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ARTICLE INFO ABSTRACT

Keywords: Iron oxide nanoparticles (IONPs) are of particular interest in multiple fields and in enhanced oil recovery (EOR)
Iron oxide nanoparticles due to their unique advantages and characteristics. Albeit several laboratory research articles on IONPs in EOR
Synthes%s ) are available, a critical review is still elusive in literature. Herein, critical information on the properties,
{l‘\;te‘z;fi‘l?tlytem‘o" formulation and application of IONPs in oil recovery is depicted. The basic physical, structural and physico-

chemical properties of IONPs were introduced. Thereafter, the preparation of iron oxide nanofluids (IONFs) was
discussed. Likewise, potential application of IONPs, in petroleum industry was elucidated. Subsequently, effec-
tiveness of IONPs in EOR was compared with other nanoparticles and the efficacy of surface coatings were
reviewed. Finally, the main challenges hindering the applications of IONPs in oil field reservoir were identified
and solutions proffered. Experimental results from the literature indicate that the effectiveness of IONPs in
reservoir applications is directly related to their surface coatings. The coatings are used to enhance stability and
transportation, minimise rock adsorption, and target specific oil recovery mechanisms, resulting in incremental

Oilfield application
Enhanced oil recovery

oil recovery. Hence, surface treatment is a necessity for reservoir condition applications.

1. Introduction

In the recent years, an unprecedented amount of research, develop-
ment and application of nanotechnology in biological, environmental,
and technological fields has surfaced. This is largely related to the spe-
cial features in nanoparticles (NPs) and how they can be tailored to fit
desired applications. The special features are that their physical, struc-
tural, thermal, electrical, and magnetic properties differ from the
properties of the bulk material. NPs are defined as submicron moieties
with diameters ranging from 1 to 100 nm, made of inorganic or organic
materials (Srivastava et al., 2020; Dolai et al., 2021; Faudzi and
Hamzah, 2021). However, several examples of particles with diameters
>100 nm which have novel properties compared to the bulk materials
are also referred to as NPs in the literature (Wu et al., 2008; Jeeva-
nandam et al., 2018; Ngouangna et al., 2020). These attractive charac-
teristics have been widely recognised in medical and biomedical fields,

and numerous works on the subject can be found in the literature (Arias
et al., 2018; Cotin et al., 2018; Sangaiya and Jayaprakash, 2018). Cross
disciplinary research over the past decade has revealed that nanotech-
nology possesses considerable promise for oilfield applications, espe-
cially reservoir applications. Nanomaterials in reservoir applications can
simultaneously offer more than one function and have tuneable char-
acteristic to meet operational, environmental, and technical re-
quirements. The ultra-fine particles can easily be transported through
reservoir pores to reach target location as they are smaller than the rock
pores and only required in low concentrations (Xi et al., 2016).

In several oil reservoirs, more than two thirds of the original oil in
place is trapped and cannot be recovered using convectional oil recovery
methods. Hence, enhanced oil recovery (EOR) techniques are utilized to
improve oil recovery. The emerging application of nanotechnology in
EOR has focused on the application of nanomaterials to improve oil
production. Till date, several reviews have been published on the
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potential of nanomaterials in EOR. However, previous reviews have
mostly focused on the general governing mechanism and behaviour of
the nanomaterials in reservoir applications (Negin et al., 2016; Kamal
et al., 2017; Sun et al., 2017; Agi et al., 2018; Druetta et al., 2018;
Eltoum et al., 2020; Foroozesh & Kumar, 2020; Yakasai et al., 2021).
Nevertheless, Gbadamosi et al. (2018) presented the application of
polymer coated NPs in EOR. They stated that polymeric coatings reduce
particle adsorption, improve stability and improve oil recovery mecha-
nisms. Specifically, polymeric coatings can improve injection fluids
viscosity and improve sweep efficiency. Sikiru et al. (2020) presented
insights into the application of graphene NPs in EOR. Their review
analysed the synthesis methods and the role of graphene NPs in oil re-
covery. Graphene NPs can substantially decrease oil viscosity and alter
rock wettability. Alnarabiji and Husein (2020) presented the current
state and future prospects of bare silica (SiO,) nanofluids in EOR. Their
review introduced the advantages of SiOp NPs and the influence of
reservoir parameters such as high temperature, pH, and salinity on oil
recovery. SiOy NPs have been the most widely used NPs in EOR due to
their high stability, easy surface modification routes and environmen-
tally chemical nature. Recently, the focus has been more on magnetic
NPs (MNPs) owing to their higher magnetization, higher stability in
organic solvent, acid and basic solutions, narrow size distribution and
high adsorption ability. Iron oxide NPs (IONPs) are of particular interest
in multiple fields due to their unique advantages and characteristics.
They are eco-friendly and utilized by living organism ranging from
bacteria to plants and mammals. For instance, Magnetotactic bacteria
and bees synthesize magnetic iron particles that function as compasses,
allowing them to navigate using the Earth’s geomagnetic field (Moura
and Unterlass, 2020). Iron oxide and other MNPs are steadily gaining
traction in EOR due to their peculiar characteristics in the presence of a
magnetic field. This is reflected in the number of original research pa-
pers on MNPs in EOR (Gomaa et al., 2018a; Kazemzadeh et al., 2018;
Rezvani et al., 2018; Izadi et al., 2019; Pereira et al., 2020). Rezvani
et al. (2018) stated that the interfacial viscosity measurement showed
that IONPs adsorbed more asphaltene molecules, which improved the
stability of the emulsion formed. Likewise, Pereira et al. (2020) revealed
that IONPs selectively removed asphaltene molecules, improved
wettability modification and prevented scale formation, which
contributed to flow assurance during nanofluid flooding. Albeit several
laboratory research articles on IONPs in EOR are available, a critical
review on synthesis and tuning of surface properties to understand their
EOR mechanisms is still elusive in literature. Hence, the scope of this
review.

Herein, a critical review on the application of IONPs targeting oil
recovery mechanisms is presented. It is expected that the present review
will provide guidance and contribute towards wider adoption of iron
oxide nanofluid (IONF) in material science, chemistry, pharmaceutical,
chemical engineering, drilling and well completion. Here, the basic
physical, structural and physicochemical properties of IONPs was
introduced. Thereafter, the preparation of IONFs was discussed. Like-
wise, potential application of IONPs in petroleum industry was eluci-
dated. Subsequently, application of IONPs in EOR and comparison of the
effectiveness of IONPs against other NPs and the effectiveness of surface
coatings was reviewed. Finally, the main challenges hindering the ap-
plications of IONPs in oil field reservoir were identified and solutions
proffered.

The first part focuses on the characterisation of IONPs. The synthesis
methods, dispersion, homogenization and stabilization techniques were
explained in the second part. The third part was devoted to the oil re-
covery application of IONFs. The oil recovery mechanisms of IONFs and
the comparison of IONFs with other nanofluid used in EOR were criti-
cally discussed in the fourth part. The fifth part summarize the transport
and retention of IONP in porous media. The final part elaborates on the
challenges and prospects for IONPs field applications.
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2. Characteristics iron oxide nanoparticles

Iron oxides are natural compounds which can also be synthesised in
the laboratory. Iron oxides consist of cations of iron (II) (Fe®*) and/or
iron (III) (Fe3+) and certain oxygen containing anions (Kharisov et al.,
2012). Iron oxide is a collective term used to describe iron oxides, hy-
droxides or oxide-hydroxides. Although they are all made up of various
ferrous and ferric compounds and have the basic composition of Fe, O,
and/or hydroxide (OH), they differ in valency and crystal structure.
Hence, they are differentiated based on the composition of 02~ and/or
OH™ anions within the crystal structure (Rochelle and Cornell, 2006).
Up to sixteen different phases of iron oxide have been recognised
(Table 1). Amongst them, magnetite (Fe304) followed by hematite
(a-Fe203), and maghemite (y-Fe203) are the most extensively studied
for oil and gas applications (Fig. 1).

Magnetite consists of an inverse spinel structure which has 32 oxy-
gen atoms close packed in a face centred cubic (FCC) orientation with
iron ions located within 16 of the 32 octahedral holes and 8 of the 64
tetrahedral holes. The inverse spinel crystal structure has eight Fe?>* and
eight Fe>* jons in the octahedral vacancies, and eight Fe>* ions in the
tetrahedral vacancies. Thus, magnetite has an inverse spinel formula of
Fe3*(Fe?* Fe3)0, or Fe304. The desirable characteristics of iron oxide
for oil and gas applications are high thermal conductivity and saturation
magnetization which is highly influenced by thermal effects (Nikiforov
et al.,, 2013). Magnetization is caused by magnetic dipoles correlated
with electron spin and orbital moment, and electron movement from
one ion to another allows for high conductivity at temperatures above
120 K. Iron oxide has two unpaired electrons and unlike bulk Fe, which
has four unpaired electrons, they are less magnetic. However, in the
nanoscale domain, particle size dominates the magnetic behaviour and
below a certain critical value, usually ~35 nm, the particles exhibit
superparamagnetic behaviour by forming a single magnetic domain
(Rahmani et al., 2014). In contrast to permanent magnets, IONPs are
paramagnetic. That is, they are only magnetic in the presence of a
magnetic field, by aligning themselves parallel to the applied magnetic
field. As a result, when the field is withdrawn, they lose their magnetism
(Fig. 2).

In a dispersion fluid, thermal agitation and random Brownian motion
resulting from their small sizes prevents them from automatically
aligning. However, when a magnetic field is present, the pattern of
dipole moment alignment towards the magnetic field overcomes ther-
mal agitation, and as the magnetic field strength increases, the NPs
gradually align themselves depending on their magnetic properties and
saturation magnetization. Generally, the magnetic properties of mate-
rials are categorised based on the amount of external energy required to
reverse their magnetization (diamagnetic, paramagnetic, ferri and

Table 1
Various forms of iron oxide (Rochelle and Cornell, 2006).

i. Iron oxide ii. Iron oxide- Hydroxide
Mineral Name Formula Mineral Name Formula
Wilstite FeO Goethite o-FeOOH
Magnetite Fe30y4 Akageneite p- FeOOH
Hematite o-Fey03 Lepidocrocite v- FeOOH
p-Maghemite B-Fex03 Feroxyhyte 8- FeOOH
Maghemite y-Fe;03 High pressure FeOOH
FeOOH
e-Maghemite e- Fe,O3 ferrihydrite FesHOg.4H,0 approx.
High pressure Fe,Os Schwertmannite Fe;16016(0H),(S04)7.nH,0
iron oxide
Green rust Fe,>"Fe,* " (OH)ax 2y, (A7)

z; A~ = CI,1/2504%,C03%

iii. Iron Hydroxide

Mineral Name Formula  Mineral Name Formula

Iron (II)
hydroxide

Fe (OH), Bernalite (iron (III)

hydroxide

Fe (OH)3
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Fig. 1. (a—c) crystal structure of (a) a — FeO3 hematite (b) Fe304 Magnetite (c) y — Fe;O3 maghemite from the view of [001] and [111] (2 x 2 x 2) (Wu

et al., 2016).
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Fig. 2. Illustration of paramagnetic behaviour of IONPs (a) IONPs dispersed in a fluid showing no magnetic behaviour and moving randomly due to Brownian motion
(b) IONPs completely aligned in the presence of strong magnetic field (Rahmani et al., 2014).

ferromagnetic materials). More specifically, they are quantified using
magnetic susceptibility (y). This is characterised as the ratio of induced
magnetization (M) to the applied magnetic field (H) (Krahne et al.,
2011), and best described using hysteresis curves showing total mag-
netic field (B) against applied magnetic field (H) (Fig. 3).

As illustrated in Fig. 3, Hc is coercive field, illustrating the external
field needed to return magnetization to zero. This is linked to the
anisotropic energy barrier that must be overcome to invert the direction
of the dipoles. My is remanent magnetization, illustrating the residual
magnetization at zero applied field. As illustrated, ferromagnets have
remnant magnetizations (M) whereas paramagnetic and super-
paramagnetic materials have no remnant magnetization (M) until a
magnetic field is applied. M is saturation magnetization which is the
maximum magnetization the material can attain with increasing mag-
netic field. For IONPs, the saturation magnetization increases with

decreasing particles sizes because of disordered crystal structure caused
by their high surface curvature (Bandyopadhyay, 2016). Equation (1)
describes the relationship between saturation magnetization and mag-
netic field whereas Equation (2) describes the forces generated on the
particles by quantifying the magnetic field (Macnae, 2017; Zhou et al.,
2020).

M=o ("™ ot @
kg T
F=u,VMVH @

whereas L(x) = coth — 1/x is the Langevin function, x is Langevin
parameter, M) is particle saturation magnetization y, is average particle
magnetic moment and y, is linear component, F is magnetic force, V is
particle concentration, M is particle magnetization, VH is magnetic field
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Fig. 3. Hysteresis curves of various magnetic materials showing total magnetic field (B) against applied magnetic field (H), saturation magnetization (Mj), coercivity
(H,) and remnant magnetization (Mg). Ferromagnetic material (blue) superparamagnetic (green) and paramagnetic (red) materials (Giustini et al., 2010). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

gradient, T is temperature and Kp is Boltzmann constant.

Furthermore, when IONPs are subjected to a particular frequency
and amplitude from a magnetic field, they generate extreme localised
heat known as “hyperthermia” in medicine (Vallabani and Singh, 2018).
The governing mechanism behind this phenomenon has been proposed
as (i) Néel relaxation losses, a function of the magnetic moments within
the particles between two metastable antiparallel orientations (ii) Fric-
tional losses due to Brownian rotation, known as Brownian friction
losses and (iii) Hysteresis losses, due to magnetization irreversibility. As
illustrated in Fig. 3, the areas enclosed by the hysteresis loop, identified
as Mg, H¢, and M,, reflect the amount of energy lost to the environment
as H moves to and fro (H (Ms) — H (-Mg)). Theoretically, the frequency
multiplied by the integral of the B-H curve over the closed loop is equal
to the total power lost to heat (Dennis and Ivkov, 2013). Thus, when
ferromagnetic NPs are subjected to an interchanging magnetic field,
energy is emitted in the form of heat. The wider the ferromagnet’s
magnetic hysteresis curve, the more heat they can generate. These
heating characteristics can be utilized in oil viscosity reduction, flow
assurance and conformance control during oil production. Whereas the
characteristics required for the creation of an induction field when
exposed to a magnetic field can be utilized for detection and manipu-
lation during transportation in oil and gas reservoirs.

3. Preparation of IONFs

The utilization of IONPs for reservoir applications closely depend on
their properties such as particle sizes, morphologies and surface coating
which regulate their magnetization, surface energy, aggregation rate,
dispersibility and mobilization in the porous medium. These parameters
are fine-tuned during synthesis. However, due to their colloidal nature,
synthesis of superparamagnetic IONPS can sometimes be a complex
process. Herein, the key technical challenges are (i) specifying and
defining experimental conditions for the desired monodisperse size and
shape (ii) selecting an appropriate reproducible method that can be
industrialized without any complex purification procedure. The
consensus on the synthesis of NPs allows for their synthesis via two

approaches: solution-based bottom-up approaches such as chemical
synthesis using a metal precursor or top-down approaches such as
lithography, thermal or mechanical approaches. Regarding top-down
approach, the NPs tend to have a relatively wide size distribution and
uncontrollable shape. By contrast, the bottom-up approach allows more
precise control and synthesis with high structural purity, diverse shapes,
uniform sizes, compositions and surface properties (Wu et al., 2015).
Thus, from a fundamental and functional point of view the bottom-up
approach offers superior control and flexibility. The general proced-
ures and reaction mechanism governing the synthesis of NPs using
bottom-up approach can be described using the classical nucleation and
growth theory (Thanh et al., 2014).

