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Abstract
Enhanced oil recovery (EOR) acquires global interest in the petroleum industry. Several technologies are implemented to
retrieve the residual oil after conventional flooding treatment. One of these prospering technologies is the chemical EOR
through polymeric nanocomposites flooding, where nanotechnology acquires incremental attention in the field of petroleum
industry. Current efforts are directed toward the use of nanofluids, polymeric nanofluids, polymer nanocomposites, and
polymer-g-nanoparticles to produce through chemical flooding. This review provides comprehensive highlights on the fol-
lowing aspects, (1) preparation and characterization of polymeric nanocomposites with their organic polymers and inorganic
fillers. In addition, the mechanism of flooding and wettability alteration through nanocomposites were issued. (2) Implemen-
tation of nanofluids metal, and graphene oxide through flooding process gives promising results as it lowers the chemical
adsorption onto the rock surface and enhances the rheological properties, flow diversion, specific heat improvement, emul-
sification improvement, and multiphase flow properties. (3) Application and advantage of biopolymers as water thickening
agent and flow diversion through chemical EOR. Furthermore, the effect of zeta potential, chain length, molecular weight,
and functional groups on nanocomposite stability, hydrophilicity/hydrophobicity of nanoparticles, and pressure drop and
permeability limitations were reported. The application on the lab and field scale as well as the molecular dynamic (MD)
simulation and theoretical modeling related to this upgrowing technology are discussed. The study outcomes encompass the
optimization and utilization of synthetic polymers, biopolymers, and polymeric nanocomposites with their optimized injection
and assessment conditions, in addition to, the future aspects and challenges of applications issues in enhanced oil recovery.

Keywords Polymeric nanocomposites · Polymer flooding · MD simulation · Field simulation · And enhanced oil recovery
(EOR)

Abbreviations

EOR Enhanced oil recovery
MD Molecular dynamics
OOIP Original oil in place
HPAM Hydrolyzed polyacrylamides
IFT Interfacial tension
NPs Nanoparticles
CIOR Chemically improved oil recovery
GO Graphene oxide
O/W interface Oil/water interface
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CD Cyclodextrin
IOR Improved oil recovery
WLG Welan gum
GG Guar gum
SPG Schizophyllan
CMC Carboxymethyl cellulose
HEC Hydroxyethylcellulose
RAFT Reversible addition-

fragmentation chain transfer
processes

FRP Free-radical emulsion polymer-
ization

ATRP Atom transfer radical polymeriza-
tion

NMP Nitroxide mediated polymeriza-
tion
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HRTEM High-resolution transmission
electron microscope

G′ Elastic modulus
G′′ Viscous modulus
ω Angular frequency
poly (AM-co-AA)/SiO2 Poly (acrylamide-co-acrylic

acid)/silica
TMS Tetramethyl silane
D2O Deuterium oxide
DMSO Dimethyl sulfoxide
ACTF Amorphous carbon thin film
CED Cohesive energy density
Emix Mixing energy
χbs Flory–Huggins chi parameter
MC simulation Monte Carlo simulation
PV Pore volume
Sor Residual oil saturation
DES Deep eutectic solvent
CMG Computer modeling group
UTCHEM University of Texas Chemical

Compositional Simulator
� Shear stress, Pa
γ Shear rate, s−1

τ 0 The yield stress, Pa
K The coefficient of flow consis-

tency, Pa. s–n

n The flow behavior index, a dimen-
sionless parameter

HPHT High-pressure high temperature
(G′) Elastic modulus
(G′′) Viscous modulus
(G*) Complex moduli
δ The phase angle
tan δ Loss factor
μ Viscosity, cp
3D- reservoir Three-dimensional reservoir

1 Introduction

Petroleum products suffer from incremental decline owing to
the increased energy demand and lack of newexplorations, so
great efforts are directed to compensate for this critical energy
demand through different technologies [1]. One of these
promised and multidisciplinary technologies is enhanced
oil recovery (EOR). EOR technology acquires significant
attention globally owing to the decline of conventional oil
resources, the persistent aspiration to enhance the producing
life period of oil reservoirs, and improve crude oil extraction
[2]. Based on the “US Energy Information Administration
(EIA)”, the worldwide utilization of hydrocarbon products
is 4.94 billion tons in 2018 with an expected increase of 38%
in 2040 [3]. The residual crude oil beyond conventional pri-

