHi, the effect of salt concentration is more obvious because ZP increases sharply. The
addition of the electrolyte produces a screening effect on negatively charged silica particles
at pHi, meaning that the counterions Na+ offset the surface charges and lessen electrostatic
repulsion. This effect is reinforced as the ionic strength (concentration in electrolytes)
increases. At these ZP values, if there are no other repulsive forces, the particles easily
agglomerate as they approach each other due to Brownian motion. Consequently, pH
values distant from pHi are needed to prepare better stable suspensions. As decreasing the
pH brings ZP closer to zero, the solution to improve stability through electrostatic repulsion
forces increases the pH beyond 7, as shown in Figure 7.

Figure 6. Zeta potential as a function of pH for 0.1, 0.5, and 1 wt% silica nanofluids with 0.1 g/L NaCl.

Figure 7. Zeta potential as a function of pH for 1 wt% silica nanofluids with different NaCl concen-
trations (g/L).
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3.3.1. Basic pH

We studied the effect of basic pH on the time evolution of Zav (Figure 8) and on the
suspension stability (Table 5) of nanofluids containing from 0 to 42 g/L NaCl at 25 and
80 °C. Without salt (0 g/L), there is no difference in Zav with time at pHi and basic pH.
The addition of a small amount of salt, 1 g/L NaCl, results in a difference in behavior at
80 °C; furthermore, we noticed that Zav increases at pHi and the stability measured by TSI
is about 21 days, while the nanofluids at pH 8 and at pH 10 are still stable after 28 days. At
10 g/L, all the nanofluids are stable for more than 28 days at 25 °C, even if there is a slight
increase in Zav for pHi and pH 8 compared with pH 10. At 80 °C, only pH 8 and 10 are
stable for 28 days, which confirms the stabilizing effect of basic pH, as the suspension at
pHi is stable for only 2 days. At 42 g/L and 80 °C, Zav increases sharply well above 400 nm,
PdI is close to 1 a few hours after sonication, and all nanofluids have a stability of one day
or less. At high salt concentration, the range of the repelling electrostatic forces between
particles is small, and even slight changes in the electrostatics of silica particles cannot
provide the requisite repulsion to stabilize silica nanofluids. All negatively charged proton
donors O− at the surface of the particle are bound by the counterion Na+. The electric
double layer is dominated by van der Waals attraction, which leads to instability and the
aggregation of silica nanoparticles. Moreover, the high temperature favors contact, which
accelerates the aggregation and sedimentation of the particles. We can conclude that the
critical salt concentration at basic pH is between 10 and 42 g/L.

Table 5. Stability in days (according to TSI < 10) of 0.1 wt% nanofluids at different NaCl concentra-
tions, temperatures, and for pHi ≥ 10.

[NaCl] (g/L)
pHi pH 8 pH 10

25 °C 80 °C 25 °C 80 °C 25 °C 80 °C

0 >28 >28 >28 >28 >28 >28
1 >28 21 ±2 >28 >28 >28 >28

10 >28 2 ±0.5 >28 >28 >28 >28
42 28 ±1 <1 1 ±0.5 <1 <1 <1

Figure 8. Zav as a function of time for 0.1 wt% nanofluids at different NaCl concentrations (g/L),
temperatures, and for pH ≥ pHi.

The results obtained at 25 °C are unexpected, as the nanofluid at pHi is much more
stable (28 days) than nanofluids at basic pH (1 day or less). ZP presented in Figure 7 is
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about −22 mV at pH 10, whereas it is about −3.5 mV at pHi; therefore, if we consider
that the only repulsion forces present are electrostatic, the nanofluid at pH 10 should be
more stable than at pHi. However, it has been shown that the DLVO theory does not take
into account the hydration force results from the ability of silanol (SiOH) groups to form
hydrogen bonds with water. This hydration layer acts as a steric repulsion mechanism
and its strength depends on the quantity of silanol groups on the surface of the particle.
The deprotonation and substitution of silanol protons by electrolyte cations when the pH
increases lead to destabilization of the nanofluid by removing hydrogen-bonding sites
(dehydration) (Figure 9). Therefore, by increasing the pH, the steric mechanism given
by the hydration layer is lost and the electrostatic force alone is not sufficient to prevent
aggregation. The hydration repulsion force is maximum at the IEP (ZP = 0), at which the
electrostatic repulsion forces are zero, and it is then impossible to maximise both forces
to improve stability. This explains well the behavior previously observed for seawater in
Figures 4 and 5. Since the initial pH of seawater is about 8.2, the hydration repulsion force
is weak and the high salt concentration shields for electrostatic repulsion. In Figure 8, we
can note that the nanofluid with 42 g/L NaCl at pH 8 has the same behavior as seawater in
Figure 4.

