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Abstract

Nanofluids because of their surface characteristics improve the oil production from reservoirs by enabling different enhanced
recovery mechanisms such as wettability alteration, interfacial tension (IFT) reduction, oil viscosity reduction, formation and
stabilization of colloidal systems and the decrease in the asphaltene precipitation. To the best of the authors’ knowledge, the
synthesis of a new nanocomposite has been studied in this paper for the first time. It consists of nanoparticles of both SiO,
and Fe;0,. Each nanoparticle has its individual surface property and has its distinct effect on the oil production of reser-
voirs. According to the previous studies, Fe;0, has been used in the prevention or reduction of asphaltene precipitation and
Si0, has been considered for wettability alteration and/or reducing IFTs in enhanced oil recovery. According to the experi-
mental results, the novel synthesized nanoparticles have increased the oil recovery by the synergistic effects of the formed
particles markedly by activating the various mechanisms relative to the use of each of the nanoparticles in the micromodel
individually. According to the results obtained for the use of this nanocomposite, understanding reservoir conditions plays
an important role in the ultimate goal of enhancing oil recovery and the formation of stable emulsions plays an important
role in oil recovery using this method.

Keywords Enhanced oil recovery - Asphaltene precipitation - Wettability alteration - Interfacial tension reduction - Fe;O,/
Si0, nanofluid

1 Introduction

Primary and secondary techniques for in situ oil production
and recovery are weak and fragile methods; hence, special
attention has been paid toward more efficient modern tech-
nologies such as nanotechnology for enhancing oil recovery
of reservoirs (Aminzadeh et al. 2013; Moghadam and Azi-
zian 2014; Zhang et al. 2010). On average, about one-third
of initial in situ oil can be produced via primary and second-
ary methods. The remaining oil has been trapped in pores in
the reservoir rock due to the surface and interfacial forces
(Kumar and Mandal 2018). This oil may be pulled out by
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reducing the capillary forces which prevent the movement
of oil in reservoir pores (Kazemzadeh et al. 2015; Krevor
et al. 2015; Liu et al. 2012). The overall efficiency of each
enhanced oil recovery method includes microscopic and
macroscopic efficiencies (Al Adasani and Bai 2011; Cher-
aghian and Hendraningrat 2016b). The former is attributed
to the movement of oil on the pore scale, and the latter is
related to the volume of the displacing fluid in the reser-
voir (Steeb et al. 2012). A micromodel is an artificial two-
dimensional porous medium used to simulate the porous
medium on the pore scale (Zhang et al. 2011). The force
required to compress small hydrocarbon droplets trapped in
pore throats can be provided by the capillary force which can
be diminished by a decrease in interfacial tension or wetta-
bility alterations (Al-Anssari et al. 2016; Kazemzadeh et al.
2015; Krevor et al. 2015). Nanoparticles, on the other hand,
provide a unique approach to control oil recovery (Bera
and Belhaj 2016; Kazemzadeh et al. 2018b). They possess
individual properties which can provide desired features
such as high specific area, chemical reactivity and active
surface properties (Ahmadi et al. 2016; Kazemzadeh et al.
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2018a; Li et al. 2017). The relevant formation sizes are from
nanometer to micrometer scales. Because the nanoparticles
have a diameter of 1-100 nm, they can move easily in pores
in the reservoir rock due to their smaller size compared to
the pore throats (Kazemzadeh et al. 2018c; Rezvani et al.
2018). Accordingly, these nanoparticles are a potential can-
didate for rock wettability alteration. It has been proved that
nanoparticles can significantly enhance the oil production
through the following mechanisms:

e Altering the viscosity of the injecting fluid (Sharma et al.
2015)

e Altering the density of the injecting fluid (Rezvani et al.
2018)

e Reducing the interfacial tension (Cheraghian and Hen-
draningrat 2016a; Skauge et al. 2010)

e Improving the emulsification process (Kumar et al. 2017,
Patel et al. 2017)

e Improving the conductivity and specific heat (El-Diasty
and Aly 2015)

e Improving the reactions between fluids and rocks (Rez-
vani et al. 2018)

e Altering the wettability (Rezvani et al. 2018)

e Altering the heat transfer coefficient (Nassar et al. 2011a)

e Reducing the formation damage via reducing the force on
the pore surfaces (Cheraghian and Hendraningrat 2016b;
El-Diasty and Aly 2015; Patel et al. 2017; Skauge et al.
2010; Wang et al. 2010).