3.1. Classical nucleation and growth theory

The foremost stage towards the formation of NPs in a solution is the
nucleation process, a phenomena whereby solid particles are created
from the precursor solution, this may happen either in the bulk solution
(homogeneous nucleation) or on solid substrates such as impurities or
seeds (heterogenous nucleation) (Camargo et al., 2015). The driving
force behind nucleation is supersaturation (Ap), defined by Equation (3)
and thermodynamically described by Equations (4) and (5) (Kashchiev
and van Rosmalen, 2003).

Ap=pp, ©)
Ap = KkTlIn(S) 4
_al'd?..d] ®)

S a2 Al
whereas y; and yu, are chemical potentials of a molecule in the so-
lution and in the bulk of the crystal phase, respectively, k is Boltzmann’s
constant, T is temperature in Kelvin and S is supersaturation ratio, n; is
number of the ith ions in a crystal molecule, g; and aje are, the real and
equilibrium behaviours of these ions in the solution, while the denom-
inator is the solubility product.
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Nucleation is only possible above a certain supersaturation limit,
which is when the concentration of the solute in the chemical solution
exceeds the concentration defined by the equilibrium solubility. The
solution is considered supersaturated, saturated or undersaturated when
S>1,S=1orS <1 respectively. Upon nucleation, the growth process
begins, driven by the decreasing surface free energy until an equilibrium
state of the bulk solution is reached (Agi et al., 2021). The nucleation
and growth of NPs as a function of time and solute concentration is
depicted in LaMer’s diagram Fig. 4. As illustrated in Fig. 4, in the
chemical approach, NPs are synthesised by dissolving a metal precursor
in a solvent, leading to the formation monomers (building blocks) due to
chemical reaction. When the monomers concentration reaches the crit-
ical super-saturation level (Ap), the nuclei is formed, followed by growth
through either monomer attachment, aggregation of the nuclei or a
combination of both (Chang and Waclawik, 2014; Zhang et al., 2015).
The growth process involves the deposition of atoms, molecules, or
particles onto the NPs in the saturated solution and several theories,
namely - diffusion theories, surface energy theories and adsorption
layer theories have been used to explain the process. According to
diffusion theories, matter is continuously deposited as a result of a
concentration gradient between the bulk and the surface, while the
surface energy theories suggest that the shape is determined by the
minimum surface energy. Adsorption layer theories suggest that crystal
growth is an interrupted process that occurs layer by layer (Bandyo-
padhyay, 2016; Agi et al., 2021).

3.2. IONPs synthesis methods

In view of the immense interest on the application of IONPs, there
are several synthesis methods. Several studies have identified effective
methods to produce controlled, stable, and monodispersed particles. The
most popular amongst them are co-precipitation, thermal decomposi-
tion, hydrothermal reaction, microemulsions, sol-gel syntheses and
sonochemical reactions (Hassanjani-Roshan et al., 2011; Kayani et al.,
2014; Ozel et al., 2015; Unni et al., 2017; Cid, 2018). Other methods
found in the literature include electrochemical synthesis, laser pyrolysis
techniques, microorganism or bacterial synthesis. Fig. 5 illustrates the
different pathways of producing IONPS. As illustrated in Fig. 5, the
co-precipitation method, solvothermal approaches and microemulsion
approaches appear to be the most commonly utilized methods of syn-
thesizing IONPs. Thus, these methods are discussed below.

3.2.1. The Co-precipitation method

The co-precipitation approach is used to synthesize IONPs by mixing
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Fig. 4. Schematic illustration of the nucleation and growth process of nano-
particles in solution (Chang and Waclawik, 2014).
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an aqueous salt solution, followed by the inclusion of the base in an inert
environment at high temperature. In detail, the method consists of
stoichiometrically mixing ferrous (Fe*") and ferric (Fe* ") saltsina 1:2 M
ratio to a basic solution (such as water, ethanol and ammonium hy-
droxide (NH4OH) as a catalyst) at either room or elevated temperatures
under viscous stirring (Sharma et al., 2020). The ferric and ferrous ions
ratio, type of salts used (such as chlorides, sulfates, nitrates, perchlo-
rates), reaction temperature, ionic strength of the dispersion, absolute
pH value, and reactions parameters (such as basic solution drop speed
and stirring speed) regulates the size and shape of the IONPS produced
(Campos et al., 2015). Thermodynamics of the reaction (Equation (6))
show that the surface of the particles adsorb OH- in a neutral aqueous
solution to create an OH- rich surface and complete precipitation of
Fe304 is usually at a pH of between 8 and 14 in a non-oxidizing oxygen
environment (Jolivet et al., 2004). However, in the presence of oxygen,
magnetite (Fe3O4) which is not very stable and susceptible to oxidation,
can be converted into maghemite (yFep,O3) (Equation (7)). Therefore,
synthesis is usually carried out using nitrogen or argon gas to create an
oxygen-free atmosphere.

Fe** +2Fe*" + 80H —Fe;04 + 4H,0 (6)

Fe304 + 2H' ~ y Fe304 + Fe?t + H,O @)

The challenges associated with the coprecipitation approach include
(1) Controlling reaction parameters which are the deciding variables of
the final product. (2) Regulating the pH of the aqueous solution to
achieve a high yield of uniform monodispersed NPs. During synthesis
and purification, high pH levels need to be corrected. (3) Particles may
agglomerate owing to extremely small particle size, resulting in
increased specific surface area and high surface energy (Majidi et al.,
2016). Shalbafan et al. (2020a) synthesised Fe3O4 NPs using
co-precipitation method for EOR experiments. The NPs were synthesised
with 0.0001 g of FeCls and 0.9 g of FeCly stirred at 80 + 0.1 °C for 30 min
at speeds of 1800 rpm. The NPs had particle sizes within the range of
5-12 nm. Similarly, Pereira et al. (2020) synthesised Fe3O4 NPs using
co-precipitation method for EOR experiments. The precursors salts used
were FeCl; and FeSO4 80% of the particles had an average diameter
ranging from 4.3 to 8.3 nm.

3.2.2. Solvothermal approaches

The solvothermal approach is also known as the hydrothermal
method. It is one of the most effective and widely used methods for
developing crystal growth in a variety of materials. The technique
consists of several chemical methods for crystallising materials in a
closed container filled with aqueous solution at temperatures ranging
from 130 °C to 250 °C and high vapour pressures ranging from 0.3 to 4
MPa (Aval et al., 2016). The process entails combining Fe3* salt pre-
cursors with acetates, urea, and sodium citrate in an aqueous solution or
organic solvent, then transferring the mixture to an autoclave and
heating it at 200 °C for 8-24 h (Hasany et al., 2012; Ali et al., 2015a,b).
This method allows the control of particle size by adjusting parameters
such as temperature, pressure, and reaction time to achieve particle sizes
ranging from 10 to 200 nm. Solvothermal techniques can be utilized to
effectively synthesis free single crystal particles, and particles syn-
thesised in this way may have higher crystallinity than particles syn-
thesised via other synthetic approaches (Adewunmi et al., 2021). The
challenges associated with this method include (1) slow reaction ki-
netics at any given temperature, however, microwave heating has been
reported to enhance the kinetics of crystallization (Faraji et al., 2010).
(2) Difficulty in producing nanocrystals with a diameter of less than 10
nm and outstanding hydrophilic properties. However, when the pre-
cursor concentration increases, particle sizes and size distribution tend
to grow fast, with only residence time having a significant influence on
the mean particle size (Stojanovic et al., 2013; Shen et al., 2018; Ade-
wunmi et al., 2021). (3) In contrast to the co-precipitation approach,
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poor yields are obtained (Frimpong and Hilt, 2010; Hernandez--
Hernandez et al., 2020). Alvi et al. (2021) synthesised hydrophobic
Fe304 using thermal decomposition to investigate their effect on drilling
fluids. For this purpose, octa-decene (ODE) and oleylamine (OAm) were
mixed and agitated at 120 °C for 30 min in an argon atmosphere. The
temperature was subsequently raised to 180 °C, and the solution was
given an injection of iron pentacarbonyl (Fe(CO))s. The reaction took
20 min to complete, and the average particle size was 14.3 + 0.60 nm.
Similarly, Lii et al. (2018) used a solvothermal method to synthesize
Fe304 for demulsifying oil and water emulsions, 1.62 g of FeCl3-6H0,
4.32 g of sodium acetate (NaAc) and 0.48 g of trisodium citrate dihy-
drate were combined with 60 mL ethylene glycol and agitated at room
temperature for this experiment. The resultant solution was then placed
in an autoclave and heated to 200 °C for 12 h for the solvothermal
process. The average particle size was around 315 nm.

3.2.3. Microemulsion approaches

The microemulsion method, as the name implies, consists of the
dispersion of two immiscible liquids (water and oil) in the presence of
appropriate surfactants. Basically, the synthesis solutions consist of the
polar phase (aqueous/water), nonpolar phase (oil), and surfactant. Both
direct (oil dispersed in water, O/W) and reverse microemulsions (water
dispersed in oil, W/0) have been utilized for the synthesis of IONPs. In
this method, metal ions and other precursors are dissolved in the
aqueous phase, different hydrocarbons and olefins are also dissolved in
the oil phase, whilst surfactants are used to create microemulsions by
forming a monolayer at the oil-water interface, with the hydrophilic
head groups attracted to the aqueous phase and hydrophobic tails
attracted to the oil phase. Thereon, the particles condense into nano-
drops, which function as nanoreactors and the surfactants serve as
particle size filters (Hernandez-Hernandez et al., 2020). When two
identical water-in-oil microemulsions containing the specified reactants
are mixed together, the microdroplets collide, consolidate, and break
again, eventually forming a precipitate in the micelles. Thus, the
nanodroplets of water containing chemicals undergo fast coalescence,
allowing for mixing, a precipitation reaction, and an aggregation process
to synthesis IONPs (Majidi et al., 2016). Particle sizes can be controlled
using this method, by adjusting drop size, initial reagent concentration,

and type of surfactant (Foroughi et al., 2016). The profound advantage
of this method is the ease with which particle sizes and shapes can be
controlled. However, yields are poor when compared to the coprecipi-
tation method, and purification of the nanoparticles is complex due to
the nature of the surfactants (Najafi and Nematipour, 2017). For EOR
studies, Nguyen et al. (2016) synthesised Fe3O4 NPs using a mix of
co-precipitation and microemulsion methods. For this, FeCls (0.5 M,
100 ml) and FeCl, (0.5 M, 50 ml) were combined with 500 ml of water
and agitated in a nitrogen atmosphere. Meanwhile, sodium dodecyl
sulfate (SDS) (1 g) was dissolved in 50 mL deoxygenated distilled water,
mixed with Fe3* and Fe?*, and heated at 80 °C for 1 h. After that, 45 mL
of NH40OH (30%) was added drop by drop. The average diameter of the
NPs was 14 nm. Similarly, Hu et al. (2017) synthesised Fe3O4 using
microemulsions comprising of 4 wt% n-hexane, 4 wt% propyl alcohol, 4
wt% SDS, and 1 wt% Span 80 as a co-surfactant. Fe>" 2-ethylhexanoate
was dissolved in the oil phase and utilized to make 20 mL micro-
emulsions using optimal salinity and a known value of sodium hydrox-
ide was dissolved in brine of comparable salinity. Sodium hydroxide
(NaOH) solution was added dropwise to the solution as a precursor. The
particle sizes were between 20 and 40 nm.

3.2.4. Sol-gel synthesis method

The Sol-gel synthesis method is a notable method of preparing NPs
that has been extended to the fabrication and coating of IONPs by uti-
lizing metallo-organic precursors (Shaker et al., 2013). This technique
entails the hydrolysis and condensation of metal alkoxides or alkoxide
precursors, to produce oxide particles dispersed in “sol” which is dried
or gelled by eliminating solvent or chemical reaction (Yamashita et al.,
2019). Herein, metal alkoxides are hydrolysed by either an acid or a base
in a solvent which is usually water. The hydrolysis phase substitutes the
alkoxide group with a hydroxide group derived from water and a
three-dimensional metal oxide network is formed by the condensation
and inorganic polymerization of the solvent. The final crystalline state of
the NPs is obtained after heat treatments (Laurent et al., 2008). The
variables which impact particles size and shape are reaction rates,
temperature, type of precursor as well as pH. These parameters pri-
marily influence the kinetics of hydrolysis and condensation reactions
(Majidi et al., 2016). The sol-gel method of synthesizing IONPs offers the
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advantage of high purity owning to pure amorphous phases, homoge-
neity and particle size control. The drawback of this technique is that it
creates three-dimensional oxide networks, which limits its efficiency.
There is also pollution from reaction by-products and product
post-treatment is required (Majidi et al., 2016; Adewunmi et al., 2021).
Shaker et al. (2013) synthesised Fe304 NPs for water treatment. For this,
ferric nitrate and ethylene glycol were dissolved in appropriate ratios
and agitated for 2 h at 400 °C. The produced sol was then heated to
800 °C to produce a gel. The gel was then aged at room temperature for
roughly 1 h before being annealed in a furnace at 200, 300, and 4000 °C.
The NPs had particle sizes of 28.9 nm, 88.7 nm and 67.6 nm for annealed
temperatures of 200, 300, and 4000 °C, respectively. To explore EOR
processes, Kazemzadeh et al. (2019) synthesised Fe3O4@SiO2 nano-
composites using a sol-gel synthesis method. For this purpose, 1 g Fe304
was mixed with 100 ml distilled (DI) water and 500 ml ethanol (in a
combination of 100 ml DI water and 500 ml ethanol). After that, 12 mL
of ammonia solution and 54.1 g of tetraethyl ortho-silicate were added
to the mixture and agitated for 5 h. The nanocomposites were around 30
nm in size. Detailed description and comparison of various alternative
techniques for synthetizing IONPs can be found in literature (Hasany
et al.,, 2012; Alsaba et al., 2020; Adewunmi et al., 2021). However,
studies comparing the different synthesis methods suggest that the
co-precipitation method may be the optimum method for reservoir ap-
plications owing to its simplicity, minimal energy requirement, and ease
of large-scale reproducibility(Ali et al., 2016a,b; Cotin et al., 2018;
Yusoff et al., 2018).