The results obtained with pHi and pH 8 at 80 °C confirmed that an intermediate pH
(5 < pH < 8) is not the solution for obtaining long stability at reservoir conditions. As some
authors [29,30] have shown, the hydration repulsion energy can be considerable in the case
of hydrophilic nanoparticles at high ionic strength; therefore, a decrease in pH to approach
the IEP is tested in the next section.

Figure 9. Schematic diagram of ion distribution for silica nanoparticles at initial and basic pH.

3.3.2. Acid pH

Cations must be kept to a minimum in the electrical double layer of particles in
order to promote the stabilization silica nanofluids. According to the literature [46,47],
H+ has a very high affinity for neutralizing negatively charged surfaces. In order to
lower the concentration of counter ions in the electrical double layer of silica nanoparticles,
Sofla et al. [9] showed that sufficient H+ ions in solution can establish a protective layer
around silica nanoparticles (Figure 10).
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Figure 10. Schematic diagram of ion distribution for silica nanoparticles at acid pH.

In this section, we focus on the reservoir conditions, i.e., an ionic strength of
7·10−1 mol/L and temperature of 80 °C. We first investigated the effect of acid pH on
the behavior of three different concentrations of nanofluids (0.1, 0.5, and 1 wt%) containing
42 g/L NaCl (Figure 11 and Table 6). The results show that 0.1 and 0.5 wt% nanofluids are
much more stable at pH 2 and 1.5 than at their own pHi. There is no significant difference
in stability at these two pHs up to 28 days of study. However, Zav is lower at pH 1.5 after
28 days for 0.5 wt% nanofluids, so we can assume that the stability of pH 1.5 will be higher
than that of pH 2 for longer periods. pH 3 strongly improves the stability for 0.1 wt%;
however, when the nanoparticle concentration increases, it becomes ineffective in prevent-
ing aggregation and stabilizing the nanofluid. Lowering the pH below 3 is a good way to
promote the stability of nanofluids containing 0.1 and 0.5 wt%; however, the challenge is
more difficult for a higher concentration of 1 wt%. The best stability achieved is about one
week at pH 1.5, which is not enough time for injecting the nanoparticle suspension into an
oil reservoir.

Table 6. Stability in days (according to TSI < 10) for 0.1, 0.5, and 1 wt% nanofluids as a function of
pH ≤ pHi at 42 g/L NaCl and 80 °C.

pH 0.1 wt% 0.5 wt% 1 wt%

pHi <1 <1 <1
3 26 ± 2 4 ± 1 1.5 ± 0.5
2 >28 >28 7 ± 1.5

1.5 >28 >28 8 ± 1

Figure 11. Zav as a function of time for 0.1, 0.5, and 1 wt% nanofluids for pH ≤ pHi at 42 g/L NaCl
and 80 °C.
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Since the results obtained at acidic pH for brine of an ionic strength equivalent to
seawater were interesting in terms of stability, we studied the effect of salt composition on
stability for the two lowest concentrations of nanoparticles (0.1 and 0.5 wt%).

For a nanofluid with 0.1 wt% at pH 3, the stability is less with seawater and NaCl/MgCl2
(Figure 12 and Table 7) compared with NaCl (Figure 11). However, there is no difference
in stability at pH 2 and 1.5 (Table 7) regardless of salt composition; likewise, Zav remains
constant for one month (Figure 12). Normally, divalent cations are much more destabilizing
than monovalent cation [9,23]; however, the protective layer formed by H+ seems to reduce
the concentration of counter ions in the electrical double layer enough to avoid dehydration
and thus agglomeration.