The utilization of nanoparticles for enhanced oil recovery
has achieved increasing attention although it is still at the
initial stages of development. This is due to their diverse
features and advantages such as:

e Small size which allows them to enter the pores and
extract oil without trapping (Maurya and Mandal 2018)

e Capability to change the properties of fluids resulting in
proper mobility ratios (Pourabdollah et al. 2013)

e The ability to stabilize emulsions (Maurya and Mandal
2018)

e Faster and better heat transfer in thermal enhanced oil
recovery (EOR) methods (Nassar et al. 2011b)

e More compatibility with the environment than other
chemical materials (Maurya et al. 2017)

e High temperature and pressure tolerance due to their
higher decomposition resistance than other materials
(Nassar et al. 2011a).

Moreover, nanoparticles can inhibit asphaltene precipita-
tion (Kazemzadeh et al. 2015). They are also able to remove
asphaltene precipitations from the surface due to their ther-
mal catalytic role. Hence, the role of nanoparticles can be
divided into two parts (Doryani et al. 2016). Firstly, they can

quickly attract asphaltene particles due to their high capac-
ity of adsorption which, in turn, results in a greater mobility
of oil and prevents asphaltene accumulation (Parsaei et al.
2017). Secondly, wettability alteration of oil-wet reservoir
rocks is of practical importance since the rock wettability
alteration to water wet allows injection water to efficiently
penetrate into pores, before reducing water relative perme-
ability. Thus, a more favorable mobility ratio and a higher
recovery factor are anticipated. Driving oil from smaller
pores to larger ones and increasing oil production are the
results of higher water tendency to adhere to formation sur-
faces than oil.

Several studies have been conducted in the field using
nanoparticles for improving conditions for oil produc-
tion from reservoirs. Ogolo et al. (2012) have claimed
some nanoparticles can improve productivity, and this
effect is improved in the presence of ethanol. They have
also expressed the mechanisms by which nanoparticles
can improve the productivity due to wettability alteration,
interfacial tension (IFT) reduction, oil viscosity reduction,
decline in mobility ratio and permeability alteration (Ogolo
et al. 2012). Application of nanofluids in enhanced oil recov-
ery was investigated by Suleimanov et al. (2011) using metal
nanoparticles. They have revealed that a nanoparticle—sur-
factant system can enhance oil recovery up to 35% while
the enhanced recovery was measured to be 17% in a system
that only contained surfactants. This was attributed to the
decline in the interfacial tension in the presence of nano-
particles (Suleimanov et al. 2011). Roustaei et al. (2012)
have also studied the efficiency of poly-silicon nanoparti-
cles by measuring the interfacial tension and contact angle.
They have discovered that the surface tension is consider-
ably diminished, and oil production is significantly enhanced
using nanoparticles (Roustaei et al. 2012). Wei et al. used
a modified nanofluid to improve oil production from oil
reservoirs. This was carried out in two ways: (1) improve-
ment in volume sweep efficiency and (2) emulsification and
entrainment. They also suggested this fluid can be utilized
as an ameliorative fluid in flooding in the near future (Wei
et al. 2016). In another effort, Hendraningrat et al. (2013)
have studied the efficiency of suspended solutions containing
hydrophilic poly-silicon nanoparticles. They have reported
a decline in the interfacial tension between water and oil in
the presence of nanofluids and the fact that the solid surface
became more water wet. They eventually measured about
5% additional oil recovery in the presence of nanoparticles
(Hendraningrat et al. 2013). Pei et al. (2015) have investi-
gated the increase in stability of emulsions under the effect
of nanoparticles in micromodel experiments. Their findings
have proved the capability of nanoparticles to increase the
thickness of the emulsion layer and improve the mobil-
ity ratio. The existing heavy oil also becomes emulsified
during the injection of surfactant—nanoparticle-stabilized
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Table 1 Properties of the crude oil used