mary and secondary processes reaches 7.0 billion barrels, so
scientific and industrial effort is directed to EOR technology
[4]. Oil-producing stages comprise the primary, secondary,
and tertiary stages. The primary recovery is based on the
differential pressure between the underground reservoir and
the producing well yield up to 10%. Meanwhile, the second
stage was conducted through either gas or water injection,
producing~30% [5]. Water flooding is the dominant tech-
nique owing to its low complexity and costs [4]. It is applied
to compensate for the reservoir pressure and moves the fluid
toward a production well. Water flooding continues until the
water cut exceeds 99%, so water flooding becomes prac-
tically unacceptable on the field scale. These conventional
methods (primary and secondary) recover~25 to 45% of the
original oil in place (OOIP) [6]. As a result, about 60–70% of
oil is trapped by capillary forces in the underground porous
media as discontinuous oil phase globules [7]. After that,
petroleum engineers resort to tertiary techniques which are
alternatively called enhanced oil recovery (EOR) [8]. Con-
ventional EOR techniques involve chemical, gas, and thermal
flooding as well as microbial treatment as summarized in
Fig. 1 [9]. Recently, nanotechnology has created imprints in
many industrial and technological fields, especially in the
petroleum industry including the downstream and upstream
[11]. Laboratory and simulation studies highlight the usage
of nanotechnology in the production, exploration, stimula-
tion jobs, formation evaluation and interpretation, reservoir
seismic characterization, drilling, prediction of oil reserve,
and upgrading of EOR techniques [7, 12–15]. Nanotech-
nology encompasses the usage of nanomaterials (1–100 nm
size) [16] and nanoparticles suspensions for the enhance-
ment of oil recovery and hydrocarbon fluids in petroleum
reservoirs [7, 9, 17]. Current efforts and research directed
toward the use of nanofluids (base fluid with nanoparti-
cles), polymeric nanofluids, polymer nanocomposites, and
polymer-g-nanoparticles to produce the trapped oil in the
unswept regions through chemical flooding. These materials
are characterized by longer stability, high thermal and ionic
strength, low plugging, and retention in the porous media
[18]. Reports about nanotechnology in enhanced oil recovery
are reported elsewhere [19]. On the scale of EOR technology,
chemical EOR techniques are considered the most efficient
and sensible capital cost technique [18], in which polymer
and polymer composites flooding is awidely usedmethod for
more than 40 years [3]. Improvement of oil recovery through
polymer nanocomposite and nanoparticles-grafted polymer
flooding relies on various aspects including rock wettabil-
ity alteration, mobility control enhancement to mobilize oil,
and interfacial tension (IFT) reduction [20–22]. Polymer
nanocomposites change rock wettability to hydrophilic wet-
ness, so reduce capillary force, control themobility ratio, and
enhance the oil recovery [1]. A comprehensive survey on the
ability of polymeric composites to alter rock wettability is
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Fig. 1 Categories of enhanced oil recovery [10]

reported elsewhere [19, 23]. Wettability is a significant con-
trolling parameter for the fluid distribution and flows in the
porous rocks [7, 24]. Several techniques were implemented
to assess reservoir wettability including contact angle, spon-
taneous imbibition, and Amott index [1, 8, 14, 25]. In the
subsequent sections, an overview of the polymer nanocom-
posites, their constituents, and characterization as well as the
flooding procedure and assessment of the polymeric com-
posites will be issued in detail. Furthermore, the theoretical
modeling and simulation studies relevant to the implementa-
tion of polymer composites in the enhanced oil recovery will
be highlighted.

2 Polymer Composites

2.1 Mechanism of Polymer Composite Flooding

On the field scale, polymer overflowing suffers from chain
degradation under severe temperature and salinity environ-
ments [19]. Consequently, the improvement of rheological
and shearing performance for polymer solutions and reduc-
tion of adsorption rate through incorporating inorganic filler
through the polymeric matrices to form a polymeric compos-
ite that meets the technical and environmental requirements
of EOR has been reported [19, 26]. Polymeric compos-
ite synthesized through grafting of polymeric matrices on
the surface of inorganic fillers using different techniques

including solvent evaporation, monomers polymerization,
and dialysis [1, 27]. The chemical dispersion and grafting of
these nanoparticle fillers in the polymer matrix, as displayed
in Fig. 2a, lead to improvement of the rheological crite-
ria and sweep efficiency, reduction of polymer adsorption
onto the rock pores [27], owing to the creation of crosslink-
ing bridges and enforcement of hydrophobic associations
between nanoparticles and polymer matrix [28, 29]. These
fillers include carbon structures (graphene oxide, graphene,
carbon nanotube), clays (bentonite, and montmorillonite),
metal oxides (ZnO, Fe2O3, TiO2), silica-based materials
(silicon oxide, silica xerogel/aerogel), and so on [30]. The
polymer matrix may be synthetic polymers, biopolymers,
and hydrogels. Figure 2b is a schematic diagram of the major
components used for the preparation of polymeric compos-
ites used in enhanced oil recovery. Compared with native
polymers, polymeric composites are low density, durable
materials [32], contain organic–inorganic hybrid, so exhibit
superior thermal, and mechanical toughness, salt tolerance,
as well as hydrophobic and physicochemical properties [33,
34], due to the physical H-bond creation between the fillers
and polymeric chains [35–37]. Kumar et al. [38] reported
that suspensions of polymer and nanoparticle exhibit bet-
ter rheological behavior comprising high salt and thermal
resistance due to enhanced bridging of nanoparticles. The
stability of oil/water emulsions against creaming increases
and the emulsions display solid-like performance owing to
the development of a three-dimensional network by irre-
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Fig. 2 a Schematic illustration of nanoparticles dispersed in the polymermatrix [31]; b Schematic diagram of polymer composite and its constituents