3.3. Dispersion and stability of IONPs

Effective application of nanofluids (suspension of NPs in a base fluid)
intended for EOR applications need to be stable over the period of
reservoir travel time which could take up to up to 3 years. For stable
nanofluids, the NPs should not form large aggregates leading to sedi-
mentation and separation from the base fluid. Agglomeration negates
the beneficial size properties, while as sedimentation contributes to
clogging and potential damage to the reservoir. With regard to IONPs,
their intrinsic instability over a period of time is manifested either when
the particles agglomerate to minimise surface energy or oxidize in air
due to their high chemical activity (Wu et al., 2015a,b). Nanofluid sta-
bility depends on the balance of interparticle activity due to Brownian
motion resulting from intermolecular and surface forces such as van der
Waals forces, and repulsive electrostatic double layer (EDL). Attractive
van der Waals forces, resulting from interactions induced by instanta-
neous or permanent dipoles within the interatomic bonds of the NPs
destabilize dispersion stability. Whereas a cloud of counter ions around
the particles (EDL) resulting from the ionization/dissociation of surface
groups and/or the adsorption of charged molecules counteract the
attractive van der Waals forces to balance the net charge of the disper-
sion. The surrounding cloud is composed of the stern and diffuse layer,
the former comprises of counterions adsorbed onto the particles charged
surface, while the latter is an atmosphere of oppositely charged ions.
Thus, particle surface charge is usually characterized using zeta poten-
tial (ZP), which is the electrostatic potential of the particles measured at
the distance from the surface where ions are not bound to the particle
(Moore et al., 2015). The surface of the IONPs particles is surrounded
with iron atoms which behave like Lewis acids and coordinate with
other molecules to donate single pair electrons. When IONPs are
dispersed in an aqueous solution, water is dissociated from the surface
and it becomes hydroxyl functionalized. These hydroxyl groups are
amphoteric and therefore may react with either acids or bases (Soares
et al., 2015; Li et al., 2020). Accordingly, the surface charge of the
particle depends on the pH of the suspension. Hence, the surface charge
maybe either negative or positive depending on the pH of the medium.
At pH values away from the isoelectric point (IEP), the magnitude of the
surface charges increases whereas at pH values close to the IEP the
surface charge approaches zero, favouring attractive van dan Waals
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forces and promoting aggregation. The IEP for magnetite has been re-
ported to be around pH 6.8. Fig. 6 shows the variation of surface charge
from various studies found in the literature. The Derja-
guin-Landau-Verwey-Overbeek (DLVO) theory is a classical theoretical
approach which uses the superposition of attractive van der Waals and
repulsive forces induced by the EDL to predict nanofluid stability. It
implies that the net interaction energy between two particles is a func-
tion of their distance from each other and increasing the net surface
charge increases the stability of nanofluids. Agglomeration is therefore a
function of distance between the particles. Fig. 7 illustrates the sche-
matic concept of DLVO theory. The sum of van der Waals attraction (V)
and electrostatic repulsion (Vg) equals to the net interaction energy
between two particles (V). The area beneath the curve is the energy
barrier particles need to overcome in order not to agglomerate. The
higher the energy barrier, the more resistant the particles are to
agglomeration. Fig. 7A shows high energy barrier resulting to substan-
tial distance between the particles to overcome agglomeration. Fig. 7 (B)
shows low energy barrier resulting from compressed EDL, the particle
moving towards each other favoring agglomeration (Aurand, 2017). The
EDL is also influenced by the ionic strength of the suspension. High ion
concentrations or ions with higher valence numbers, such as divalent
and trivalent ions, shorten the distance between particles by com-
pressing the EDL resulting in a lower threshold for agglomeration.
Furthermore, application of magnetic field speeds up aggregation
(Medvedeva et al.,, 2012; Lim et al.,, 2014; Bakhteeva et al., 2016).
IONPS used for reservoir applications are therefore usually modified
using polymers, surfactants or other organic materials to improve
dispersion stability.

3.4. Homogenization and stabilization techniques

Homogenization and stabilization techniques for proper dispersion
of IONPS can be classified as mechanical and chemical stabilization
techniques. In mechanical stabilization, such as ultrasonic vibration,
particle aggregation is broken down prior to use. Whereas in chemical
stabilization, stabilizers are added into the solution or onto the surface
of the NPs to prevent aggregation by counteracting van der Waals
attractive force. Chemical stabilization techniques have been broadly
classified as electrostatic, steric and electro steric stabilization. Elec-
trostatic stabilization utilizes electric repulsive forces to counteract van
der Waals forces, steric stabilization utilizes a physical barrier to prevent
particle cluster and electro steric stabilization utilizes both electrostatic
forces and a physical barrier (Chakraborty and Panigrahi, 2020). Fig. 8
illustrates the different routes towards homogenization and stabilization
of nanofluids. Particle aggregation leading in unstable nanofluids can be
investigated using (a) sedimentation analysis, (b) ZP measurements, (c)
spectral absorbance and transmittance measurements, (d) transmission
electron microscopy, and (e) dynamic light scattering (Chakraborty and
Panigrahi, 2020). Amongst these techniques, ZP is the most common
metric gauge used to predict nanofluid stability resulting from electro-
static and van der Waals forces (10 mV = highly unstable, + 10 - 20
mV = relatively stable, + 20-30 mV = moderately stable, + 30 mV =
highly stable. However, in the presence of steric stabilizers, ZP mea-
surements may not accurately dissipate nanofluid stability due to steric
interactions. Table 2 shows a summary of different IONPs zeta potential
measurements utilizing different modifiers.

3.5. Functionalization of IONPs

Similar to chemical stabilization techniques, functionalization is the
adsorption, anchoring or conjugation of chemical molecules onto the
surface of NPs in order to boost their properties or achieve a specific
target with high precision. Four major types of IONP based functional-
ization morphologies have been identified from the literature. These are
(i) core-shell structure (ii) matrix dispersed structure (iii) Janus-type
hetero-structures and (iv) shell-core—shell structure (Wu et al., 2015a,
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b). With regard to reservoir applications, functionalization has enabled
the tailoring of the IONPs to improve reservoir transportation and oil
recovery mechanism such as asphaltene adsorption to prevent asphal-
tene precipitation, rock adsorption to improve wettability alteration,
adsorption at the oil-water interface to improve IFT reduction, emulsion
stability or demulsification. Other functions of functionalized IONPs
include encapsulation for oil taggers and tracers (Huh et al., 2014).
Recent and detailed IONPs functionalization techniques using different
coatings can be found in the literature (Hernandez-Hernandez et al.,
2020).

4. Applications of IONPs in oil reservoirs

Given the aforementioned properties and advantages of IONPs, they
have been investigated in several oil industry applications such as dril-
ling and completion, flow assurance and conformance control, reservoir
visualization, oil/water/polymer/salts separation, and enhanced oil
recovery. The most attractive characteristics of IONPs for oilfield ap-
plications are their magnetic properties, even though other NPs such as
copper and nickel, among others, have similar magnetic properties,
majority of the literature points towards IONPs as the most promising,
owing to low production costs, minimal toxicity, convenient synthesis/
modification routes and ease of magnetic separation (Kudr et al., 2017;
Simonsen et al., 2018; Ali et al., 2020a,b,c; Punia et al., 2020; Ade-
wunmi et al., 2021).

4.1. Reservoir sensing and imaging

Experimental, theoretical and conceptual models have explored the
practicality of using IONPs for reservoir sensing and imaging by
adapting magnetic imaging technology similar to cross-well and
borehole-to-surface imaging, but at higher frequencies, utilizing mag-
netic permeability. Information acquisition and fluid characterization of
oil reservoirs are highly demanded in oil exploration and production.
They provide information about the type of fluids, quantity and porosity
of reservoir rocks. Which are all essential for decision making in all
facets of reservoir engineering processes, staring from well-placement
and drilling to enhanced oil recovery applications. Reservoir

characterization and injection fluids monitoring are two of the most
common uses of reservoir sensing and imaging.

4.1.1. Reservoir characterization

In terms of reservoir heterogeneity and/or fluid characterization,
electromagnetic (EM) based mapping and more recently, nuclear mag-
netic resonance (NMR) spectroscopy has gained a lot of interest
(Mitchell et al., 2013; Kenouche et al., 2014; Rahmani et al., 2015; An
et al., 2017; Jagadeesh Babu et al., 2018). EM based mapping utilize
IONPs for imaging by producing ultrasonic or acoustic signals with
magnetic movement (Hassani et al., 2020). EM waves are used to create
interfacial variations and sound waves when the particles are adsorbed
at oil-water interface. This approach is also known as magneto-acoustic
tomography (Jagadeesh Babu et al., 2018). In NMR spectroscopy, IONPS
are used as contrast agents to enhance logging speed of the NMR tools
and discriminate oil/brine/gas signals received from the well logged
with NMR during the reservoir exploration (Park et al., 2014). This is
analogous to biomedical applications where they are used to distinguish
signals difference between tissue/bone and tissue/vessel, among others.
Numerical simulation and experimental work by Chi et al. (2016a)
showed how reservoir porosity assessment could be improved using
IONPs and NMR spectroscopy. Ali et al. (2018) documented application
of polyethylene glycol and oleylamine functionalization IONPs as
contrast agents for water and oil phases, respectively. The results
showed great contrasting ability in oil reservoirs and improved NMR
logging speed resulting from the enhancement of NMR Ts-relaxation
time at optimum concentration due to excellent reflexivity properties.
Likewise, Zhang and Daigle (2017) demonstrated how hydrophobic
IONPS could act as contrast agents to separate various reservoir fluids
through NMR relaxation measurements, the results showed that the NPs
were able to reduce the To-relaxation time of oil from 2000 ms to 20 ms.
Although the application of IONPs necessitates the use of surface coat-
ings to preserve dispersion stability and increase NMR response
perception by speeding up the relaxation rates of IONPs proton spins
(Cheng et al., 2014). The extent of these coatings can be critical, as they
may mask and hinder the magnetic characterises of the NPs which in
turn affect the NMR measurements (Chi et al., 2016b). Zhu et al. (2018)
reported that increasing amounts of (APTES) decreased the surface
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relaxivity of IONPS. According to their experiments, increasing APTES
coating from 1.6 to 4.2% decreased the surface relaxivity by 26.1%.
Therefore, minimum coating should be utilized for NMR application.

4.1.2. Nanofluid flooding monitoring
Monitoring fluid is essential for identifying bypassed oil, avoiding
water fingering and proactively identifying early water breakthrough.

The addition of IONPs into injection fluids during waterflood and EOR
processes can allow the monitoring of fluid motion (Rahmani et al.,
2013a; 2013b). Hence, existing cross-well EM induction tomography
techniques are utilized to image the nanofluids and several researchers
have proposed different techniques utilizing this technology. Al-Shehri
et al. (2013) proposed an approach which employs EM wave travel-time
tomography coupled with IONPs to enable real-time monitoring of
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Fig. 8. Illustration of different stabilization and homogenization techniques used to stabilize NPs in a dispersion (Chakraborty and Panigrahi, 2020).

nanofluid flooding. Servin et al. (2016) proposed an approach called
magnetic nanomappers (MNMs) which focuses on forward modelling
and travel-time tomographic inversion software by utilizing EM waves
at high frequencies. In another study the same authors Servin (2018)
documented a novel approach using proximity sensing coupled with
IONPS as contrast agents. The technique utilizes the presence of resistive
layers between reservoirs, which act as a transmission line for EM sig-
nals, to achieve increased propagation range. For a more detailed
overview of proposed techniques in reservoir sensing and imaging, the
reader is directed to (Zhou et al., 2020).

4.2. Drilling and well completion improvement

In oil and gas reservoirs, drilling fluids regulate the wellbore pres-
sure, take cuttings to the surface and seal potential fractures. However,
poorly designed drilling fluids may not hold particles in suspension,
allowing cuttings to build in the wellbore and result in solid-induced
drill string stuck (mud cake). Differential sticking issues can also be
caused by these thick mud cakes. Likewise, poorly designed drilling
fluids may lead to fluid loss into the formation which increases the near
wellbore pressure resulting in wellbore damage (He et al., 2016; Oseh
et al, 2020a, 2020c, 2020dbib_Oseh_et_al 2020abib_Oseh_e-
t_al 2020cbib_Oseh_et_al 2020d) Therefore, the proper design of drilling
fluid is a critical element for the success of drilling and well completion.
IONPs as well as other NPs are used as additives to form filter cakes that
prevent the development of filtrate invasion, preserve stability under
harsh reservoir conditions, improve rheological properties of drilling
fluids, improve cutting lifting capacity and spacer fluids cleaning for
well cementing (Al-Yasiri, 2015; Vryzas et al., 2016; Oseh et al., 2019,
2020b, 2020ebib_Oseh et al 2019bib_Oseh_et al 2020b).  Although
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several NPs can be used as additives to form filter cakes, studies have
shown that filter cake formation under reservoir conditions is influenced
by the type of NPs, and IONPs have been found to have superior qualities
compared to SiOy and zinc oxide (ZnO) in this regard (Mahmoud &
Nasr-EI-Din, 2020). Recent studies comparing the effectiveness of IONPs
to that of SiO; in enhancing the properties of calcium bentonite drilling
fluid, showed that IONPs improved filter cake characteristics by
reducing the filtrate-fluid volume, whereas SiO; increased the filtrate
volume. According to the experiments carried out, 0.5 wt% of IONPs,
SiOg, and ZnO resulted in a disk porosity decrease of 4.7, 13.7, and 30%,
respectively. In other words, IONPs had the least volume of invaded
filtrate. In addition, fluids with SiO, additives also showed less perfor-
mance at high-temperature high-pressure (HTHP) compared to IONPS
which improved performance at HTHP (Mahmoud et al. 2018,
2020bib_Mahmoud_et_al 2018). Other studies have also demonstrated
the high performance of IONPs at HTHP. Barry et al. (2015) evaluated
the influence of IONPs clay hybrid additions into bentonite drilling
fluids at both low-temperature, low-pressure (LTLP: 25 °C, 6.9 bar) and
high-temperature high-pressure (HTHP: 200 °C, 70 bar) conditions.
According to their findings, at very low concentrations of 0.5 wt%,
IONPs reduced fluid loss by 37% and 47% in both LTLP and HTHP
conditions, respectively. This was due to the formation of cross-linked
and coagulated platelet networks which were even more robust at
HTHP conditions. It is believed that, the superior characteristics of
IONPs in the formation of filter cake at high temperature which resulted
to increased filtration control is the intercalation of clay platelets, dis-
placing complexed ions (calcium and/or sodium) (Boul and Ajayan,
2020). A key permeameter in the formation of filter cake using IONPs is
particle concentration, according to computerized tomography (CT)
scan analysis and scanning electron microscopy (SEM) images
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Table 2
Summary of ZP measurements of IONPs and modifiers used to stabilize IONPs.
NP/Modifier Dispersants P pH Author
i. Fe304 DI water i. —31.3 mV pH=7 Dheyab et al. (2020)
ii. Fe304 @ citric acid ii. —45.3 mV
i. Fe3O4 DI water i. =20 mV pH = Li et al. (2020)
ii. Fe304 @ armoured latexes ii. =33 mV 7.08
i. Fe304 @ PEG polyethylene glycol DI water i. —6.3 mV pH=7 Kim et al. (2020b)
ii. Fe304 @ SDS ii. —25.5 mV
iii. Fe304 @ cetyltrimethylammonium bromide iii. +26.7
iv. Hallowed Fe304 @ SDS mV
iv. —=35.1
mV
i. Fe30,4@ Ethylenediaminetetraacetic 1000 ppm salinity+ 0.5 wt % i. —46.8 mV pH =8/  Shalbafan et al. (2019,
ii. Fe304 @ Sodium Lauryl sulfate Tween-80 ii. =54.2mV 9 2020b)
iii. Fe304 @ Polyvinylpyrrilidone iii. +119.8
iv. Fes04 @ SDS mV
iv. +168.3
mV
i. Fe304 @ citrate DI water i. —27.4 mV pH = Izadi et al. (2019)
ii. Fe304 @ polyelectrolyte - citrate ii. —30.10 7.5
mV
i. Fe304 Sodium chloride (NaCl) i. —18 mV - Khalil et al., 2019
ii. Fe304 @ oleic acid 500-30,000 ppm ii. —30.6 mV
iii. Fe304 @ polyacrylamide iii. —28.3
iv. Fe304/polyacrylamide mV
iv. —31.9
mV
i. Fe3O4 Seawater i. —31.5 mV - Rezvani et al. (2018,
ii. Fe304 @ titanium oxide (TiO5) ii. —44.8 mV 2019)
iii. Fe;0,4 @ SiO, iii. —48.3
iv. Fe304 @ Chitosan mV
iv. —49.6
mV
i. Fe304@ Tetraethyl orthosilicate 10 mM potassium chloride (KCI) i.-345+6 pH=5 Igbal et al. (2017)
ii. Fe304 @ 3-amniopropyl triethoxy trimethoxy? silane solution ii. 28.6 + 3
iii. Fe304 @poly (AMPS-co-AA) (poly (2-acrylamido-3-methylpropanesulfonate- iii. —53.6 +
co-acrylic acid) 1
Fe304 @ Cetrimonium bromide DI water i. + 36.8 m i.pH=5 Saien and Gorji (2017)
ii. — 38.3 ii. pH =
mV 9
i. Fe304@ Tetraethyl orthosilicate 8% NaCl and 2% calcium i. —36 mV pH=5 Urena-Benavides et al.
ii. Fe304 @ 3-amniopropyl triethoxy trimethoxy? Silane chloride (CaCly) ii. +28 mV (2016)
iii. Fe304 @poly (2-acrylamido-2- methyl-1-propanesulfonic acid-co-acrylic acid) iii. —47 mV
(poly (AMPS-co-AA))
Fe304 @ SiO Nacl, CaCl, —42 mV pH=7 Bakhteeva et al. (2016)
100-300 mM
Fe30,4 + Sulfonated copolymer 1 M NacCl solution —45 mV pH=38 Bagaria et al. (2013)