Oil gravity, °API Density at 25 °C, g/mL

Viscosity at 25 °C, cP

SARA composition, wt%

Saturates Aromatics Resins Asphaltenes

21.49 0.9249 145.1

40.85 48.79 7.71 2.61

Table 2 Composition of the
crude oil

Component C, G iC

nCy i-C; nC Co G G G Cp Cy Cpyy

Content, mol%

049 073 047 094 055 055 7.64 6.18 544 490 4.71

4.14 63.26

Table 3 Properties and

. L. Water Ion composition, ppm Total dissolved pH
compositions of reservoir brine Al
+ + - 2+ 2+ - o~ solids, ppm
and seawater used Na K HCO;~ Ca Mg Cl SO,
Formation water 67,550 1187 989 7400 1575 122,945 424 202,070 6.24
Seawater 18,780 727 229 1250 1500 302 3360 26,148 7.39

emulsions. They have claimed that such emulsions which
were stabilized by nanoparticles and surfactants can produce
40% of the in situ oil in the enhanced oil recovery process
(Pei et al. 2015).

In this study, the influence of a novel nanocomposite on
enhanced oil recovery from reservoirs is investigated using
a two-dimensional micromodel taken from the actual struc-
ture of the reservoir rock. Nanoparticles contribute to acti-
vating different EOR mechanisms based on their individual
physical and chemical structures. Nanocomposites contain
various nanoparticles. The synergistic effect of nanoparticles
in increasing active mechanisms of oil production can be
observed in nanocomposites in the case of correct synthesis.
The performance of the nanoparticles and the nanocompos-
ite of Fe;0,/Si0, in enhanced oil recovery is evaluated and
compared with other flooding scenarios.

2 Experimental
2.1 Materials

The crude oil used was from one of the southern reservoirs
in Iran, and its fluid properties, SARA analysis results and
composition are listed in Tables 1 and 2. Its API gravity
was 21°. The asphaltene and resin contents of the crude oil
were measured to be 7.71% and 2.61% by weight, respec-
tively, which shows that its colloidal instability index (CII)
value was about 0.90 and the oil was unstable in terms of
asphaltene thermodynamic compounds and susceptible to
precipitation. Hence, this crude oil used was heavy. The col-
loidal instability index (CII) defined, as below, is a bench-
mark for determining the instability of colloidal systems,

where w w and w,., are the weight

saturated? Waspha]tene’ aromatic resin
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percentages of the saturate, asphaltene, aromatic and resin
fractions, respectively.

saturates T Wasphaltenes

w
CIl =

)]
Waromatics + Wresins

2.2 Properties of formation water and injection
water

Compositions and properties of the formation water from a
reservoir in the Mansoori oil field and Persian Gulf Water
(used as injection water) are listed in Table 3. Moreover,
the Persian Gulf Water was used to prepare all nanofluids.

2.3 Nanoparticles

Two different nanoparticles were provided by the US
Research Nanomaterials (US-Nano) Co., and their gen-
eral characteristics are listed in Table 4. Scanning electron
microscopic (SEM) images of these nanoparticles are shown
in Fig. 1.

2.4 Synthesis of Fe;0,/Si0, nanostructures

These nanostructures were synthesized by a sol-gel tech-
nique and method of Stover (Rezvani et al. 2018). Fe;0,
nanoparticles (1.0 g) were dispersed in a mixture of distilled
water (100 mL) and ethanol (500 mL) in an ultrasonic bath
for about 15 min. Ammonia solution (12 mL) and tetraethyl
ortho-silicate (54.1 g) were subsequently added and stirred
for about 5 h with a mechanical stirrer. The sol—gel-synthe-
sized nanoparticles were then separated from the solution
by centrifuging at 4000 rpm and were rinsed with distilled
water twice (100 mL each time) and dried at 40 °C for 24 h.
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Table 4 Properties of nanoparticles