versible bridging of polymeric chain with nanoparticle [38].
On the scale of petroleum engineering, polymeric nanocom-
posite flooding is a global EOR technique established on
the blending of hydrophilic polymeric nanocomposite slug
with the injected fluid to intensify the injectant fluid viscos-
ity, reduce the mobility ratio, minimize viscous fingering,
decrease the formation permeability, improve the vertical and
areal sweeping efficiency, and conformance (profile) con-
trol [39]. Furthermore, polymeric nanocomposite alters rock
wettability to hydrophilic wetness, so recover more oil dur-
ing the displacement process by pushing the oil toward the
oil wellbore [22, 27, 31, 36, 40]. Polymer composite flood-
ing is restricted for offshore processes owing to less polymer
solvation rate [3, 41], also friction and wearing during the
pumping action are critical issues [42, 43]. The field trials
give an additional recovery factor of 5–30% OOIP through
polymer composite flooding [18, 22, 26].

Flooding of polymeric composites in the underground
reservoirs comprises long-term-injection of the dry or liqui-
fied slugwith certain concentrations through the injectorwell
followed by water injection as illustrated in Fig. 3. The slug
of polymeric composite seeks to increase thewater phase vis-
cosity, so reduce the mobility ratio, and sweep the trapped oil
in front of it. The polymeric composite acts as a piston-like
which reduces the water relative permeability and improves
oil recovery. Furthermore, the composite slug blocks chan-
nels and finger zones through the porous media leading to
the recovery of the trapped oil and reduced formation water
production. Several reports stated the usage of polymeric
nanocomposites in EOR operations. In this regard, Maghzi
et al. [44] investigated the dispersion and rheological char-

acteristics of silica nanoparticles into the polyacrylamide
matrix. The flooding was conducted in a glass micromodel.
They reported that the polymer pseudoplastic behavior was
enhanced by the blending of 0.1 wt% silicon oxide nanopar-
ticles, and give rise to an additional recovery factor of 10%
[1]. Shamilov et al. [15] stated the incorporation of Al and
Cu nanoparticles into sodium carboxymethylcellulose and
water-soluble polyacrylamide then used this nanocompos-
ite as an oil displacement agent. Maurya et al. [27] reported
experimental and simulation studies of silica nanoparticles
grafted onto hydrophilic polyacrylamide chains through free-
radical polymerization. Furthermore, they assess the flow
properties in the porous media through STARS-CMG simu-
lator to verify its appropriateness for polymer displacement
processes. The simulation results indicate that the polymer
nanocomposite can mobilize the residual oil through water-
flooding processes. Yousefvand and Jafari [45] investigated
the use of different concentrations of HPAM/nano-SiO2 for
EORoperation. The flooding testwas conducted through var-
ious salt dosages to assess the nanocomposite stability against
ionic degradation. Sharma et al. [46] reported a comprehen-
sive review of natural fiber reinforced polymer composites
(NFPC’s). Raj et al. [47] prepare α-olefin sulfonate and
MoS2 nanosheets hybrid and explore their foam generation
ability and oil recovery efficiency through sand pack flood-
ing. Zhang et al. [48] reported a comprehensive review of
chromium-polymeric gels hybrids and their implementation
in EOR. They reported that chromium gels control pro-
file conformance, improve sweeping efficiency, and enhance
oil recovery. Rezaeian et al. [49] fabricate a thin mem-
brane film composed of polyphenyl sulfone, polyamide, and
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Fig. 3 Schematic representation of polymer composite injection [41]

montmorillonite, for improving the oil retrieval in carbon-
ate reservoirs through spontaneous imbibition. Gandomkar
and Sharif [50] reported the use of polymeric nanocompos-
ites as an IFT reducing and thickening agent for miscible
gas flooding. Haruna et al. [51] modify the surface of sil-
icaNPwith 3-aminopropyl) triethoxysilane, then polymerize
it with polyacrylamide polymer and use this composite for
chemically EOR applications. Furthermore, they stated that
the incorporation of silica nanomaterial enhances thermal
resistance and rheological criteria, in addition to the polymer
aging time. Zhou et al. [2] apply betaine-based zwitterionic
surfactant and polymer nanocomposites for core flooding
using Berea sandstone saturated with Bakken crude oil. They
reported an additional recovery factor of 9.32%. Conjugated
polymers into the polymer composite for EOR applica-
tions are categorized into biopolymers, synthetic polymers,
and hydrogels [19], while the most common nanoparticles
include silica nanoparticles and graphene oxide. In the sub-
sequent section, the author discusses each component with a
brief highlight on the literature issued it.