documented by Mahmoud et al. (2018) (Fig. 9). Low concentrations of
IONPs result in the formation of two layers embedded on the cake
structure, with the layer closest to the rock playing a key role in the
formation of the cake microstructure of low porosity and low perme-
ability, which effectively reduces filtrates and particle intrusion. How-
ever, at high concentrations a third layer of agglomerated particles
increases the porosity and permeability of the cake structure. As a result,
the filtrate efficiency is reduced. Therefore, the authors suggest the use
of low concentrations between 0.3 and 0.5 wt% as the optimum con-
centration for effective filter cakes. These range of particle concentra-
tion is in agreement with recent findings reported by Alvi et al. (2021).
Alvi et al. (2020, 2021) recently evaluated how IONPs improve the
properties of water based and oil based drilling muds. According to their
results, 0.5 wt% of IONPs was able to reduce the coefficient of friction
and filtrate loss of hexane (oil based) by 39% and 70%, respectively.
Whereas small concentrations of IONPs (0.019 wt%) was able to reduce
the coefficient of friction and fluid loss of bentonite-based fluids (water
based) by 47% and 20%, respectively, owning to the formation of
compact and less porous structure in the cake. Furthermore, the authors
observed that IONPs can improve the stability of oil-based drilling fluids
by increasing the yield stress and reducing the sag factor. This effectively
improves the rheological properties of the drilling mud. IONPs addi-
tivities can significantly improve the rheological properties of drilling
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fluids by increasing the apparent viscosity, yield stress and susceptibility
to the temperature. In several experiments under reservoir conditions of
HTHP, Vryzas et al. (2016, 2016b) reported considerable improvement
in the yield stress, viscosity, and gel strength of bentonite-based drilling
fluids when 0.5 wt% IONPs were introduced. According to their find-
ings, IONPs provide suspension stability and connection between the
bentonite particles, allowing the creation of a stiff microstructure
network. Similarly, Ahmed et al. (2020a,b) reported that 3.0 wt% of
IONPs improved the plastic viscosity, yield point, and 10 s gel strength
of basic drilling mud by 15.0, 3.0, and 12.5%, respectively. However,
the optimum concentration which reduced filtrate volume and filter
cake thickness by 13.6 and 40% was 0.5 wt%. Another drilling domain
that shows promise from the use IONPs is the formulation of smart
drilling fluids with controllable rheological properties under a magnetic
field. Thus, providing an avenue for real time in-situ control of drilling
fluid rheology (K. Zhou et al., 2020). Vipulanandan et al. (2015, 2018)
have demonstrated how the rheological properties of IONPs can be
controlled using a magnetic field. Experiments carried out by Vryzas
et al. (2017) showed that, in the presence of a magnetic field, the yield
stress and viscosity of Fe3O4 based drilling fluids monotonously in-
creases with increasing magnetic field, owning to the disintegration of
particle chains due to Brownian random movement. More recently,
Vipulanandan & Mohammed (2020) correlated the rheological
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Fig. 9. (a-b) CT Scan images of filter cake samples with (a.) 0.5 wt% (b) 2.5 wt% (c-d) SEM images of the surface of the filter cakes (c.) 0.5 wt% (d) 2.5 wt%

(Mahmoud et al., 2018).

properties of FezOy4 drilling fluids and cement slurry with that of elec-
trical sensitivity under different magnetic field strengths using a
nonlinear resistivity and Vipulanandan property correlation model. The
model can predicate the shear thinning relationship between the shear
stress and shear strain rate of IONPs drilling fluids and can be used for
real time field monitoring. By and large, the multiple functionalities of
IONPs such as ability to formulate efficient filter cake, high stability
under reservoir conditions, negligible sensitivity to HTHP, in-situ real
time controllable rheological properties, and recyclability opportunities
makes it an effective drilling fluid additive and superior choice over
several other NPs.

4.3. Magnetically driven separation

Magnetitic driven separation with IONPs in the oilfield often entails
demulsifying emulsions to separate oil from water. Extracted crude from
reservoirs is typically accompanied by water, whereas produced water is
polluted with oil or polymers. Produced oil in water or water in oil
emulsions present a number of operational issues, such as corrosion in
pipes and pumps, as well as catalyst poisoning in the refining process
(Zolfaghari et al., 2016; Adewunmi and Kamal, 2018; Atta et al., 2018;
Shehzad et al., 2018). Likewise, in order to achieve the government’s
water quality sustainability and discharge restrictions, oil content,
polymers and large amounts of surfactants must be extracted from
produced water. The most typical magnetic separation route using
IONPs is demulsification through the adsorption of oil, surfactants, or
polymers, followed by separation using magnetic force. Peng et al.
(2012) demonstrated the use of ethyl-cellulose-grafted FesO4 (MEC)
de-emulsifiers to separate water droplets from bitumen emulsion. Re-
sults showed that the settling time of the emulsions significantly
decreased in the presences of a magnetic field, 1.5 wt % of MEC sepa-
rated up to 25 wt % of the water, corresponding to 93% of total water in
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the emulsion. Peng et al. (2018) reported the demulsification of emul-
sions containing large amounts of surfactants and paraffin oil using
IONPs. The IONPs were functionalized with amino groups (M@NH>)
and achieved 85-97% demulsification. According to their findings,
electrostatic interactions between M@NH,, surfactants, and oil were the
main driving force behind demulsification. Ko et al. (2017) demon-
strated the rapid separation of crude oil from water using amine func-
tionalized Fe3O4. Separation occurred within seconds due to the strong
adsorption of oil onto the amine coatings of FegO4. He et al. (2020b)
demonstrated the effectiveness of novel Biwettable Janus IONPs coated
with hydrophobic ethyl cellulose (EC) and hydrophilic sodium carbox-
ymethyl cellulose (CMC) coated on each side of the particle surface.
Compared to fully-coated EC/CMC IONPs, the Janus NPs were more
effective in separating water from crude oil using a magnetic field. This
was due to the stronger adsorption of the Janus particles at the oil-water
interface (Liang et al., 2018). Guselnikova et al. (2020), Jamsaz et al.
(2021) and khalilifard & Javadian (2021) have also reported high
adsorption capabilities of IONPs coated onto polyurethane (PU) sponge
to produce a hydrophobic/oleophilic magnetic nanocomposite (NC).
According to their findings, the NC adsorption capacity increased under
a magnetic field due to increased surface area. Thus, they are highly
effective in separating surfactant stabilized emulsions. Liang et al.
(2015) demonstrated the effectiveness of IONPs functionalized with
oleic acid as de-emulsifiers. The authors also reported the influence of
particle concentration and the role of particle wettability in demulsifi-
cation. According to their results, the effectiveness of the IONPs
de-emulsifiers increased with increasing particle concentration and their
effectiveness was directly related to their wettability (water contact
angle). Maximum demulsification of ~97% was attained when the
contact angle of the NPs was at ~90°. Several other researchers have
investigated the effect of particle concentration on demulsification using
IONPs and the results show that the effectiveness of demulsification
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increases with increasing particle concentration (He et al., 2019a; Wai
et al., 2019; Guselnikova et al., 2020; Mi et al., 2020; Xiong et al., 2020;
Yu et al., 2020). However, majority of the studies have used different
ranges of particle concentration and an optimum concentration is
desirable to keep material and infrastructure cost as low as possible.
Higher concentrations require stronger magnetic fields for separation
(Adewunmi et al., 2021). Magnetic IONPs have also been used for the
removal of other unwanted substances such as heavy metals, and
nonpolar organic contaminants. A number of studies have demonstrated
the removal of cations such as calcium (Ca®") and magnesium (Mg2+)
and sodium (Na™) using functionalized IONPs (Wang et al., 2014;
Gautam et al., 2015; Prigiobbe et al., 2015; Wanna et al., 2016;
Simonsen et al., 2018). This process is known as desalination and is a
useful tool for improving the efficiency of oil recovery via flooding.
Similar to demulsification techniques, desalination involves the use of
functionalized IONPs to draw out the solutes which are then magneti-
cally separated. Thus, the general magnetic separation mechanism of
IONPs all follow a similar pattern and is merely a function of using a
specific surface coating as an absorbent. Common coatings used in
desalination include but not limited to triethylene glycol polyacrylic
acid poly (sodium acrylate), poly (N-isopropylacrylamide)’ polyglycerol,
dextran, citrate, and poly (ethylene glycol) (PEG) diacid (Na et al., 2014;
Dey and Izake, 2015; Kim et al., 2020a). Table 3 shows a brief a sum-
mary of oilfield applications of IONPs.

5. Enhanced oil recovery

Owning to the poor production rate of waterflooding and rapid
decline in the discovery of new crude oil reserves, chemical-enhanced
oil recovery (CEOR) has become an important factor in oil production.
However, traditional CEOR chemicals such as surfactants and polymers
are compromised by high adsorption rate, precipitation/degradation at
reservoir condition and high cost. Hence, a myriad of researchers have
focused on utilizing nanotechnology to improve oil production (Agi
et al., 2020a,2020b,2020c; Naghizadeh et al., 2020; Sagala et al., 2020;
Yahya et al., 2020; Yekeen et al., 2020) Application of nanotechnology
in EOR consist of nanofluid flooding, nanoemulsions with or without
NPs as stabilizers and nanocatalyst for heavy oil viscosity reduction
(Cardona et al., 2018). Though, the governing mechanism of oil
displacement are still not fully understood and require further investi-
gation (Agi et al., 2018; Kewen Li et al., 2018; Eltoum et al., 2020). The
pathways leading to incremental oil displacement so far have been
described as pore channel plugging, disjoining pressure, wettability
alteration, increment of injection fluid viscosity, interfacial (IFT)
reduction, asphaltene breakdown and prevention of asphaltene precip-
itation. Fig. 10 illustrates the schematics of the most common nanofluid
EOR mechanisms. All the above mechanisms and much more can be
achieved using IONPs. Pioneering work on the application of IONPs
presented by Kothari et al. (2010) proposed that ferrofluids could
improve oil recovery by decreasing oil viscosity owing to the dipole
moment within the particles, which enables reservoir fluid molecules to
align, thereby reducing the flow resistance, leading to incremental oil
recovery. Using sand pack flooding and spontaneous imbibition, Ogolo
et al. (2012) showed that Fe3O4 dispersed in DI water or diesel had
significant potential in improving oil recovery. Equally significant, the
study indicated that the choice of dispersion fluid and contact time be-
tween the NPs and reservoir rock had a substantial effect on oil recovery.
Precisely, brine and ethanol had a negative effect on the magnitude of oil
recovery. Guan et al. (2014) reported an incremental oil recovery 38%
and 27% using 10-25 nm and 30-90 nm Fe304 nanofluids, respectively.
The smaller NPs were more effective due to better dispersibility and
higher charge density, which improved oil recovery mechanism and
transportation through the porous medium.
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Table 3
Summary of possible IONP applications in the oil and gas industry.

Type of IONPs

Application/Observations

Author

Drilling and Completion Improvement

Hydrophobic Fe30,4

Fe304 coated with poly
(vinyl alcohol) (PVA) or
Hydroxyapatite (HAp)

Synergy of Fe;03 &

KCl-Glycol-PHPA polymer

Bare Fe,;03

Bare Fe;O3

Magnetic Separation
Fe30,4 @ bentonite

Fe304 hydrophobic EC and
hydrophilic CMC

Preventing filtrate
invasion.

- 0.5 wt% iron oxide
dispersed in hexane
reduced filtrate loss by
70% and filter cake
thickness by 55%.
reduced free oil layer
resulting from syneresis
during aging by 16.3%.

- Reducing condensation
and imbibition rate of
water near the wellbore
region due to wettability
alteration.

HAp is more effective in
altering wettability from
oil wetting to gas wetting
compared to PVA.
Reducing drilling fluid
mud loss and improving
rheological properties.

- Mud loss was 5.9 ml after
30 min.

3.0 wt% particle
concentration improved
the plastic viscosity, 10 s
gel strength & yield point
by 15, 12.5 3% and
12.5%, respectively.

The optimum
concentration was 0.5 wt
% at which filtrate volume
and filter cake thickness
reduced by 13.6 and 40%.
Improving the rheological
properties of the drilling
mud and weight loss.
increased yield stress,
shear stress and plastic
viscosity by up to 200%,
175% and 105%
respectively.

1% particle concertation
resulted in 91% reduction
of total weight loss.
Decreasing mud fluid
resistivity for magnetic
sensing and improving
rheological behaviour
using magnetic field.

- Magnetic field of 0.6 T,
reduced electrical
resistivity by 39% and
increased shear stress by
25%.