Nanoparticle Purity, % Average diameter of ~ Specific surface True density, Color Morphology Chemical properties
solid particles, nm area, m/g g/em®

Sio, 99.50 15-20 640 2.40 White Porous Acidic

Fe;0, 98.00 20-30 40-60 5.00 Dark brown Spherical Amphoteric

Fe;O,

Fig. 1 SEM images of nanoparticles. a Fe;O, and b SiO,

The diffraction pattern of samples was obtained with an
X-ray diffractometer (PW 1840, Philips Co.) at ambient tem-
perature. Phase detection of samples was conducted by com-
paring X-ray diffraction patterns and JCPDS standard data
while the diffraction angle was set between 10° and 80° in
the experiment. A soft and uniform layer of the sample was
separated and put in the X-ray device. According to Fig. 2,
the synthesized nanocomposite was characterized by peaks
at 26 values of 18°, 30°, 35°, 37°, 43°,53°, 57° and 62°. Dif-
fraction pattern indicates that Fe;O, in the composite has a
spinel crystalline structure. Based on the present pattern, no
other metal oxide phases were detected in the synthesized
nanoparticles.

A FE-SEM image of Fe;0,/Si0O, nanostructures is shown
in Fig. 3. As it can be seen from the figure, the SiO, cover-
age around the nanoparticles was about 25 nm in diameter
and nanostructures were about 30 nm in size.

Magnetic nanoparticles of iron oxide are directly linked
with silica, and a silicon dioxide shell is formed around the
iron oxide particles. The process which forms a shell/core
structure is completed through hydrolysis of a sol-gel pre-
cursor. No connector is required for the adhesion of silica to
metal oxide nanoparticles due to the strong attraction of the
iron oxide surface toward silica.

Fourier-transform infrared spectroscopy (FT-IR) was
used for further investigation of magnetic nanostructures.
An FT-IR spectrum of the Fe;0,/SiO, nanostructures is
illustrated in Fig. 4.

In the FT-IR spectrum of magnetic nanoparticles
(i.e., Fe;0,/Si0, nanocomposite), an absorption peak at
577.2 cm™! is attributed to stretching vibration of the Fe—O
bond and peaks at 3424 and 1636 cm™! indicate the exist-
ence of O—H groups on the surface of nanoparticles which
confirms the formation of Fe;O,. The stretching vibra-
tion of Si—O and Si—OH bonds is observed at 1111 and
805 cm™!, respectively, which indicates the silica coverage
of nanoparticles.

2.5 Micromodel

Preparing the initial pattern designs is the first and most
important stage in building a glass micromodel. Designs
used in this stage can be taken from the scanned structures
of the rock surfaces or artificial designs similar to pores and
throats of the reservoir rock. The present plan was designed
with CorelDraw software. The ratio of pore sizes to throat
sizes is essential due to reaching the desired capillary forces

@ Springer
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Fig.2 X-ray diffraction (XRD) analysis of the synthesized nanocomposite

Fig.3 FE-SEM image of the Fe;0,/SiO, nanostructures (Kazemza-
deh et al. 2018b)

of the porous medium and matching with real conditions.
The present plan is taken from a real reservoir rock (Fig. 5).

The plan requires it to be engraved on a glass after
designing. A corrosion-resistant glue was used to engrave
the design on the glass. When the glue adhered to the glass,
the design was engraved on it using a laser. The glue-cov-
ered glass was subsequently put into hydrofluoric acid. A
proper timing was required to form the design on the glass
effectively. For this purpose, hydrofluoric acid was used in
different time intervals to provide the proper corrosion. The

@ Springer

glass was first put into the acid for 3 min and was rinsed
with water for 10 min to remove the remaining acid from
the glass. In the next step, the glass was again put into the
acid for 3 min and thoroughly rinsed with water for another
10 min. In the third step of the etching process, the glass
was kept in the acid for 4 min and rinsed with high-pressure
water for 15 min. In the final step, the micromodel was kept
for about 4 min in the acid and rinsed for another 4 min with
water to remove the remaining acid. Now it is required to
position the needle of the micromodel on it. The place of the
needle was curved on the glass by high-accuracy drilling,
and the needle was then adhered to the micromodel using
glue. The micromodel needed to be placed in a high-tem-
perature furnace so that two pieces of glass were properly
adhered together. Overall properties of the micromodel are
presented in Table 5.