2.2 Nanoparticles for EOR Applications

Nanoparticles “engineered materials” are nanosized frag-
ments characterized by superior criteria including large
surface area, chemical catalysis, thermal and mechanical
strength, and electrical conductivity [7], and can be used in
various oil field applications including cementing drilling,
and EOR [52]. Nanoparticle’s incorporation into the polymer

matrix gives rise to 3D networks, so enhance the solution
viscosity and mitigate polymer flooding restrictions under
severe reservoir circumstances leading to effective recovery
of the trapped oil [7, 31, 51]. Moreover, polymer composite
exerts improved sweep efficiency and lower adsorption rate
onto the porous media owing to the presence of dispersed
nanoparticles into the solution [27]. NPs exert different prop-
erties through flooding in porous media and fluids [1, 11].
It decreases the IFT between the O/W interface, changes
rock wettability to water-wet, controls mobility ratio, and
enhances the stability of emulsion in EOR operations [1,
11, 22]. Furthermore, NPs lower the chemical adsorption
onto the rock surface and enhance the rheological properties,
flow diversion, specific heat improvement, emulsification
improvement, multiphase flow properties, shearing, and
mechanical properties of drilling fluids [7, 13, 53]. Also,
nanofluids “smart fluids” are a colloidal suspension of NPs in
the base fluids, and exhibit higher stability through the flood-
ing conditions [53]. Nanofluids injection into the petroleum
reservoirs is a novel chemical flooding technique, which
has possible application to recover the oil after conventional
treatment techniques [31]. Nanofluids serve to decrease the
operating pressure for the displacing fluid and the forma-
tion damage [54]. Nanofluids including SiO2, ZnO2, TiO2,
CuO, ZrO2, graphene oxide, and Fe3O4 have been reported
as oil displacement agents, inwhich SiO2 and graphene oxide
nanoparticles are widely reported in enhanced oil recov-
ery [25], owing to its ease synthesis and the preparation
of the hydrophilic and hydrophobic formulation using var-
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Table 1 Advantages and disadvantages of nanoparticles

Nanoparticle Advantage Disadvantage

Silica Oxide Nanoparticles Possess a high surface area, so can exert an
effective energy dissipation mechanism,
including favorable temperature, and salt
tolerance

Exhibit well compatibility with the carbon
skeleton of the polymer and easily dispersed
through the polymer matrix

Abundant, easily produced, and possess superior
physicochemical and surface modification
properties

Suffer from agglomeration and coagulation at
severe reservoir conditions of high salinity,
temperature, and variable pH

Not encapsulated well through the seed
copolymerization reactions

Graphene and Graphene oxide (GO) * Exhibit superior optical, thermodynamic
conductivity, electronic, and mechanical criteria,
owing to their distinct sp2- carbon structure

* Toughest and robust crystallized structure with
hydrophilic surface-active groups

Exhibit some limitations during the
polymerization process

Zinc oxide (ZnO2) Give rise to thin layers and low dimensional
heterostructures with good crystallinity

Exert strong exciton binding energy

Zinc oxide dispersed in distilled water and brine
cause permeability problems in the porous media

TiO2 high oxidation efficiency
• great adsorption and photocatalytic
capacity [63]

The limited and heterogeneous binding sites
diminish its polymerization performance [63]

CuO a promising candidate for its abundant resources,
environmental compatibility, cost-effectiveness,
and favorable pseudocapacitive characteristics
[64]

Cause permeability reduction and porous media
plugging in the underground reservoirs [64]

Fe3O4 Can be used to displace oil from underground
porous media by applying a magnetic field,
which is considered as a promised technology in
the field of EOR

Adversely affected by harsh reservoir conditions
and synergetic effects

ious engineering approaches [11]. Table 1 summarized the
advantage and disadvantages of the nanoparticles used in
oil displacement processes. Nanofluid’s performance was
further improved by blending with surfactant or polymer
solutions to offer greater stability and enhance the rheological
criteria under shearing conditions [16]. Nanoparticles pene-
trate pore throats andmicro-cavities of porousmedia without
causing any permeability reduction and serve to remove
the residual oil from the pore throat by the knife-edge-
like mechanism [27]. Consequently, nanoparticles serve to
modify the interaction between the trapped hydrocarbons
and the rock pores leading to improvement of the rock
wettability and heat transfer coefficients [9]. Also, these
nanoparticles can act as nanosensors for gathering infor-
mation during reservoir characterization [7]. A review of
nanoparticles and nanoparticles-grafted polymers is listed
elsewhere [13, 16–18, 25, 53]. In this regard, Evdokimov
et al. [55] conducted flooding experiments using nano col-
loids solutions to investigate the phase behavior of petroleum
fluids. Son et al. [56] inspected the flow performance of
nanoparticles stabilized emulsion in the porous medium
and movement at the binary interfaces. Furthermore, they
investigated pressure differentiation and oil recovery with