0.1 wt% particle
concentration adsorbed
97% of oil after 90 min.
pseudo-second-order
kinetics model
successfully describes the
kinetic mechanism.
-Langmuir isotherm model
suggested a monolayer
adsorption of oil onto the
particle surface.
- Separation of water-in-
crude oil emulsions
- Janus modification
improved adsorption to
the oil-water interface

Alvi et al. (2021)

Safaei et al.
(2020)

Ahmed et al.
(2020a,b)

Mohammed
(2017)

Vipulanandan
et al. (2017)

Ewis et al. (2020)

He et al. (2019b,c,
2020a)

(continued on next page)
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Table 3 (continued)
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Table 3 (continued)

Type of IONPs

Application/Observations

Author

Type of IONPs

Application/Observations

Author

Fe304 @ 3(Aminopropyl)
triethoxysilane.

Fe304@poly-
methylmethacrylate-
acrylicacid-
divinylbenzene P(MMA-
AA-DVB)

and also more difficult to
desorb from the oil-water
interface compared to EC
coated magnetic nano-
particles. Hence,
improving demulsifica-
tion speed.

Recycling test show the
desirable reusability and
stability of Janus Fe304

- 0.04 wt% particle
concentration reduced up
to 99.95% of crude O/W
emulsions.

Main separation
mechanism was
electrostatic attraction
between negatively
charged O/W emulsions
and positively charged
modified IONPs.

- Decreasing particle size
increases the effect of
magnetic field velocity.
Heavy oil and water
emulsion separation

P (MMA-AA-DVB) coating
increased interfacial
activity at oil-water inter-
face leading to faster
attachment and
separation

98% separation efficiency
was attained after 1 h

No changes were
observed on the
effectiveness of NPs/
coating after 5 cycles

Reservoir Sensing, Imaging and Characterization

Fe30,4
Fe3;0,4 @ polyethylene
glycol (PEG-400)
Fe304@ oleylamine (OLA)

Fe304 @ 3(Aminopropyl)
triethoxysilane (APTES)

Ferrofluids

- NMR logging tool to
characterize fluids inside
the reservoir
Spin-spin (T5) relaxation
measurements
demonstrated contrasting
ability of bare and both
functionalized Fe304
nanofluids
- Transverse relaxivity (rp)
values and stability were
in the order of Fe304
@PEG, Fe304 @OLA and
Fe304,
Fe304 @PEG and Fe304
@OLA relaxtivity values
were 2.07 and 1.53 times
greater than that of Fe3O4,
- Surface coating masks and
hinders magnetic
properties of Fe304 for
NMR data interpretation.
- Increasing the surface
coating of APTES from
1.60 to 4.22 wt%,
decreased surface
reflexivity by 26.1%.
High Fe concentration
(0.01 g/L) causes
electron-proton in-
teractions to dominate
surface relaxation
whereas low concentra-
tions (0.002 g/L) promote
proton-proton
interactions.

Ko et al. (2016)

N. Ali et al.
(2015a,b)

S. Ali et al. (2018)

Zhu et al. (2018)
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Fe30,4 @ citric acid
Fe304@ PEG-grafted

Improving Oil Recovery

Fe,03 and Fe;0,4 coated with
citric acid.

Bare Fe30,4

- Proposed tracking of
flood-front using cross
well magnetic
tomography.
NPs changed the
permeability of the
flooded region.
Induction effect and
changes in fluid
conductivities are
negligible at low
frequency for image
contrast.
The influence of areal and
vertical reservoir
permeability
heterogeneity on flood
fronts can be detected.
- Fe304 as nano sensors
using NMR
- Decreases NMR Ty
relaxation time for

reservoir
characterization.
Adsorption increases with
increasing salt
concentration thus
reducing contrast agent.
Molecular theory can be
used to determine
interactions between
IONPs sand (SiO,) and
rock (CaCO3) surfaces.

Reducing heavy oil
viscosity
Fe304 reduced asphaltene
precipitation via
asphaltene adsorption
- Asphaltene adsorption is a
function surface coating,
which may increase or
decrease asphaltene
adsorption
Asphaltene adsorption
capacity increases with
increasing pressure
- NPs improved
macroscopic and
microscopic efficiency.
- Fe;O3 NPs did not react to
the application of a
magnetic field. Thus,
there was no incremental
oil recovery in the
presence of a magnetic
field.
Citric coated particles
only responded to a
magnetic field of +800
Gauss. Maximum oil
recovery was 83% at 2750
Gauss.
Citric coated NPs resulted
in more oil recovery in the
presence of magnetic field
compared to bare Fe,O3
and polymer solutions.
Magnetic field improved
oil recovery owing to
improved sweeping area
and wettability alteration.
Water breakthrough is
postponed.
Fluid front created a
piston column towards

Rahmani et al.
(2013a, 2014,
2015)

Park et al. (2014)

Setoodeh et al.
(2020)

Divandari et al.
(2019)

Esmaeilnezhad
et al. (2018)

(continued on next page)
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Table 3 (continued)
Type of IONPs

Application/Observations Author

the direction of the
magnetic field.

- Wettability modification
was more pronounced in
the presence of light oil
than in the presence of
heavy oil.

5.1. EOR mechanisms of IONPs

To comprehend the mechanisms of IONPs and the role of interfacial
tension (IFT) reduction, wettability alteration and viscosity enhance-
ment in EOR, the connection between the capillary number and residual
oil must be introduced. The capillary number (N;) is ratio between the
viscous forces and capillary forces. It is used as a metric gauge to adjudge
the effectiveness of EOR mechanism and potential oil recovery. Several
forms of the capillary number (Equation (8)) have been published and
summarized by J.Sheng et al. (2011, 2015) The effectiveness of EOR
improves by increasing the N, which in turn reduces the capillary force
to allow oil mobilization. This can be attained by either increasing in-
jection fluid viscosity (2) increasing the displacing fluid viscosity and/or
(3) reducing the IFT (Gbadamosi et al., 2019a).

Viscouse Force  M;,; X V

<= Capillary Force 6 x cosf ®

where y is dynamic viscosity of the displacing fluid, u is displacing
viscosity, 0 is contact angle, and ¢ is IFT between the displacing and
displaced fluid.

5.1.1. Emulsion formation and stability

Emulsions is the dispersions of one liquid in an immiscible liquid, it is
produced either in-situ or externally. It can increase injection fluid vis-
cosity and assist in pore blockage, diversion of flow to towards bypassed
zones, and the intrusion of oil into the moving fluid. Hence, increasing
oil production (Kumar and Mandal, 2020). In CEOR, stable emulsions

Asphaltene
Molecules

TrrwrwasnwravmeEEe”

.
M T e E T LR T L

a. IFT Reduction
(Bubble Collapse)

e. Pore Plugging

Nanoparticles

c. Disjoining Pressure
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are formed when an amphiphilic emulsifier strongly adsorbs the
oil-water interface and reduces IFT between the two phases. Adsorption
of the emulsifier promotes the formation of a protective layer which can
resist droplet coalescence and phase separation. The common emulsi-
fiers used in EOR are surfactants. However, surfactant micelles
dynamically adsorb and desorb easily from the oil-water interface, are
susceptible to adsorption on the rock surface and prone to thermal
degradation (ShamsiJazeyi et al., 2014; . Kim et al., 2017). Thus, NPs
are proposed as modifiers/alternative emulsifiers (Pei et al., 2015;
Pilapil et al., 2016; Pal et al., 2019; Kumar et al., 2020; Kumar and
Mandal, 2020; Pal and Mandal, 2020) Similar to pickering emulsions
(emulsions stabilized by solid particles), NP stabilized emulsions exhibit
enhanced stability (slow rate of droplet coalescence) resulting from
improved mechanical barrier effect (Pal and Mandal, 2020). NPs irre-
versibly adsorb onto the oil-water interface to form rigid structures
which act as a mechanical barrier against coalescence and are able to
resist harsh reservoir conditions (HTHP) (Binks and Yin, 2016). Thus,
NPs are thermodynamically stable. Previous studies have shown that the
key parameter which determine the effectiveness of emulsions stability
is the contact angle at the oil-water interface, determined by hydro-
phobicity/hydrophilicity of the particles. Therefore, NP emulsion sta-
bilization is mainly a function particle surface properties (Udoetok et al.,
2016). Fig. 11 illustrates the different mechanism of emulsion stability
using NPs. According to the detachment energy model, particles with 6
= 90° adsorb better at the oil water interface and possess maximum
desorption energy (energy required to detach particle). Thus, they are
most suitable for stabilizing emulsions (Pal and Mandal, 2020). The
relatively high surface area of IONPS with or without facile surface
modification enables favourable adsorption at the oil-water interface.
Flooding experiments carried out by Kazemzadeh et al. (2019), Izadi
et al. (2019) and Rezvani et al. (2019), showed that both bare and
modified Fe3O4 NPs generate stable in situ emulsions in the porous
medium. The authors also indicated that the formation and stability of
the emulsions increased with increasing particle concentration.
Although, more recently, externally generated emulsions are considered
as an independent technique in EOR processes (N. Kumar et al., 2017;
Ahmed and Elraies, 2018; G. Kumar et al., 2020), the application of
eternally generated IONP emulsions for EOR is extremely scarce in the

reveswrnasnaad

b

Eersmsnsmnnnns®

b. Preventing Asphaltene
Precipitation /
Asphaltene Breakdown
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d. Wettability Alteration

Fig. 10. Schematic illustration of various nonfluid oil recovery mechanism leading to incremental oil recovery. (a) IFT reduction (b) prevention of asphaltene
precipitation and asphaltene breakdown (c) disjoining pressure (d) wettability alteration (e) pore plugging (Sun et al., 2017).
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e > 90°

Oil/Air

Water

Nanoparticle Emulsion stability

Fig. 11. Schematic representation of different NPs emulsions stability arrangements as per detachment energy model (a) hydrophilic particles, ¢ < 90° (b) hy-
drophilic/hydrophobic § = 90° (c) hydrophobic particles, 6 > 90° (Pal and Mandal, 2020).

literature. Despite numerous studies illustrating that IONPs can be used
to prepare emulsions for EOR (Ingram et al., 2010; Zhou et al., 2011,
2012; Fan et al., 2016; Emrani & Nasr-El-Din, 2017; Prévot et al., 2017a,
2017b; Koroleva et al., 2019; Keran Li et al., 2020).

5.1.2. IFT reduction

At the molecular level, IFT is a phenomenon resulting from differ-
ence in energy between oil and water molecules at the fluid interface. In
other words, it describes the energy required to make a unit area of
interface between two immiscible liquids, thus taking the units of Joules
per square metre or the equivalent Newtons per metre (Berry et al.,
2015). IFT reduction deforms the sizes of trapped oil droplets to allow
easy mobilization through pore throats. It also promotes the formation
of in-situ emulsions which sweep, merge and carry along the oil droplets
(Sheng, 2015). The IFT reduction of NPs has been a controversial point
widely discussed in the literature. Researchers have continually argued
that the interactions between oil and water molecules are merely
influenced in the presence of NPs. Hence, NPs particles do not reduce
IFT. Some studies have reported very little to non-significant change in
the presence of SiO; (Pichot et al., 2012; Biswal et al., 2016; Jiang et al.,
2017) and ZnO (Fereidooni Moghadam and Azizian, 2014; Moghadam
and Azizian, 2014) whereas others have reported substantial change in
the presence of SiOy (Agi et al., 2020d; Ngouangna et al., 2020; Wu
et al., 2020), ZnO (Soleimani et al., 2018), aluminium oxide (Al,03)
(Gbadamosi et al., 2019b) nickel oxide (NiO) (Gomaa et al., 2018a) and
Fe304 (El-hoshoudy et al., 2019; Pereira et al., 2020; Saien and Gorji,
2017). Studies carried out by Ruhland et al. (2013) investigating the
surface activity and self-assembly behaviour of homogenous NPs and
Janus particles with different geometries showed that the magnitude of
IFT reduction is directly correlated to their adsorption at the oil-water
interface. Similarly, Glaser et al. (2006) observed that the amphiphi-
licity nature of gold (Au) — Fe304 Janus NPs substantially decreased the
IFT of oil and water compared to individual homogeneous Au and Fe304
NPs at comparable concentrations. Likewise, Khalil et al. (2019)
observed that Fe3O4 coated with oleic acid (Fe304 @OA) further
decreased the IFT of oil-water beyond that of homogenous Fe304. Owing
to improved adsorption of the long hydrocarbon tail of OA, which
allowed some part of the dispersed Fes04 @OA to transfer to the oil
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phase. He et al. (2020b) also illustrated that cellulose-coated Janus
Fe304 of asymmetric surface wettability were more interracially active
compared to homogeneous Fe3O4 of uniform surface modification.
Hence, the extent of IFT reduction in the presence of Janus Fe3O4 was
greater than that of homogeneous Fe304 Therefore, the plausible reason
behind the dispersity in results is possibly the poor adsorption affinity of
homogenous NPs and the difference in surface charge of the NPs which
control their adsorption and packing behaviour at the interface. The
mechanisms of IFT reduction dictates that NPs form a monolayer be-
tween the oil-water interfaces, and the extent of IFT reduction is a de-
pends on the contact angle at the oil-water interfaces. Homogenous
Fe304, which are hydrophilic, mostly reside in the water interface and
rely on electrostatic adsorption, which is very week compared amphi-
philicity (Sofla et al., 2019) (Fig. 12a) hence, the IFT reduction is min-
imal. Thenceforth, the magnitude of IFT reduction is improved by
utilizing hydrophobic coatings to attain amphiphilicity (Fig. 12b).
Furthermore, the synergy of IONPs and surfactants significantly im-
proves the magnitude of IFT reduction beyond that observed for each
component (Suleimanov et al., 2011; Biswal et al., 2016; Betancur et al.,
2019) Surfactants are well known for their ability to substantially
decrease IFT by replacing the molecules of oil and water at the interface.
However, rock adsorption reduces surfactants efficiency and increases
operation cost. NPs on the other hand, reduces surfactants adsorption
and act as carriers to the oil-water interface while surfactants improve
the hydrophobicity of NPs. The mechanism and effectiveness of the
synergy between IONPs and surfactants primarily depends on the type of
surfactant and dispersion/reservoir pH (Fig. 12¢). Regarding the type of
surfactant, positively charged cationic surfactant molecules are attrac-
ted and attach onto negatively charged IONPS. As a result, the NPs are
more hydrophobic and move towards the oil-water interface. Presence
of both IONPs and surfactants at the oil-water interface dramatically
decreases IFT whereas repulsive forces between negatively charged
anionic surfactants molecules and IONPs drives the surfactant molecules
away from the bulk solution towards the oil-water interface. Thus,
increasing the amount of free surfactant molecules at the oil-water
interface. On the contrary, non-ionic surfactants which have no elec-
trostatic charge, behave completely different, and the presences of |
IONPs may retard the efficiency of these surfactants (Zargartalebi et al.,
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B. Functionalized Nanoparticles

Fig. 12. Mechanism of IFT reduction in the presence of (a) bare IONPs weekly adsorbed at oil-water interface (b) functionalized IONPs strongly adsorbed at the oil-
water interface (c.) synergy of surfactants and IONPs resulting in more reactivity at the oil-water interface. (ci) IONPs and surfactants attracted due to opposite
electrostatic forces (cii) IONPs and surfactants repel due to same electrostatic forces (Saien and Gorji, 2017).