2.6 Experimental setup

A system for analyzing nanoparticle performance is illus-
trated in Fig. 6, and a Quizix pump was used to inject fluids
at very low rates. The operating rate was set to 0.5 mL/h in
this study to properly simulate the laminar flow of fluids in
a porous medium. A camera was set at the top of the micro-
model to take pictures of the micromodel and variations in
saturations and phase displacement at specific time intervals
(every 1 min). Oil recovery rate and production mechanisms
were inferred from the image analysis. The amount of avail-
able oil (residual oil) in the micromodel was calculated using
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Fig.4 FT-IR spectrum of the Fe;0,/SiO, nanocomposite

Fig.5 Micromodel specifications

Table 5 Physical properties of the glass micromodel

Wide,cm Length,  Aver- Average  Porosity, Perme-
cm age pore throat % ability, D
diameter, diameter,
pm pm
5 10 650 200 32 4

Imagel software. As the volume of empty areas (V) was
easily obtained, the oil recovery factor was calculated from
the following equation:

V

f _ Uextracted __

VT - Vresidual oil
Vr Vr

where fis the oil recovery factor; Vi .cieq 15 the volume of
oil extracted from the micromodel after flooding; V. ¢qual oil
is the volume of oil trapped in the micromodel after flood-
ing; and Vi is the total volume of oil contained in pores and
throats in the event that the micromodel is saturated with oil.

The pendant drop method was adopted to measure the
contact angle between glass and oil and hence wettability
alterations (Fig. 7).

2.7 Method

All the methods for analyzing the processes of fluid injec-
tion into reservoirs are similar as follows:

(1) The micromodel was first rinsed with acetone and dis-
tilled water, and its surface was then altered to oil wet
with 0.018 M stearic acid and normal heptane.

(2) Formation water was injected into the micromodel at a
rate of 0.5 mL/h. A total of 2 PV formation water was
injected into the micromodel.

(3) Oil was injected at a rate of 0.5 mL/h to saturate the
micromodel.

(4) The displacing fluids (Table 6) were injected at a rate of
0.5 mL/h, and the displacing and displaced phases were
imaged in this stage. The recovery coefficient and EOR
mechanisms were analyzed afterward. It is worth noting
that these nanofluids were prepared with seawater.

3 Results and discussion

As explained earlier in Sect. 2.7, the micromodel was
first saturated with formation water, and then, crude oil
was subsequently injected at a flow rate of 0.5 mL/h. The
image of the oil-saturated micromodel is presented in
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Fig. 7 Pendant drop method used for wettability assessment

Table 6 Displacing fluids used in displacement experiments

Displacing fluid Nanoparticle concen-  Viscosity, cP
tration, wt%

Seawater - 1.09
Si0, nanofluids 0.1 1.17
Fe;0, nanofluids 0.1 1.15
Fe;0,/Si0, nanofluids 0.1 1.19

Fig.8 Oil-saturated micromodel showing the remaining water (white

color) after oil injection
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Fe;0, nanofluid

Fe;0,/SiO, nanofluid

Fig.9 Micromodel images after 240 min of different displacing fluid injections

Fig. 8. The black, white and brown colors represent oil,
water and emulsion, respectively.

As it can be seen in Fig. 8, the micromodel was satu-
rated with oil and a little formation water, i.e., connate
water, was trapped and remained in pores and throats.

After oil injection, each of the four mentioned fluids
in Table 6 is injected separately into the micromodel at a
flow rate of 0.5 mL/h. The micromodel saturation profiles
were recorded after 240 min of fluid injection, as shown
in Fig. 9. The brown color liquid is emulsions formed
between formation water and oil.