emulsion and water injection. Zhang et al. [17] conducted
flooding tests using silica-based nanofluid and Berea sand-
stone through high brine solution. Esfe et al. [9] investigated
the simulated and experimental activity of the nanoparti-
cles on porous media permeability and oil recovery. The
effect of capillary pressure, dose fraction of silica nanopar-
ticles, diffusion rate, and porosity of the porous media on
the oil recovery rate was investigated. The reservoir pattern
is modeled as a heterogeneous 3D cone. They reported that
nanoparticles flow easily through rock pore throats and cover
the rock surface leading to wettability alteration. Wu et al.
[25] reported the synthesis of amphiphilic Janus nanopar-
ticles (JNPs) by Pickering emulsion. The synthesized NPs
exhibits superior interfacial activity and interface stability in
the EOR processes. AfzaliTabar et al. [57] synthesis differ-
ent blends of graphene/MoS2 nanohybrids via the sol–gel
method, and used it as IFT reducing agents and wettabil-
ity modifiers through EOR applications. El-hoshoudy group
stated the effect of zeolites and Fe2O3 nanofluids to reduce
heavy oil viscosity as well as the IFT at the O/W contact
point [58–61]. Furthermore, they investigated the flooding
scenario and recovery factor using a blend formulation of
alkaline/polyacrylamide/nanofluid [62].
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2.2.1 Silica Oxide Nanoparticles

Silica nanoparticles possess a high surface area, so can exert
an effective energy dissipation mechanism, which leads to
enhanced nanocomposites criteria including favorable tem-
perature, and salt tolerance [36, 65]. Furthermore, they
exhibit well compatibility with the carbon skeleton of the
polymer and are easily dispersed through the polymer matrix
through H-bonding and electrostatic interactions as indi-
cated in Fig. 4 to overcome native polymers restrictions
and improve other issues in petroleum engineering [36]. On
the EOR- field-scale application, SiO2 nanoparticles are the
most abundant, easily produced, and applicable nanopar-
ticles in this field, owing to their controllable chemical
behavior, superior physicochemical and surface modifica-
tion properties, with specific characteristics (hydrophobic
to hydrophilic) [1, 18, 67, 68]. A comprehensive review of
polymer composites including silica nanoparticles and their
application in the field of EOR are summarized elsewhere [1,
22]. Qu et al. [69] reported inhibition of scale formation using
nanoparticle formulation of silica-based zinc-phosphonate
[7]. The prepared nanoparticles dispersed in surfactant solu-
tion flow easily through sandstone and calcite porous media.
The surface charge and particle size distribution are the chief
dominant parameters influencing the flow transportation of
nanoparticles through the rock pore [69]. Onyekonwu and
Ogolo [70] investigated the recovery factor through sand-
stone cores using three types of poly silica nanoparticles
with various hydrophilicity degrees (hydrophobic, neutrally
wet, and lipophilic [69]. Yousefvand and Jafari [71] reported
the oil recovery factor using a 5-spot micromodel saturated
with brine solution and heavy oil using nano-silica formu-
lation. The displacement mechanism is analyzed through
an image processing system. The flooding data after one
pore volume designate that the incorporation of nano-silica
improves the ultimate oil recovery by an additional 10%
owing to the improvement of injected fluid viscosity. Wu
et al. [72] reported that silica nanoparticles are effective
co-injectants with surfactants in chemically improved oil
recovery (CIOR). Hu et al. [66] reported the usage of
hydrophilic HPAM/nanoSiO2 composite formulation as a
flooding agent. Assessment of rheological properties under
various temperatures, ionic strength, and aging conditions
reveals that the enclosure of SiO2 nanoparticles significantly
enhances the viscoelastic criteria of HPAM through the
severe thermal and ionic environment. The hybrid composite
displayed remarkable viscosity rises up with 0.8 wt% SiO2

loading, and thermal steadiness for 288 h. at T � 353 K. Ji
et al. [36] reported the synthesis of poly(AM-co-AA)/SiO2]
micro globules through inverse phase suspension polymer-
ization. They reported that silica nanoparticles enhance the
morphological criteria of the nanocomposite micro glob-
ules. Also, oil displacement efficiency and plugging ability

Fig. 4 Interaction mechanism between SiO2 and polymer [66]

were improved as compared to the polyacrylate polymer. Ali
et al. [13] reported the use of silica nanofluids subjected to
an electromagnetic field applied through a reservoir model
for EOR operations. Agi et al. [18] reported the synthe-
sis of silica nanoparticles from rice straw through wet ball
milling for EOR application. The recovery factor for both the
synthesized silica nanoparticles and oilfield hydrolyzed poly-
acrylamides under severe reservoir conditions is reported.
El-hoshoudy et al. [58, 61, 73] stated the fabrication of SiO2

nanoparticles surfaces, then used it for reducing oil viscosity
and IFT during EOR operations.