2014). The is because, both the surfactants and NPs compete to displace
each other at the oil-water interface. Since the magnitude of surfactant
IFT reduction is greater than that of IONPs, less non-ionic surfactants at
the oil-water interface will yield less IFT reduction. To summarize,
IONPs improves the effectiveness of cationic surfactants more than that
of anionic surfactants in an alkaline medium while it decreases the
effectiveness of non-ionic surfactants. Fig. 12 illustrates the mechanism
of IFT reduction using bare IONPs, functionalized IONPs and the synergy
of IONPs and surfactants in alkaline/acidic medium. Hence, pH in-
fluences the surface charge of IONPs and can change it from
negative-neutral - positive. Thus, influencing the adsorption and orien-
tation of surfactants at the O/W interface. Alkaline pH facilitates the
adsorption of cationic surfactants onto the IONPs whereas acidic pH
promotes the repulsion of cationic surfaces and vice versa. However,
unlike the case of non-ionic surfactants and negative IONPs, at natural
pH, the NPs have hydroxyl groups on their surface, which may form
hydrogen bonds with the cationic surfactant molecules. Thereby,
adsorbing the surfactants molecules (Saien and Gorji, 2017). Further-
more, the presence of salts, which decreases the electrostatic repulsion
may lead to more adsorption or repulsion between the surfactants and
NPs. Ahualli et al. (2011), observed that despite the repulsive charges
between negative NPs and anionic surfactants, a small part of the sur-
factant molecules still adsorbs onto the surface of NPs in the presence of
salts. Betancur et al. (2019) also observed that the method of adding
salts, surfactants and NPs influence the degree of IFT reduction. Ac-
cording to their results, adding salts before surfactant reduces the for-
mation of surfactant micelles and adsorption onto the surface of the NPs
because the electrolytes interact with the surface charge of the NPs.
Therefore, reducing the quantity of available electrolytes which facil-
ities the formation of surfactant micelles. However, if the surfactants are
added to the salt solution before the NPs, the electrolytes favour the
formation of surfactant micelles which are then adsorbed onto the sur-
face of the NPs.

5.1.3. Wettability alteration
Wettability alteration is considered the most prominent mechanism
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of NPs in EOR. Wettability alteration allows water to imbibe into the
porous media to extract oil. Numerous investigations on the impact of
wettability alteration using NPs can be found in literature. NPs are
efficient wettability modifiers due to their high surface energy and free
movement within the micrometre scale rock pores. Moreover, in the
presence of NPs, the efficiency of other wetting agents such as surfac-
tants, polymers and salt ions are also enhanced. The two possible un-
derlying mechanisms leading to wettability alteration in the presence of
NPs are: (i) nanoparticle adsorption on the solid surface, resulting to
change in surface energy and reduced friction (Fig. 10d) (ii) the creation
of a pressure gradient created in the vicinity of the three-phase contact
line due to the solid-like ordering fluid ‘wedge’ (Fig. 10c) (Druetta et al.,
2018). Regardless of the underlying mechanism, in order to modify
wettability, the NPs must be adsorbed onto the rock surface (Hen-
draningrat and Torsater, 2015; Al-Anssari et al., 2016). Hou et al.
(2015,2019) illustrated various pathways leading to wettability alter-
ation using ellipsometry, zeta potential and contact angle measure-
ments. The results indicated that the primary underlying mechanisms
for wettability alteration were ion-pair formation and adsorption of
particles onto the rock surface through hydrogen bonding and hydro-
phobic interactions as well as electrostatic interactions. Thus, the hy-
drophilic nature and high surface energy of IONPs can alter wettability
towards a more water-wetting state. Contact angle measurements and
energy dispersive X-ray (EDX) analysis carried out by Izadi et al. (2019)
showed that the presence of Fe304 improved the water wetness of car-
bonate rocks primarily through adsorption. The contact angle decreased
from 160° to 114° and the EDX analysis showed that the surface of the
treated rock samples consisted of Ca, Mg and Fe constituent materials,
whereas those treated without Fe3O4 had only Ca and Mg (Fig. 13c).
Similarly, Fourier transform infrared spectroscopy (FTIR) analysis and
contact angle measurements carried out by Shalbafan et al. (2019)
illustrated the wettability alteration and adsorption phenomena of
Fe304 and Fe304 coated with either hydrophilic polymer or ionic sur-
factant (Ethylenediaminetetraacetic (EDTA) & Sodium Lauryl Sulfate
(SLS). In comparison, the extent of wettability alteration and adsorption
of SLS coated Fe3O4 was greater than that of EDTA coatings and
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Fig. 13. Influence of Fe304 nanofluids on wettability alteration (a) contact angle versus Fe;04 nanofluids with different concentrations (i) with PVP (ii) with SDS
(Shalbafan et al., 2020a) (b) contact angle measurements(i) without nanofluid-oil wet (ii) — (iv) increasing Fe304 nanofluid concentration (c) EDX analysis of
carbonated rock (i) without nanofluid (ii) treated with Fe;0,4 nanofluid (Izadi et al., 2019).

homogeneous Fe304 at high concentrations, However, at low concen-
trations the EDTA coatings performed better. Nevertheless, at optimum
concentrations under reservoir conditions, SLS coatings resulted in more
oil recovery owing to better stability in the presence of brine. In addi-
tion, the authors observed that all the NPs reduced permeability and
porosity in the following order EDTA coatings > SLS coatings > ho-
mogeneous Fe3O4 In a more recent study, the same authors (Shalbafan
et al., 2020a) reinforced their findings using Fe304 with new coating
agents (SDS) as an ionic surfactant and polyvinylpyrrolidone (PVP) as a
hydrophilic polymer). SEM images showed adsorption of the particles,
evidenced by significant change in the rugosity of the rock surface while
ZP measurements showed increased surface charge due to particle
adsorption. The rock surface charge increased from —3.39 mV to —24.5
mV and —29.6 Mv, respectively for PVP and SDS coatings. Both results
suggested irreversible adsorption of Fe3O4. The findings were consistent
with previous FTIR results (Shalbafan et al., 2019) and studies carried
out by Nwidee et al. (2017). Fig. 13a and b shows the effect of different
Fe304 nanofluids concentrations on contact angle. Notably, increasing
contraction improved wettability alteration and the performance of SDS
coating was better than that of PVP and homogeneous Fe3O4, Due to the
higher positive charge density of the SDS coating, which increases
adsorption onto the rock surface. Thus, changing the surface energy
leading to wettability alteration (Francisco et al., 2020). Furthermore,
surface roughness and spreading behaviour resulting from structural
disjoining pressure contribute to wettability alteration. With regard to
the spreading behaviour of NPs on the substrate, Wasan and Nikolov
(2003) proposed that 2D structuring/layering of NPs in the form of a
wedge film gave rise to structural disjoining pressure (a force normal to
the interface) is also a mechanism responsible for the detachment of oil
from the solid substrate. In simple words, the disjoining pressure is the
pressure required to overcome oil adhesion, and the same pressure
pushes the particles forward to occupy and expel oil from the rock pores.
Therefore, structural disjoining pressure is driving force behind nano-
fluid spreading. Experimental studies and theoretical calculations have
indicated that the structural disjoining pressure is substantially magni-
fied by the injection pressure and higher near the tip of the wedge
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compared to bulk solution (Chengara et al., 2004; Wasan et al., 2011;
Kondiparty et al., 2012; Liu et al., 2012). The positioning of the particles
within the wedge is function of the overall entropy of the dispersion
(Nazari Moghaddam et al., 2015). Thus, the structural disjoining pres-
sure increases with increasing electrostatic repulsion. In conclusion, the
literature shows that Fe3O4 nanofluids, both homogeneous and modi-
fied, are promising candidates for wettability alteration. However, it is
worth noting that unlike in the case of IFT reduction and emulsion
stability, where increased concentration increases adsorption and per-
formance. The case of wettability alteration is different because
increased concentration, will intensify adsorption, leading to reduced
porosity and permeability. Which in turn affects the overall recovery of
oil and quantity of recoverable particles resulting from irreversible
adsorption on the solid substrate. More research should therefore be
focused on efficient coatings with minimal adsorption.

5.1.4. Sweep efficiency improvement

EOR sweeping efficiency is judged by the mobility ratio (M) which is
the mobility of fluid displacement (nanofluid) to oil displacement.
Mathematically, it can be expressed as,

Kr
d o Ho
Km ”d

Mobility ratio = 9

whereas k; is relative permeability, y is viscosity. Subscript ‘d” and ‘0’
are fluid and oil displacement, respectively. All parameters are in units
of consistency. M greater than 1 implies that the mobility of the fluid
displacement is higher than that of oil, an adverse event known as
viscous fingering, resulting in poor oil recovery (Kamal et al., 2015;
James G. Speight, 2016; Tengku Mohd et al., 2016) Albeit, thermal re-
covery techniques are commonly used for heavy oil processing,
non-thermal recovery techniques are first considered due to their rela-
tively low cost and technical simplicity. However, given the extremely
high viscosity of heavy oil, it is difficult to obtain M of less than one even
when the viscosity of the injection fluid is increased using polymers.
Fe304 nanofluids have the ability to simultaneously increase the vis-
cosity of the injection fluid and also minimise heavy oil viscosity with or
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without steam stimulation. The reduction however, is higher with steam
stimulation due to the stronger effect of aquathermolysis which is cat-
alysed in the presence of metal particles (Farooqui et al., 2015). More-
over, using either EM waves or a magnetic field, the viscosity and
displacement path of Fe304 nanofluids could be regulated and
controlled. Hence, improving sweeping performance and overcoming
limitations induced by reservoir heterogeneity or other factors (Bahiraei
and Hangi, 2015; Malekzadeh et al., 2016; Shekhawat et al., 2016;
Huang et al., 2018).

5.1.4.1. Improving displacing fluid viscosity. It has been well documented
that the presence of particles, even at low concentrations, in dispersion
fluid greatly increases the viscosity of the dispersion fluid by minimising
the mobility of neighbouring fluid molecules in dispersion (Mishra et al.,
2014; Bashirnezhad et al., 2016; Abdullah et al., 2020; Agi et al., 2020e).
In most studies, water and ethylene glycol are the chosen base fluid
(Bashirnezhad et al., 2016). Rheological studies investigating the
behaviour of Fe3O4 nanofluids have shown that increasing particle
loading increases fluid flow resistance, resulting in increased fluid vis-
cosity, and the nanofluids may exhibit Newtonian or non-Newtonian
behaviour (Sharma et al., 2016; Anu and Hemalatha, 2016; Bashirnez-
had et al.,, 2016; Murshed and Estellé, 2017). Wang et al. (2016)
demonstrated how the viscosity of water increased by 22.5% in the
presences of FesO4 owing to the enhancement of the internal shear
impact of the particles. Kazemzadeh et al. (2018) compared the viscosity
increment of different nanofluids with that of seawater. According to the
results, at 0.05 wt% particle concentration, the viscosity increment was
in the following order: Sea water < SiO3 < TiOy < Fe304 < Fe304/SiO2,
< TiO2/Si0O,. Abareshi et al. (2011) documented that a-Fe;O3/glycerol
nanofluids were non-Newtonian and the non-Newtonian characteristics
of the nanofluids was more apparent at high concentrations when the
amount of aggregation was higher. According to the authors, increasing
concentration reduced the distance between the particles and trapped a
large amount of glycerol between them, resulting in less mobilisation.
Syam Sundar et al. (2013) reported that Fe3O4/water within the con-
centration range of range of 0-2 wt% displayed Newtonian behaviour.
Likewise, Khalil et al. (2019) comparing the mobility ratio and viscosity
increment of Fe3O4 nanofluids with different coatings observed that in
most cases, the nanofluids had Newtonian behaviour whereas hydro-
philic coatings exhibited higher viscosities compared to hydrophobic
and hydrophilic—lipophilic coatings. Similar observations was reported
by Zhang and Han (2018). Their study suggest that water molecules are
easily adsorbed by hydrophilic molecules to form a water layer around
the particles. Thereby, increasing their radius which causes high inter-
facial resistance and hinder their mobility in the base fluid. Though
nanofluids are able to increase fluid viscosity, several studies suggest
that the incremental viscosity of the nanofluids plays a weak role in EOR
(Izadi et al., 2019). This may change, if the particles are used in
conjunction with polymers (Ali et al., 2020a,b,c) or a magnetic field.
Comparing the incremental viscosity of Fe;Os3, TiO3 and SiO5 on poly-
acrylamide polymer solutions, Khan et al. (2018) observed that the in-
cremental viscosity of FeoO3 and TiO, were more prominent than that of
SiO3 due to the higher thermal conductivity of the metal oxides. TiO;
and Fe,03 increased the viscosity of the polymer solution by 83.3% and
64.3%, respectively. The study also showed that in the presence of salts,
ion-dipole interaction between cations and oxygen atoms on the surface
of the particles reduced the attack of cations on the polymer molecules
and further increased the effectiveness of the polymer solution. With
regard to magnetic field, studies have shown that the viscosity of Fe3O4
nanofluids can substantially be increased with a magnetic field because
the viscosity of FesO4 nanofluids increases with increasing magnetic
induction (Gontijo and Cunha, 2015; Cunha et al., 2016; Mohammad-
fam et al.,, 2020). A magnetic field changes the fluid rheology by
inducing the formation of chain like structures called magneto-viscous
effect. Wang et al. (2016) explained that the suspended particles
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follow the direction of a magnetic line and form chainlike structures
which increases the flow resistance (Sun et al., 2020). Rangsanga and
Sirisathitkul (2019) demonstrated how the presence of a small magnetic
field of 142 OE improved the viscosity of FesO4 nanofluid fluid by
16.2%. Similarly, Malekzadeh et al. (2016) showed that the viscosity of
Fe304 nanofluids increased by 20% and 175% for ¢ = 0.1 vol% and ¢ =
1 vol%, using a magnetic field strength of 130 and 550 Gauss, respec-
tively. Divandari et al. (2019) also demonstrated how the presence of a
magnetic field improved the oil recovery of FesO4 @citric acid beyond
that of polymer solutions due to higher shear viscosity of the nanofluids.
Fig. 14 shows a comparison of flooding results between IONPs and
polymer solutions in the presence of different magnetic fields.