The final oil recovery depends on various parameters.
Besides the governing mechanisms in the injection process,
asphaltene precipitation and formation of oil-in-water and
water-in-oil emulsions affect the final oil recovery. The oil
used was susceptible to precipitation; therefore, asphal-
tene precipitation could be observed at throat mouths in
the porous medium in the injection process. Asphaltene
precipitation could alter the wettability of the glass and
change the moving direction of the displacing fluid by clog-
ging the pores (Doryani et al. 2016, 2018; Kazemzadeh
et al. 2015). The formation of oil-in-water emulsions was
also observed in some experiments. The viscosity of the
injected phase (displacing phase) increased by the forma-
tion of oil-in-water emulsions in which a piston-like dis-
placement occurred for the fluid bulk (Pei et al. 2015; Zhang
et al. 2010). It is expected that the surface charge density

of existing cations in seawater increased with a decrease in
the atomic radius, and higher amounts of asphaltene were
absorbed which resulted in an interfacial tension reduction
(Maaref et al. 2017). According to the mechanism of the
salting-in effect and theory of Derjaguin—Landau—Ver-
wey—Overbeek (DLVO), the disjoining pressure increased
and charged surfaces distanced each other and nanoparti-
cles were located preferentially at the interface of two flu-
ids and stabilized the emulsion molecules by reducing the
interfacial tension (Lashkarbolooki et al. 2016). Also, higher
interactions among asphaltene molecules occurred with an
increase in the number of free ions and anions in which the
stability increased because the asphaltene molecules have
multiple active electronegative sites such as -OH, =C=0
and =N (Lashkarbolooki et al. 2016). These chemical bonds
strongly tend to absorb protons, and it is possible for nega-
tively charged asphaltene molecules to be absorbed onto H*
ions and become positive loads (Lashkarbolooki et al. 2016;
Shojaati et al. 2017). As a result of low and high pH values,
functional groups of asphaltene are charged and result in
higher polarity and hydrophilicity that increase the stability.
It is essential to precisely observe the mechanisms in all the
injections and determine the reason for the final recovery
changes. The breakthrough time of each displacing sample
is presented in Fig. 10.

Figure 10 shows that the Fe;0,/SiO, nanocomposite has
the longest breakthrough time which means a relatively long
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Breakthrough time, min

Seawater SiO2 nanofluid Fe30, nanofluid  Fe;04/SiO; nanofluid
Fig. 10 Breakthrough time of each displacing fluid
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Fig. 11 Recovery as a function of injection time for four displacing
fluids

time required for this nanofluid before the first droplet of
water drains from the micromodel output. Oxide nanoparti-
cles have high absorption potentials for asphaltenes on their
surfaces due to their high specific surface area (SSA) values.
This also leads to an increase in viscosity apart from its
effect on increasing the stability of asphaltene molecules
which creates piston-like motions in both low- and high-
permeability zones due to forming a pressure resistance in
the environment. Moreover, acidic nanoparticles have more
power due to creating electrostatic repulsion between two
surfaces of the fluids which dominates the capillary forces
and van der Waals disjoining pressures that lead to more
piston-like motion and higher production. Greater sweep-
ing and piston-like flow motion were detected in fluids by
the increase in the breakthrough time that enhances the effi-
ciency of oil recovery. The Fe;0, nanofluid has the shortest
breakthrough time among all the displacing fluids due to
the weakness of oxide nanoparticles to overcome van der
Waals disjoining pressure in which they are displaced by
the incoming pressure waves of the fluid injection and can

@ Springer

alter the wettability poorly. These nanoparticles thus find a
quick way to the micromodel output instead of remaining in
the micromodel and moving the fluid toward the exit point.