2.2.2 Graphene and Graphene Oxide (GO)

Carbon nanoparticles including fullerenes, carbon nan-
otubes, graphene sheets, and platelets, are acquiring incre-
mental attention in the development of next-generation to
satisfy the required energy demands [74]. Graphene parti-
cles exhibit superior optical, thermodynamic conductivity,
electronic, and mechanical criteria [75], owing to their
distinct sp2- carbon structure which is packed into 2D-
honeycomb frameworks [76]. Graphene is the toughest and
robust crystallized structure, as it exhibits a tensile strength
of 125 GPa and elastic moduli of 1.1 TPA [1]. Graphene
oxide (GO) is a pseudo-2D-crystallized geometry with uni-
form single-atom thickness and plentiful hydrophilic oxygen
functionalized moieties (comprising the -OH, -COOH, and
epoxy groups) which is available for various chemical mod-
ifications, and grafting of polymer macromolecules [76–78].
Graphene oxide is a reinforced structure that enhances the
thermal, and mechanical behavior of the polymer at a very
low concentration [75]. Furthermore, GO is a hydrophilic
surface-active agent that possessesmixed sp2- sp3 hybridized
carbon atoms, so can modify the rock wettability to water-
wetness through electrostatic attraction and reduce IFT at
the O/W interface [1]. These superior properties extend its
usage in the field of polymeric nanocomposites and their
application in EOR. Also, the functional groups on GO
sheets allow H-bond formation with polymer chains as indi-
cated in Fig. 5, so it acts as reinforcing nanofillers for the
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Fig. 5 Schematic representation for graphene/polymer composites formation [75, 79, 80]

polymer matrix especially polyacrylamide (PAM) hydro-
gel, to enhance the thermal and mechanical criteria of the
composite under harsh reservoir conditions [79, 81]. Poly-
acrylamides are deemed the most appropriate composite
hydrogels with GO sheets for enhanced oil recovery owing
to the ease formation of H-bonding between its -NH2 and
the GO surface functional groups [82, 83]. Depending on
this concept, Liu et al. [84] investigated the mechanical
stability and tensile strength through preparing crosslinked
PAM hydrogels with GO sheets as a physical crosslinker,
and N,N-methylenebisacrylamide as a chemical crosslinker.
They found that physically crosslinked hydrogels exhibited
higher mechanical strength and elasticity as compared with
the other one, due to the presence of GO sheets which offer
tough crosslinking degrees, and give rise to 3D- network
structure in the polymeric matrix [77]. Zhang et al. [79]
grafted PAM macromolecules on GO sheets to form a uni-
form formulation of dispersed GO sheets into the polymer
matrix [80, 85]. Tang et al. [76] verified the grafting of modi-
fiedGOon the polyacrylamide surface to prepare PAM-g-GO
composite via spectroscopic methods for oil displacement in
sandstone reservoirs.Alamet al. [80] reported the facile, low-
cost synthesis of conductive graphene sheets through water
processing, then the formation of graphene/PAM compos-
ite via in-situ polymerization between acrylamidemonomers
and graphene sheets. TheH-bond originated between the two
constituents that lead to highly functionalized mechanical
properties and IFT reduction.

Evingür and Pekcan [77] reported on the synthesis of
GO-PAM composites through the incorporation of graphene
oxide nanofillers into polyacrylamide hydrogels. They exper-
imentally investigated the composite’s mechanical behavior
before and after swelling in water through a compressive
performance and modeled it by the rubber elasticity theory.
Jafarbeigi et al. [14] reported the synthesis and application

of (graphene oxide (N-(1-naphthyl) ethylenediamine)) using
Hummer’s method as a wettability alternating and flooding
agent. They investigated the effect of contact angle, IFT,
and displacement scenarios on the core scale. El-hoshoudy
et al. stated the combination of ACTF as amodified graphene
oxide derivative into polyacrylate polymer to form a highly
strengthen composite for flooding operations under severe
reservoir conditions [86].

2.3 Biopolymers

Biopolymers or naturally occurring polymers are considered
as available, eco-friendly, non-toxic, and superior chemical
stable EOR candidates [26, 87–94]. In the nearest future,
biopolymers are anticipated to replace HPAM in EOR oper-
ations, owing to their high viscosity at low concentration and
their higher resistance to shear degradation, thermal and ionic
strength [21]. These superior properties resort to their distinct
double to triple-helical structure render the biopolymers, as
exceptional flooding agents, in harsh reservoir conditions
[26]. On the other hand, the application of biopolymers
in EOR applications suffers from high economic cost and
microbial degradation by the reservoir microflora [95]. To
overcome microbial degradation, petroleum engineers resort
to injecting biocides in the fluid formulation [21]. On the
research scale, chemists are resorted to injecting biopolymer
composites through the incorporation of nanomaterials fillers
into the biopolymer matrix or by grafting biopolymers onto
the surface of the nanoparticles. Biopolymers contain highly
active hydroxyl groups available for different chemical mod-
ifications including polymerization, grafting, esterification,
and so on. Consequently, many inorganic/biopolymer com-
posites can be synthesized andmodified for polymer flooding
inEORoperations [96]. El-hoshoudy et al. [96, 97] design the
application and economic profit of the biopolymer flooding
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Table 2 Molecular structure and advantages of biopolymers applied in EOR operations

Biopolymer Chemical structure Advantages

Cyclodextrin (CD) The biodegradable and biocompatible source exhibits wettability alteration
effects

Xanthan gum [94] Rigid, negatively charged double-helical polysaccharide that can withstand
shearing action, water hardness, and ionic degradation in the petroleum
reservoirs

Starch Has hydrophilic characteristics, so can be used as an effective additive in
EOR operations

Welan gum (WLG) [26] Anionic three-fold double-helical polysaccharide used as a common EOR
viscosifying agent, cementing additive, and water shut-off agent