5.1.4.2. Decreasing heavy oil viscosity. The research paradigm of using
NPs in heavy oil reduction focuses on the removal of asphaltene and
acting as a catalyst to break down the structure of the heavy oil (Fakher
et al., 2018; Freitag, 2018; Xu et al., 2018; Struchkov et al., 2019).
Asphalt is a homogenised solid product with a very high molecular
weight that is mainly composed of carbon, hydrogen, nitrogen, oxygen,
and sulphur molecules (Nwadinigwe et al., 2015; Mozaffari et al., 2018;
Struchkov et al., 2019). Heavy oil contains a large amount of these
asphalt molecules, which increases the viscosity of the oil, the asphalt
molecules are also prone to aggregation and the creation of viscoelastic
networks, which increases the oil viscosity. Such viscous heavy oil
characteristics necessitates in-situ upgrading processes prior to extrac-
tion (Liu et al., 2019). The two prominent ways in which metals decrease
heavy oil viscosity are exothermic chemical reactions and thermal
conductivity enhancement. Exothermic chemical reactions are consid-
ered the driving energy behind catalytic activities while thermal con-
ductivity enhancement improves heat transfer. FesO4 NPs mainly
reduces heavy oil viscosity by reducing asphaltene interaction and
restraining the formation of viscoelastic network (Betancur Camilo
et al., 2016). Specifically, at low temperatures (<100 °C), Fe3O4 breaks
down carbon -sulphur (C-S) bonds in asphaltene molecules (Nassar
et al., 2015). The Breakdown of the C-S bonds reduces the average
molecular weight and increases the aromatic and saturated groups of
crude oil. Hascakir et al. (2008) demonstrated how micron iron powders
decreased crude oil viscosity up to 88% when the polar components
were broken down. Shokrlu and Babadagli (2010) stated that nano-sized
Fe304 had higher viscosity reduction capabilities compared to micron
sized Fe304 due to the larger specific surface area of NPs which resulted
in more reactivity. Aristizabal-Fontal et al. (2018) reported that Fe3O4
NPs decreased the viscosity of heavy oil by up to 81%. According to their
results, the FesO4 NPs easily adsorbed and split C-S asphalt molecules.
Besides, the C-S breakdown catalytic effect of Fe3Oy4, researchers have
also observed that other exothermic chemical reactions such as the
rusting of Fe, formation of components like iron sulphide and chelate
among others, may occur as the reaction proceeds. All these lead to
further dissociation of chemical bonds in the oil component. For
instance, studies carried out by Hascakir et al. (2010) showed that
exothermic chemical reactions such as the rusting of Fe produces local
heat at the intermolecular level (Equation (10)) and according to Patel
et al. (2018) the dissociation energy of asphaltene heteroatoms C-S,
carbon-nitrogen (C-N), and carbon-oxygen (C-O) are 713, 750, and
1076 kJ/mol, respectively. Thus, the heat generated (1644 kJ) is suffi-
cient to breakdown the C-N and C-O bonds of asphaltene molecules in
crude oil.

4Fe ) +30a(,) + xH,0) — 2Fe;05. xH, 0 + heat (1644kJ) (10

At high temperatures (>100 °C), Fe3O4 aids in heat transfer and
intensifies aquathermolysis. Aquathermolysis involves the application
of specific temperature and pressure conditions to break down heavy oil
molecular components. During aquathermolysis, several reactions such
as pyrolyzing, hydrogenation and desulfurization take place (Li et al.,
2019). Aquathermolysis reactions using water hydrolysis alone are
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Fig. 14. Effect of polymer solution, Fe;03 and Fe30,4 nanofluids on oil recovery factor a) heterogeneous micromodel and b) homogeneous micromodel. The presence
of magnetic field improved the viscosity of Fe304 nanofluids resulting in incremental oil recovery beyond the reach of polymer solution (Divandari et al., 2019).

ineffective because asphalt heteroatoms interact with each other by
means of hydrogen bonding or van der Waals forces and polymerize to
form larger molecules (Iskandar et al., 2016a). Therefore, the presences
of a catalyst is necessary. Hendraningrat et al. (2014) demonstrated the
effectiveness Fe3Oy4 as catalysts. According to their results, the governing
mechanism involved heat transfer associated with pyrolysis and cata-
lytic bond fission. Lin et al. (2018) demonstrated the catalytic aqua-
thermolysis behaviour of Fe3Os/zeolite NPs, in which the synthetic
catalyst effectively decreased heavy oil viscosity by up to 85% through
the breakdown of C-S asphalt bands and decomposition into smaller
molecules. Similarly, Nugraha et al. (2013) showed that the viscosity of
the heavy oil further decreased by 30% in the presence of Fe304 NPs
during aquathermolysis. In aquathermolysis, FesO4 NPs serves as a
hydrogen donor and aids in the transfer of hydrogen from steam to oil.
This improves the hydrolysis of C-S bonds. Besides, the immediate vis-
cosity reduction, it decreases viscosity regression. In the absence of
sufficient hydrogen molecules, active chains which are produced as
by-product of aquathermolysis can react with each other to create a high
molecular weight chain leading to viscosity regression. But in the
presence of sufficient hydrogen, the active chains will react with the
hydrogen to produce a lower molecular weight chain (Iskandar et al.,
2016a). Owing to the several physicochemical reactions that occur
during viscosity reduction in the presence of Fe3O4 NPs, the influence on
increasing particle concentration on viscosity reduction is still not clear
in the literature. For instance, Gomaa et (2018b) and El-hoshoudy et al.
(2019) observed that maximum viscosity reduction occurred at high
concentrations due to improved catalytic activity. Hence, increasing
concentrations improved the extent viscosity reduction. On the other
hand, Afzal et al. (2014) and Shokrlu and Babadagli (2010) observed
that maximum viscosity reduction occurred at low concentrations since
the particles act as catalysts in the reactions. Hence, increasing con-
centrations reduces the extent of viscosity reduction, because the
mechanism responsible for viscosity increment was more dominant.
From a physicochemical point of view, it is reasonable to assume that at
low concentrations the NPs might not be enough for catalytic reactions
and at high concentrations, aggregation will dominate intermolecular
and catalytic reactions resulting to increased viscosity. Therefore,
maximum efficacy would be at an optimum concentration depending on
particle size and/or asphalt molecules, as some studies suggest that the
optimum concentration is related to the quantity of asphalt molecules in
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crude oil, while others suggest that it is a function of particle size and
temperature (Shokrlu and Babadagli, 2014; Patel et al., 2018).
Furthermore, Fe3O4 NPs reduce the total energy required for heat
transfer and improve the efficiency of thermal recovery methods such as
electrical/electromagnetic heating. The Low thermal conductivity of
heavy oil limits the transfer of heat during thermal recovery methods.
However, the presence of Fe304 NPs in oil increases the heat distribution
due to high thermal conductivity of the particles. The small sizes of the
NPs allow free movement, micro-convection and faster dispersion of
heat. Moreover, the number of atoms on the surface of particles are very
high compared to those in the inner surface so there are plenty of
electrons available for heat transfer (Khatke et al., 2017; Tawfik, 2017)
Researchers agree that increasing particle concentration and tempera-
ture improves the thermal enhancement of Fe3O4 NPs, leading to oil
viscosity decrease (Sundar et al., 2014; Sarbolookzadeh Harandi et al.,
2016; Jamilpanah et al., 2017; Hussain et al., 2020). However, materials
with high thermal conductivity are not always effective in decreasing oil
viscosity (Gu et al., 2013; Song et al., 2018). Therefore, it should not be
considered as a decisive factor for oil viscosity reduction. All things
being considered Fe3O4 NPs can facilitate heavy oil viscosity reduction
in both low and high temperatures.

5.1.4.3. Preventing asphaltene precipitation. The precipitation of asphalt
is a process in which asphalt molecules leave the oil as a solid particle. It
occurs due to change in temperature, pressure and composition of crude
oil during oil recovery. Asphaltene precipitation and deposition alters
rock wettability, causes pore plugging, decreases effective permeability,
and reduces oil recovery (Doryani et al., 2016; Shen and Sheng, 2018;
Fakher et al., 2019). In some cases it may lead to formation damage
(Taheri-Shakib et al., 2018). Accordingly, a solution to eliminate or
reduce asphaltene precipitation is crucial for EOR. So far, experimental
studies have shown that a significant amount of asphaltene can be
adsorbed by Fe304 NPs within a short period of time (Nassar et al., 2011;
Kazemzadeh et al., 2015; Khamarui et al., 2015). Asphaltene precipi-
tation can therefore be minimized during oil recovery using IONPs. The
robust absorbance ability Fe304 NPs is the result of unpaired electrons
which promote electron pairing (Iskandar et al., 2016b). In multiple
studies, Setoodeh et al. (2018a, b, 2020) compared the adsorption effi-
ciency of Fe304 NPs having different coatings. The asphaltene adsorp-
tion of the coatings from the highest to the least was in the following
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order: FesO4/polythiophene > Fe304/metal-organic framework >
Fe304/Graphene oxide > Fe3Og4/chitosan > Fe3Os4 > Fe304/SiO,.
Shayan and Mirzayi (2015) also compared the asphaltene adsorption
speed of maghemite (MNPs) and hematite (HNPs) nanofluids. The re-
sults indicated that the adsorption of asphalt onto HNPs was faster than
that of MNPs, but the overall adsorption capacity of MNPs was higher
than that of HNPs. The measured Gibbs free energies, entropies and
enthalpies also showed that the adsorption of MNPs was endothermic
while that of HNPs was exothermic.

5.2. Application of magnetic and electromagnetic waves in EOR

Eco-friendly techniques such as the application of magnetic fields
and EM waves have been proposed for oil recovery enhancement.
Magnetic fields and EM waves are introduced to magnetized water
(MW), magnetic and/or dielectric nanofluids to improve oil recovery
(Esmaeilnezhad et al., 2017; Kashif and Puspitasari, 2017). Albeit it has
been established that EM waves and magnetic fields improve oil re-
covery by improving the sweeping efficiency (Yahya et al., 2012,
2014bib_Yahya et al 2012, 2014; Soleimani et al., 2016). More recently,
studies have shown that additional oil recovery pathways such as
wettability alteration, IFT reduction and breakthrough time are also
enhanced in the presence of a magnetic field. The presence of a magnetic
field not only improves oil recovery but also speed-up recovery process.
Hosseini et al. (2019a, 2019b) investigated the effect of magnetic field
on wettability alteration and IFT reduction. Their results showed that
the presence of a magnetic field speed-up imbibition and substantially
decreases the contact angle of water-wet and oil-wet carbonate rocks.
Similarly, Amrouche et al. (2019, 2020) observed that the rate of
spontaneous imbibition increased by about 8.5 times in the presence of a
magnetic field. Streaming potential measurements indicated that dy-
namic change in surface potential was responsible for wettability
alteration and water imbibition into the rock pores. In other words, the
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presence of magnetic field influenced the reservoir rock physicochem-
ical properties and strengthen the electrostatic interactions between the
nanofluids and rock surfaces. Based on their findings, the authors pro-
posed a new parameter AT for disjoining pressure measurements.
Wherein AT is time difference between droplet removal (initial time
before the introduction of seawater, NPs, magnets or any EOR tech-
nique) and time required for removal due to disjoining pressure. In
conclusion, magnetic fields in the presence of IONPs improves oil re-
covery by increasing nanofluid viscosity, decreasing oil viscosity and
enhancing wettability alteration. The influence of IFT is negligible. EM
waves on the other hand are effective in improving IFT reduction by
creating a disturbance at the oil-water interface (Zaid et al., 2014;
Esmaeilnezhad et al., 2018; Zhou et al., 2020). When IONPs are adsor-
bed at the O/W interface or localized in emulsion, and exposed to EM
waves, the resultant particle movements displace the interface due to
pressure waves, resulting to incremental oil recovery. Ryoo et al. (2012)
explained that the interfacial displacement is caused by acoustic pres-
sure waves produced in the rock pores containing the NPs at the
oil-water interface. Thus, the EM waves effectiveness is highly depen-
dent on interface particle adsorption. Table 4 shows a summary of vis-
cosity enhancement, IFT reduction, and wettability alterations results
leading to incremental oil recovery using IONPs.

5.3. Comparison of IONFs with other nanofluids

Despite the potential and favourable advantages of IONPs in EOR
application, the literature is sparse. The plausible reason behind this is
that a number of researchers suggest that the potential of its oil recovery
is inferior to other NPs, especially SiO, (Haroun et al., 2012; Fakoya and
Shah, 2017; Hassani et al., 2020). This review shows that the effec-
tiveness of bare IONPs relative to other NPs is still arguable and cannot
be fully established from the available literature. Firstly, they are only a
few studies comparing the extent of IONPs oil recovery mechanism in

Table 4
Summary of viscosity enhancement, IFT reduction, and wettability alterations results leading to incremental oil recovery using IONPs.
IONPs Conc. Dispersant Porous Nanofluid IFT Contact Angle oil Author
Medium Viscosity or Oil Recovery
Viscosity
Before  After Before After Before After
Fe304@ cetyltrimethyl NaCl + barium Calcium - - 30 1mN/m  90° <30° 35% Pereira et al.
ammonium bromide (Ba®") carbonate mN/m (2020)
(CTAB) grains
Feg04 1 wt% NaCl 4 wt% - - - 28 17 mN/ - - - Divandari et al.
20-40 nm mN/m m (2020)
Fe30,@Si02@Xanthan 1500 DI water Carbonate 0.89 1.93 28.3 8.6 mN/ 134° 34° - Ali et al. (2020a)
ppm rocks cp cp mN/m m
Fe30,4 0.05 Brine 11,000 Sandstone 40 31 mN/ - - - Ali et al. (2020b)
wt% ppm mN/m m
Fe304@citrate -polymer 400 Seawater Sandstone 0.99 1.08 11.23 7.92 160° 114° >25% Izadi et al. (2019)
47 nm ppm cp cp mN/m mN/m
Fe30,4@ citric 20-26 nm 0.8 wt- NacCl 5000 ppm Micromodel - - 37.47 16.71 106° 41° 22% Divandari et al.
2 wt%- mN/m mN/m (2019)
Fe,03 1.0 wt NacCl 35,000 Sandstone 9.00 6.03 37.9 41% - - 19.6% El-hoshoudy et al.
50 nm %. ppm cp cp mN/m (2019)
Fe30,4 @carbon 60 nm 100 mg 2000 mg Sandstone - - 24.3 1x 54° 10° 30% Betancur et al.
L-1 L—1surfactant mN/m 10-4 (2019)
mN/m
Fe30,@Si0, 0.05 Seawater Carbonate 1.09 1.19 39 17.5 137° 40° 24% Kazemzadeh et al.
30 nm wt% sands cp cp mN/m mN/m (2019)
Fe304 0.05 Seawater Carbonate 1.09 1.13 39 21.2 137° 75° 21% Kazemzadeh et al.
15-20 nm wt% sands cp cp mN/m mN/m (2018)
Fe3;04 @ Chitosan 0.03 seawater Sand pack 264cp 161 22.49 14.47 145° 90° 10.8% Rezvani et al.
wt% cp mN/m mN/m (2018)
Fe30,4 0.01 1-hexadecyl-3- - - - 50.5 <1mN/ - - - Saien and
40 nm wt% methyl mN/m m Hashemi (2018)
Fe,03 1.0 wt NacCl 35,000 Sandstone 6.42 2.02 47.9 <20 - - 45% Gomaa et al.
5 nm % ppm cp cp mN/m mN/m (2018a, 2018b)
Fe30,4 0.8 wt 5000 ppm NaCl Sandstone - - - - 50.44° 29.7° 15.38% Esmaeilnezhad