As shown in Fig. 11, the Fe;0,/SiO, nanocomposite has
the best performance in enhanced oil recovery than others.
Not only does this nanocomposite remain in the porous
medium with a high breakthrough time leading to oil pro-
duction, but also there are some oscillations in the reported
recovery that could be due to several reasons like emulsion
production or producing as a slug or image-processing accu-
racy. It is worth noting that it has a high capability in alter-
ing the wettability of the system. As it can be seen from
the oil-saturated micromodel, it is an oil-wet system. Nano-
particles can alter the wettability to water wet according to
Fig. 12 by locating on the surface of the glass (Ehtesabi
et al. 2014). Hydrophilic nanoparticles can enhance the sta-
bility in addition to increasing the electrostatic double-layer
repulsion force and drive the system toward higher water-wet
conditions as the concentration and capacity of electrolytes
increase in the environment.

Wettability alteration from oil wet to water wet results
in a release of oil toward the exit and production. It thus
can be seen from Fig. 11 that the final recovery of Fe;O,/
SiO, injection is 40.3% while its value is 12.9% for distilled
water injection. As it can be observed from Fig. 11, Fe;O,
and SiO, nanofluids have lower final recoveries than the
seawater. This is due to the properties of nanoparticles in
absorbing asphaltene for activating EOR mechanisms. Also,
SiO, nanoparticles may react more easily with water and
release their surface silanol groups (SiOH) to increase the
stability of asphaltene molecules as the salinity of the aque-
ous phase decreases in the system. The governing mecha-
nism in oil recovery by injecting the Fe;O, nanofluid is the
controlling of asphaltene precipitation. As it has also been
mentioned in previous studies (Doryani et al. 2015, 2016),
these nanoparticles decrease the precipitation of asphaltenes
on the glass by adsorbing asphaltene particles on their sur-
faces so less blockage of throats by precipitation is detected.
Consequently, a reduction in asphaltene precipitation was
observed by this injection while other mechanisms are active
too (Fig. 13).

The SiO, nanofluid can produce oil by reducing the inter-
facial tension and altering wettability. SiO, nanoparticles are
not capable of reducing the interfacial tension by themselves
due to the lack of surface activity; however, the presence of
extra electrolytes including cations in seawater and polar
compounds in oil such as asphaltene and resin can enhance
the surface activity of these nanoparticles and reduce the
interfacial tension. Wettability alteration is also attributed to
the existence of polar compounds in oil, with mechanisms of
typical crude oil components with polar functionality, sur-
face precipitation and ion-bonding mechanisms of cations.
The final oil recovery of the SiO, nanofluid in this injection



Petroleum Science (2019) 16:578-590

587

Increasing concentration

Oildrop = Oildrop =

Oildrop  #

Fig. 13 Asphaltene precipitation during water injection without nano-
particles

is, therefore, lower than other nanofluids and seawater. Wet-
tability of the glass was evaluated in the presence of the
displacing fluids and the oil sample by measuring contact
angle for about 240 min of aging. Glass wettability for all
the four fluids is shown in Fig. 14 at both the initial moment
and after 240 min of aging.

By injecting the Fe;0,/SiO, nanofluid into the micro-
model, it can be observed that not only asphaltene
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Seawater SiO; nanofluid Fes;04 nanofluid  Fe30.4/SiO, nanofluid

Fig. 14 Contact angle of the glass in contact with all four displacing
fluids and the utilized oil at the initial moment and after 240 min

precipitation is reduced but also the wettability is altered
to neutral. As it can be observed from Fig. 14, the values
of contact angle for seawater, Si0,, Fe;O, and Fe;0,/Si0,
nanofluids are 101°, 121°, 139° and 106°, respectively.
The glass changed from oil wet to neutral. According to
D = 20c88 pecause of the approaching of 6 to 90°, p,
approaclrles zero. The equilibrium interfacial tension (IFT)
was measured, and the values for seawater, SiO,, Fe;0,
and Fe;0,/Si0, nanofluids were 25, 24, 26 and 21 mN/m,
respectively. The IFT reduced when the nanoparticles/
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Fig. 15 A part of the micro-
model (includes pores and
throats) for four displacing
fluids at the same times after
injection