Guar gum [26, 94] hydrophilic, non-ionized biopolymer, used as a flooding agent, emulsifier,
gelling and stabilizing agent in conventional reservoirs

Schizophyllan [26] hydrophilic, non-ionic, triple-helical biopolymer with a high average
molecular weight. It resists thermal and salinity effects under reservoir
conditions exhibit a low adsorption rate on the rock surface and
pseudoplastic (non-Newtonian) shear-thinning behavior which are
favored for polymer flooding

Cellulose [99, 100] Abundant, linear, and hierarchical polysaccharide that consists of
D-glucopyranose moieties, linked through β(1,4) bonds. Cellulose can
resist higher temperatures and high mechanical shearing during pumping
action owing to its 3D-network nanofibrillar structure

Carboxymethyl cellulose (CMC) Consists of multiple carboxylic groups of glucopyranose moieties that
have higher coordination ability with metal ions so can be used as an
effective EOR formulation in a high ionic strength environment

Hydroxyethylcellulose (HEC) Thickening and gelling cellulose derivative, used in well-completion jobs
and EOR operations. It can be grafted by several inorganic fillers and
nanoparticles to form polymeric composites

Lignin natural complex polymer with quite low molecular weight and contains
plentiful aromatic rings. It can act as a polymer exhibiting pseudoplastic
behaviors, or emulsifier lowering IFT during waterflooding processes

Scleroglucan [101] Rigid, triple-helical biopolymer, consisting of β (1,3) D-glucose linked
with β (1,6) D-glucose moieties, can be applied in reservoir conditions
with temperatures up to 100–120 °C, and within a broad range of pH
(1–13)

scenario in EOR operations. Biopolymers and natural gums
are considered effective additives for EOR [98], as they con-
trol fluidmobility through viscosifying the injectant fluid and
withstand thermal and ionic degradation [26]. In this section,
the author highlights the most used biopolymers in enhanced
oil recovery.At the end of the section, Table 2 summarizes the
chemical structure and advantages of the used biopolymers.

2.3.1 Cyclodextrin (CD)

CD are cyclic truncated oligosaccharides structures of glu-
cose units linked by β1→4 bonds [102]. Its toroidal structure
with a hydrophobic cavity and a hydrophilic outer surface
makes it an excellent host material for molecular recog-
nition [103]. The macrocyclic CD ring displays a central
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Fig. 6 Geometric structures of cyclodextrins [104]

cavity where various guest molecules can be accommo-
dated, resulting in the formation of host–guest complexes.
CDs are environmentally friendly candidates prepared from
renewable biodegradable and biocompatible sources. They
exhibit wettability alteration effects which are beneficial for
oil remediation from the underground reservoirs. Figure 6
summarizes the most common types of cyclodextrins [104].

Zou et al. [105] synthesize anionic and cationic polymers
combined with B-cyclodextrin and evaluate their perfor-
mance in EOR operations. Qin et al. [106] use cationic
β-cyclodextrin inclusion complexes for enhancing oil recov-
ery. De Lara et al. [8] reported the implementation of
cyclodextrins as a prospective EOR candidate for petroleum
application recovery and wettability alteration. Wei, 2015
[107] reported a comprehensive evaluation of β-cyclodextrin
molecules in heavy oil recovery applications. Furthermore,
they assess the rheological properties and sandpack flood-
ing tests at reservoir conditions. Da Cruz et al. [104]
reported the use of cyclodextrins (CDs) as wettability modi-
fiers for EOR. Romero-Zerón and Espinosa [108] evaluated
the self-association of XG with anionic and cationic sur-
factants through non-covalent β-cyclodextrin host–guest
interactions.

2.3.2 Xanthan Gum

It is a global biopolymer applied in petroleum reservoirs on
a commercial scale. It is rigid, negatively charged double-
helical polysaccharide that can withstand shearing action,
water hardness, and ionic degradation resulting from diva-
lent ions and electrolytes in the petroleum reservoirs [21].
Ghoumrassi-Barr and Aliouche [109] evaluated the potential
applicability of xanthan as a flooding agent in the Devonian
oilfield. The flooding data indicate that the solution viscosity
increased by~400% in the formation water after 30 days
of storage and~60% of the initial viscosity was retained
at 68 °C due to the rigid structure of xanthan polysaccha-

ride chains. On other petroleum applications, Elkholy et al.
[94] reported the usage of xanthan and guar gums as scale
inhibitors in oil reservoirs. El-hoshoudy group investigated
the flooding scenario using xanthan and xanthan-grafted sil-
ica composite [110]. They stated that the incorporation of
silica nanoparticles improves the rheological performance of
the xanthan solution, also changes rock wettability to water-
wet to enhance the recovery factor. Other reports stated the
usage of polyacrylamide-g-xanthan composite for chemical
EOR [111].