<80 nm %

et al. (2018)
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the literature. Secondly, within the available literature, it is difficult to
compare the performance of the NPs due to far too many other factors,
such as experimental conditions, particle characteristics and dispersing
fluids, among others. Thirdly, some of the experimental data and results
from different researchers are not consistent and even conflict with each
other. Nevertheless, we present a comparison of the effect of bare IONPs
against other NPs used in the same studies. Joonaki and Ghanaatian
(2014) observed that FegO4 dispersed in propanol had the lowest per-
formance compared to Al;03 and SiO». The same trend was observed in
all three scenarios of flooding experiments carried out by the authors
(brine followed by nanofluids; propanol followed by nanofluids &
nanofluids from the initial stage). On the other hand, spontaneous
imbibition experiments carried by Ogolo et al. (2012), showed that
Fe304 dispersed in either DI water or brine performed better than Al;Os,
SiO4 treated with silane, NipO3, magnesium oxide (MgO), ZnO, zirco-
nium oxide (ZrO;) and tin oxide (SnO). However, in the same study
using the same NPs, flooding experiments showed that Al,O3 out-
performed Fe3O04 when dispersed in DI water but when dispersed in
brine Al;O3, SiO; and NiyO3 outperformed Fe3O4 in the order listed
above. Using a micromodel, Kazemzadeh et al. (2019) observed that
Fe304 dispersed in brine (Persian Gulf Water) outperformed SiOy by
controlling asphaltene precipitation. Contrary to these observations, in
another study, using a micromodel and heavy oil with asphaltenes, the
same author (Kazemzadeh et al., 2015) observed that SiO; dispersed in
brine performed better than FegO4 dispersed in brine. In a more recent
study, Amrouche et al. (2020) observed that Fe304 dispersed in DI water
or seawater outperformed AlyO3, similar and in contrast to the results
observed by Ogolo using spontaneous imbibition in DI water and brine,
respectively. A feasibility study conducted by Gomaa et al. (2018b)
comparing the net cost of oil recovery for AlyOs3, NiO, zeolite, SiO,,
Fey0s, tungsten trioxide, and montmorillonite with the main variable
being nanomaterial cost and concentration revealed that Fe304 was the
most economical with the highest oil recovery amongst the selected
nanomaterials. All things being considered; it seems reasonable to
conclude that the performance of Fe304 depends on the dispersion fluid,
type of oil and reservoir contact time. Fig. 15 shows a summary of the
different results obtained in the same studies comparing Fe3O4 with
other NPs. With regard to the potential application of Fe304 nanofluids
for oil recovery, it can be concluded that Fe3sO4 nanofluids are cost
effective for EOR applications due to the following reasons. (i) Low
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synthesis cost when compared to other NPs with synthesis methods that
require heat. FesO4 NPs can be synthesised at room temperature
(Sharma et al., 2020) using inexpensive precursors (Srivastava et al.,
2011). (ii) Easy modification routes (Wu et al., 2008a; 2015; Ali et al.,
2016a,b) (iii) Suitable oil recovery, 5/7 of the comparison results
showed that Fe3O4 had the highest oil recovery (Ogolo et al., 2012;
Joonaki and Ghanaatian, 2014; Tarek, 2015; Gomaa et al., 2018a;
Kazemzadeh et al., 2015, 2019bib_Kazemzadeh_et_al 2015, 2019;
Amrouche et al., 2020). (iv) Multiple technological functionalities to
improve oil recovery (Servin et al., 2016; Hosseini et al., 2019a,b; Khalil
etal., 2019; Amrouche et al., 2020; Zhou et al., 2020) and (v) Recycling
opportunities to save cost and environment (He et al., 2020a; Adewunmi
et al., 2021; Jamsaz et al., 2021; khalilifard and Javadian, 2021).

6. Reservoir transportation and retention of IONPs

Despite the remarkable potential of IONFs in the petroleum industry,
successful usage and recycling depends on their ability to mobilize oil
from the point of injection to production wells. However, the physico-
chemical interactions between the particles, sand (S5i05) and rock grains
rock grains can cause substantial retention and pore plugging in the
smallest regions of the pore spaces. The mechanisms of particle retention
in the porous media include reversible and irreversible adsorption to the
rock-oil-water interfaces and straining attachment to the rock surfaces.
Via particle collision and attachment to grain surfaces which are a
function of chemical and physical characteristics of the particles and
rock surfaces as well as the solution chemistry. However, the main
retention mechanism of concern is irreversible attachment to the rock
grain surfaces and straining. An irreversible process in which particles
(or particle aggregates) are retained in the porous media at the pore
throats that are too small to allow them to be transported. Leading to
reduced permeability which may lead to harsh formation damage (Yuan
et al., 2017). Rock grain surface retention can be predicated using a
constant first-order attachment rate coefficient. However, when both the
suspension and rock grain surfaces have repulsive forces, the predicted
coefficients have been found to be underestimated. Thus, the DVLO is
extensively used to interpret and predict the deposition and retention of
particles by cellulating the interaction energies between the particles
and rock surfaces (Gomez-Flores et al., 2020). Although, most studies
use conventional methods to calculate particle concentration after
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breakthrough (Yu et al., 2010; Esfandyari Bayat et al., 2015; Al-Anssari
et al., 2017a). They often fail to predict transport measurements due to
changes in particle deposition which can occur over the length of long
reservoir travel time. These length dependant variations have significant
scaling-up implications. Experimental studies carried out by Laksh-
manan et al. (2015) to quantify the retention of Fe304 nanofluids using
MRI surface interactions and DLVO theory showed that dispersion co-
efficient decreased with distance whereas deposition rate constants and
fast deposition rate constants increased with distance. In other words,
particle concentration decreases whereas deposition acceleration in-
creases with reservoir travel time. Therefore, novel non-invasive labo-
ratory techniques are required to fully understand and view the
transport phenomena of nanofluids under reservoir conditions. Harsh
reservoir conditions such as high pressure, high salinity (>1 M ion
strength), the presence of divalent salts (Ca>" and Mg?") and high
temperatures (150 °C) also present unique challenges for the stabiliza-
tion transportation and retention of nanofluids in the porous medium.
Amongst the aforementioned parameters, salinity has the most devas-
tating effect on the transport, retention and oil recovery system of IONFs
compared to pressure and temperature (Khalil et al., 2019; Shalbafan
et al., 2019, 2020abib_Shalbafan_et_al_2019bib_Shalbafan_et_al_2020a).
Laboratory scale experiments show that the mobility of NPs increases
with temperature while increasing salinity increases particle retention
due to the screening effect of electrolytes (Al-Anssari et al., 2017b).
IONFs cannot form stable dispersions in reservoir salinity without any
functional groups and the hydrophilic nature of IONPs intensifies de-
positions and retention. Stabilized and hydrophobic treatment signifi-
cantly improves mobility and reduces retention in the porous medium
Therefore, surface treatment of IONPs is a necessity for reservoir ap-
plications. In most studies amina groups, polymers and citrate have been
used to decrease retention. Yu et al. (2010) documented the trans-
portation of FezOs@citrate NPs in sandstone and carbonate porous
media. Experimenting with several pore volumes showed that there was
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very little retention (<5%) even at high concentration (10 wt%) and
high salinity (3 wt% NacCl.). Citrate coating provided ample electrostatic
repulsion between the particles and the negatively charged sandstone
and carbonate porous media. Bagaria et al. (2013) documented low
adsorption (<2.2 mg/m?, <1.1% monolayer coverage) of Fe304 @ sul-
fonated copolymer on silica grains at high salinity of 8% wt% (NaCl) and
2% wt (CaCly). Izadi et al. (2019) reported stable transportation of Fe304
nanofluids at salinities of up to (256,000 ppm) and temperature (85 °C)
without any aggregation. Due to citric acid and anionic polyelectrolyte
polymer functionalization which imparted steric, electrostatic and
electro steric stabilization. Park et al. (2014) compared the effectiveness
of citric acid and PEG coatings in reducing particle retention on SiO, and
carbonate rocks. According to their findings, the particle retention of
PEG coatings was ~10% less than that of citric acid coatings. The re-
covery percentages of PEG coatings in SiO, sands below 10 mM salt
concentrations were almost 100% in all pH conditions, while in calcium
carbonate sands, the recovery percentages were around 10-30% in all
pH and salt conditions. Fig. 16 illustrates the recovery percentage of
citric acid and PEG coatings and the impact of reservoir chemistry (pH &
salinity) on particle recovery. According to the results, the particle
retention of Fe3O4 with PEG/citric acid coatings in the presence of
reservoir salinity and/or calcium carbonate sands are still high. Likely,
due to irreversible adsorption or sedimentation caused by NP instability.

7. Challenges and opportunities

Despite the extensive technological advances made in medical and
biomedical applications utilizing IONPs, the technologies cannot be
used directly in reservoir conditions. Unlike the human body, where
temperature and salinity are almost constant, reservoir temperature and
salinity are extreme. Consequently, the fundamental challenge which
may hinder the application of IONPs in the petroleum industry is the
limited inherent stability, where particle agglomeration can lead to loss
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of properties and transportability under reservoir conditions. The crucial
pre-requisites to meet reservoir application are (i) IONPs should remain
evenly distributed in the injected fluid without aggregates, (ii) IONPs
should be able to propagate a long distance deep inside the reservoirs
with minimal retention and (iii) IONPs should be applied to specific and
desired locations in the reservoir, such as oil-water interfaces. The
aforementioned requirements may be fulfilled by adding a specific
coating of particular polymer, surfactant or SiO; which has demon-
strated minimal retention. However, more research in particle retention
models which considers adsorption due to reservoir travel time is
needed to accurately predicate recoverability of IONPs in the reservoir.
Other challenges that may also apply to IONPs are as follow:

1. Controlling Physicochemical Properties and Storage: Precise
control of particle size, dispersion and surface coatings still appears
to be a stumbling block that could lead to unfavourable physico-
chemical properties. In addition, bare Fe3O4 tends to oxidize easily in
the air to form maghemite (yFe;O3) and therefore loses some mag-
netic properties. Long-term storage may also result in a loss of
physicochemical properties. More research is needed on surface
modification technology which will help in maintaining the physi-
cochemical properties of NPs over long period of time.

2. Economic Feasibility and Scalability: Compared to bulk (micron
scale) materials, NPs are costly to produce due to the relatively high
embodied energy required to produce a unit mass of the material
within the nanoscale domain (Ali et al., 2016; Alsaba et al., 2020).
According to a study that examined the energy consumption and
greenhouse gas emissions implications of producing nanomaterials,
most nanomaterials had a relatively higher cost of production when
compared to their bulk counterpart. Owing to the fact that produc-
tion involves an energy-intensive synthesis process or an additional
mechanical process to reduce particle size (Kim and Fthenakis,
2013). Therefore, the major cost of synthesizing IONPs can be linked
to heat consumption. To that end, a study comparing the economics
and scalability of producing IONPs suggested that co-precipitation
and micro emulsion approaches are the most cost-effective
methods for scalability (Augusto et al., 2020). These synthesis
methods require a reaction temperature of 20-90 °C (Augusto et al.,
2020). Precisely, the co-precipitation approach is a proven scalable
method with reaction occurring at room temperature. Moreover, in
EOR applications, magnets have similar benefits with chemicals and
the presence of a magnetic field considerably decreases the quantity
of IONPs required. In addition, the recycling opportunity and ability
to simultaneously incorporate more than one function into the NPs
suggest it is a cost-effective choice (Servin et al., 2016; Amrouche
et al., 2020; Adewunmi et al., 2021)

3. Health and Safety: NPs can surreptitiously enter into the environ-
ment through water, soil, or air and certain toxicities have been
associated with these NPs. Therefore, basic knowledge of their
toxicity and effects is a prerequisite for handling nanomaterials. The
same manner exposure to fine particulate matter (PM2.5, particles
with a diameter of less than 2.5 pm) can infiltrate the lung, irritate
and corrode the alveolar wall, consequently impairing lung function
(Xing et al., 2016). Nanomaterials inhaled can effortlessly reach deep
into the lungs, bloodstream and other sites in the human body
including the liver, heart, or tissues and exert reactivity as toxicology
effects (Khan et al., 2019). Moreover, their small sizes facilitate
translocation of active chemical species from organismal barriers
such as the skin, lung, body tissues and organs causing irreversible
oxidative stress, organelle damage, asthma, and cancer (Jeeva-
nandam et al., 2018; Khan et al., 2019). Studies comparing the ef-
fects of submicron sized and nanosized Fe3O4 show that the small
sizes and large surface area of the NPs generally induce greater
neurotoxicity to the nervous system compared to submicron sized
particles (Wang et al., 2008; Zhu et al., 2008). Therefore, their small
size and high reactivity, could be potential lethal factors unusual in
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micron-sized counter parts. Research advancements which have re-
ported acute toxic effects of IONPs in living systems suggest that it is
dose dependent (Nations et al., 2011; Jeevanandam et al., 2018;
Vidya and Chitra, 2019). It was reported that small doses of iron on a
typical male adult may not cause iron-related toxicity because the
adult human has an entire body iron reserve of about 4000 mg.
However, large doses may cause an increase in plasmatic iron con-
centration as a result of the surpassed transferrin iron binding ca-
pacity, resulting in oxidative stress and a variety of toxicities,
including cardiac and hepatic toxicity (Reddy et al., 2012). On the
other, in aquatic systems, especially microbes and invertebrates,
exposure to as low as 1 mg/L concentrations have been reported to
cause haematological and biochemical growth deficits (Saravanan
and R Suganya, 2011; Nations et al., 2011). Likewise, exposure to
high concentrations of up 1000 mg/L was reported to induce
developmental and growth abnormalities but no mortality (Li et al.,
2009). Therefore, from a toxicological standpoint, IONPs are
considered toxic. However, relative to other magnetic NPs, (Fe3O4 &
yFe03), have garnered a lot of interest, especially in medical and
pharmaceutical areas because of their least toxicity and biological
compatibility. Therefore, they are employed in a variety of biological
applications, including protein immobilisation, MRI, thermal ther-
apy, and drug administration (Reddy et al., 2012; Shokrollahi, 2013;
Ulbrich et al., 2016; Natarajan et al., 2019).

4. Field Trials: Most oilfield nanotechnology studies are based on po-
tential applications using numerical simulation and laboratory ex-
periments. There has been no field trail for the application of IONPs
in EOR, and only a few field trials using other NPs have been reported
(Hassani et al., 2020). Synergy between researchers and oil cooper-
ation is therefore recommended in order to facilitate field trials and
the advancement of nanotechnology in the oil and gas industry.

8. Conclusions

In this review, critical information on the properties, formulation
and application of IONPs in oil recovery is depicted. The oil recovery
mechanism of IONPs were discussed in detail and compared with other
NPs. The results offer prospects for field application and the drawbacks
opened opportunities for research. From the findings of this review the
resulting conclusions were made.

1. The bottom-up approach offers superior control and flexibility.
Likewise, co-precipitation is the ideal method for oil recovery ap-
plications of IOPNs owing to its simplicity, minimal energy
requirement, and ease of large-scale reproducibility.

2. The growth process determines the final size, particle distribution
and shape of the IONPs. Hence, to attain monodispersed particles,
nucleation should be avoided during the period of growth.

3. Experimental results indicate that the mechanism of IFT reduction
dictates that IONPs form a monolayer between the oil-water in-
terfaces, and the contact angle at the oil-water interface determines
the degree of IFT reduction.

4. Literature review shows that unlike in IFT reduction and emulsion
stability, where increased concentration increases adsorption and
performance, in wettability alteration increased concentration,
intensify adsorption, leading to reduced porosity, permeability and
overall oil recovery.

5. Salinity has the most devastating effect on the transport, retention
and oil recovery system of IONFs compared to pressure and tem-
perature. Hence, for stable dispersion of IONPs in reservoir salinity
surface treatment of IONPs is a necessity for reservoir condition
applications.

6. It can be concluded from this study that the high recovery rate of
IONPs makes it economically feasible and has potentials for oil field
applications.
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