(a) Seawater

(b)sio,

(c)Fe,0,

(d) Fe,0./Si0,

nanocomposites were introduced into the system. The
main mechanism is the movement and placement of nan-
oparticles on oil and water surfaces. As a matter of fact,
because of the presence of nanoparticles on the surface,
the asphaltene adsorption would be more and the interfa-
cial viscosity will be higher due to the presence of natu-
ral surfactant (asphaltene). Therefore, the IFT decreases
(Maurya et al. 2017; Maurya and Mandal 2018). Aside
from all the mentioned mechanisms, it is also observed
that the Fe;O,/Si0, nanofluid is helpful for the formation
of stable emulsions in the porous medium. These stable
emulsions can enhance the viscosity of the displacing fluid
to higher than the existing oil so that the fluid may sweep
more oil trapped in pores and drive oil to the micromodel
exit. Emulsions can thicken the film layer around the
oil droplets through the mechanism of pseudo-emulsion
film theory and improve the stability of emulsions due
to lowering the interfacial tension and raising viscosity.
Furthermore, viscous fingering is diminished by increas-
ing the viscosity of the displacing fluid and reducing the
viscosity difference between the displacing fluid and oil
in the medium, which results in a piston-like motion of
the displacing fluid and an enhancement in recovery. A
part of the micromodel during the separate injection of
four fluids at the same times after injection is illustrated
in Fig. 15. The brown color shows the formation of oil-in-
water emulsions.

@ Springer

The water injected will increase by creating water-in-oil
emulsion in the front of the fluid injected, and the mobility
ratio will improve. Because of the emulsion formation, the
oil drops stick together and become larger, and this causes an
increase in the oil mobility. Also, due to the emulsion forma-
tion, the high-permeability zones are blocked and the sweep
efficiency is increased (Kumar et al. 2017; Maurya and Man-
dal 2018). According to Fig. 15, the formation of emulsions
was detected in the injection of all fluids but at different
injection times, however, in the injection of the Fe;0,/S10,
nanofluid, the stability of emulsions was observed from the
beginning of the injection until the end. Although the emul-
sion formation is sometimes significantly increased due to
the existence of ions listed in Table 3, its stability is limited
as it forms in a certain time and is degraded afterward. This
is primarily because not all the ions in seawater act in favor
of emulsion formation and stabilization, but disturbing ions
can neutralize the effect of other ions which have reacted
with asphaltene and destroy the emulsion not very long after
its formation. The Fe;0,/Si0, nanofluid, however, acts in
favor of emulsion formation in which the effects of favoring
factors dominate the opposing factors.
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4 Conclusions

In this study, seawater and different nanofluids (Fe;O,, SiO,
and Fe;0,/Si0, in seawater) were investigated and analyzed
for enhancing oil recovery. Experiments were conducted
at ambient conditions. Experimental results show that the
0.1 wt% Fe;0,/SiO, nanofluid has the highest final oil recov-
ery. The governing mechanism in oil recovery enhanced by
the Fe;0,/Si0, nanofluid is the rapid wettability alteration
in the porous medium. The Fe;0, nanofluid recovered oil
mostly by controlling asphaltene precipitation in such a
way, and the final recovery increased by 13.2% compared
to distilled water injection. The SiO, nanofluid affects wet-
tability alteration and IFT reduction. Seawater can also alter
wettability, reduce the interfacial tension, control asphaltene
precipitation and give rise to unstable emulsions forming
due to its active ions. Among the injected fluids, the synthe-
sized Fe;0,/Si0, nanofluid not only alters the wettability
and reduces the asphaltene precipitation by forming stable
oil-in-water emulsions, but also increases the viscosity of
the displacing fluid. Formation of stable emulsions can
increase oil production and enhance the final oil recovery
up to about two times more than distilled water. Accord-
ingly, all four fluids can generally be sorted with respect to
their final oil recovery values as follows: Fe;0,/S10,> sea-
water > Fe;0, > Si0O,. It must be mentioned that the utilized
oil is susceptible to asphaltene precipitation, and hence, con-
trolling its precipitation by adsorption on the surfaces of the
nanoparticles or existing ions in fluids plays an important
role in the final oil recovery. Properties of the utilized oil
are therefore considered in screening the displacing fluids.
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