For 0.5 wt% (Figure 13 and Table 7), the stability is the same for brine at pH 3. For
systems with very short time stabilities, the amount of salt is more important than the salt
composition. pH 2 allows to maintain a stability for about 20 days for the NaCl/MgCl2,
while it is about 15 days for the seawater. The best solution is pH 1.5, which remains stable
for both concentrations for more than 20 days.

Figure 12. Zav as a function of time for 0.1 wt% NaCl/MgCl2 and seawater nanofluids for pH ≤ pHi
at 80 °C.

Figure 13. Zav as a function of time for 0.5 wt% NaCl/MgCl2 and seawater nanofluids for pH ≤ pHi
at 80 °C.
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Table 7. Stability in days (according to TSI < 10) of 0.1 and 0.5 wt% seawater nanofluids as a function
of pH ≤ pHi at 80 °C.

pH
0.1 wt% 0.5 wt%

NaCl/MgCl2 Seawater NaCl/MgCl2 Seawater

pHi <1 <1 < 1 < 1
3 16 ± 2 12 ± 2 4 ±1 3 ± 1
2 > 28 > 28 20 ±3 15 ± 1

1.5 > 28 > 28 24 ±3 21 ± 3

The results obtained with base fluids containing divalent cations confirmed their more
destabilizing effect. However, by setting the pH to values between 1.5 and 2, sufficient
stability is maintained for the injection of nanofluids containing up to 0.5 wt% of silica. In
addition, it is possible to mimic the behavior of seawater with just a monovalent salt (NaCl)
and a divalent salt (MgCl2) in proportions corresponding to those of seawater.

4. Final Remarks

This study was focused on investigating the possibility of stabilizing silica nanofluids
at reservoir conditions, i.e., high salinity and high temperature. In the absence of any
surfactant or polymer, van der Waals attraction outweighs the electrical double layer,
causing silica nanoparticles to aggregate, thus leading to unstable suspensions.

A simple solution that was considered and tested was to adjust the pH of the base
fluid. However, increasing the pH to basic values to increase the negative charge of the
silica particles and thus maximize the electrostatic repulsive force does not work at high
ionic strengths. The results showed that working at an acidic pH close to IEP intensifies
the hydration repulsion between the silica particles and stabilizes them even in seawater
at 80 °C. The concentration of nanoparticles is another important parameter to take into
account: the higher the concentration, the less stable the nanofluid will be over time.

The results presented here define the conditions at which silica nanofluids are stable
and can be injected in a reservoir as an enhanced oil recovery agent.
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Abbreviations

The following abbreviations are used in this manuscript:

EOR Enhanced Oil Recovery
ZP Zeta Potential
IEP Isoelectric Point
TSI Turbidity Scan Index
DLS Dynamic Light Scattering
Zav Intensity-weighted mean hydrodynamic size
PdI Polydispersity Index

Appendix A. Supporting Information

Appendix A.1. AEROSIL® 200

Table A1. Properties of AEROSIL® 200.

Refractive index 1.46

Specific surface area 175–225 m2/g

Specific weight 2.2 g/cm3

Heat capacity Cp at 50 °C 0.85 J·g−1·K−1

Heat of wetting of water −150 × 107 J·m−2

pH value in 4% dispersion 3.7–4.5

Appendix A.2. Procedures for Preparation of Nanofluids

Figure A1. Preparation of nanofluids with salts (Procedure A) and with seawater (procedure B). The
pH adjustment in each procedure depends on the systems studied.
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Appendix A.3. Transmission Profile from Turbidity Scanning

Figure A2. Transmission (T) profile of a silica nanofluid as a function of time.

Appendix A.4. Zav and Stability of 0.5 wt% Silica Nanofluids at Initial pH

Figure A3. Effect of NaCl concentration and temperature on the evolution of Zav and PdI as a
function of time for 0.5 wt% silica nanofluids at initial pH.

Figure A4. Effect of NaCl concentration and temperature on the evolution of TSI as a function of time
for 0.5 wt% silica nanofluids at initial pH.
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Appendix A.5. Zav and Stability of 1 wt% Silica Nanofluids at Initial pH

Figure A5. Effect of NaCl concentration and temperature on the evolution of Zav and PdI as a
function of time for 1 wt% silica nanofluids at initial pH.

Figure A6. Effect of NaCl concentration and temperature on the evolution of TSI as a function of time
for 1 wt% silica nanofluids at initial pH.
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