2.3.3 Starch

Owing to its hydrophilic characteristics, starch can be used
as an effective additive in EOR operations [4]. El-Hamshary
et al. [112] stated the grafting of N-vinyl imidazole on car-
boxymethyl starch for heavy metal removal from aqueous
solutions and improved oil recovery (IOR) operation. El-
hoshoudy group discussed the synthesis of different starch
composites through the grafting of silica nanoparticles and
vinyl-containing monomers on the starch surface [95, 113,
114]. The rheological properties and flooding scenarios were
assessed at simulated reservoir conditions. They concluded
that the incorporation of silica and vinyl monomers acquire
superior properties to starch composites as a flooding candi-
date.

2.3.4 Welan Gum (WLG)

WLG is an anionic three-fold double-helical polysaccha-
ride formed by microbial fermentation of the sugar. In the
petroleum industry, it is used as a common EOR viscosi-
fying agent, cementing additive, and water shut-off agent
[26]. Gao et al. [115] assess the rheological properties of
WLG solutions at reservoir conditions. They reported that
WLG is insensitive to harsh conditions upon long thermal
aging and exhibits higher viscosity and viscoelasticity rather
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than xanthan gum. Moreover, it is a pseudoplastic fluid with
shearing-thinning performance. This behavior resort to the
network build-up by the neighboring double-helical struc-
ture [26].

2.3.5 Guar Gum (GG)

GG is a naturally occurring hydrophilic, non-ionized
biopolymer. It has a rod-like polymeric geometry of man-
nose backbone with galactose side chains (molecular ratio
2:1) and contains plentiful surface hydroxyl groups, so exerts
excessive H-bonding and unique gelling properties in the
aqueous phase [26], and allow manufacturing of guar gum-
based nanocomposite for industrial applications [93]. On
an industrial scale, guar gum is reported in many indus-
trial activities including the textile industry, mining, and
petrochemical products. In the field of EOR, it is used as
a flooding agent, emulsifier, gelling and stabilizing agent in
conventional reservoirs [93, 116]. Wang et al. [75] stated the
synthesis of sulfonated hydroxypropyl guar gum with supe-
rior rheological and hydrophilic properties in saline solutions
for use in fracturing fluid. Bera et al. [22] reported the synthe-
sis of guar gum-based silica nanocomposite with reasonable
rheological properties for flooding purposes in sandstone
reservoirs. They conducted flooding runs through sandstone
cores soaked with waxy crude oil and saline solution of
2000 ppm salinity and reported that this composite can mod-
ify the wettability of the rock to water-wet via changing
the contact angle toward the water-wet state. El-hoshoudy
et al. investigated the implementation of guar-g- palmitate
composite as a flooding agent and wettability modifier in
sandstone reservoirs [117]. The synthesized composite obeys
theHershel-Bulkleymodelwith shear-thinning performance,
and higher adsorption rate on the sandstone rocks, so exhibit
remarkable, and well-suited application in the EOR process.

2.3.6 Schizophyllan (SPG)

SPG is a hydrophilic, non-ionic, triple-helical biopolymer
with a high average M.wt of 2–6*106 Da and excellent
thickening efficiency. It is composed of linearly associ-
ated β-(1–3)-D-glucose units with single β (1,6) D-glucose
residue. SPG resists thermal and salinity effects under reser-
voir conditions due to its intermolecular interactions and stiff
conformation through H-bond. It exhibits a low adsorption
rate on the rock surface since it has a neutralized back-
bone structure [118]. Moreover, it exhibits pseudoplastic
(non-Newtonian) fluids with distinct shear-thinning behavior
which are favored for polymer flooding [26].

2.3.7 Cellulose

Cellulose is abundant, linear, and hierarchical polysac-
charide that consists of D-glucopyranose moieties, linked
through β(1,4) bonds [119]. Cellulose can resist higher
temperatures and high mechanical shearing owing to its 3D-
network nanofibrillar structure [120], so can be considered
as a nanomaterial candidate [121] for improved oil recov-
ery. Cellulosic nanomaterials include cellulose nanocrystal
and nanofibrils cellulose, in which cellulose nanocrystal
is rod-like nanometer particles, while nanofibrils cellulose
are effective EOR candidates owing to their outstanding
rheological properties [99, 100]. Two common cellulose
derivatives are implemented in the field of EOR including
carboxymethyl cellulose, and hydroxyethylcellulose.

Carboxymethyl Cellulose (CMC) CMC is multiple car-
boxylic groups of glucopyranose moieties that have higher
coordination ability with metal ions, [79, 122, 123]. Bishop
and Parlman, 1988 [124] reported that carboxymethyl cel-
lulose functions as an effective polymer formulation in
underground oil reservoirs. Yadav et al. [125] synthesized a
graphene oxide/ alginate/CMC composite through the solu-
tion/mixing evaporation technique. Zhang et al., 2014 [79]
stated about the incorporation of GO into the CMC/ PAM
hydrogel pursued by ionic crosslinking of Al+3 ions with
superior mechanical properties.

Hydroxyethylcellulose (HEC) It is a thickening and gelling
cellulose derivative, used in well-completion jobs and EOR
operations [126]. It can be grafted by several inorganic fillers
and nanoparticles to form polymeric composites that can
withstand harsh reservoir conditions. Several reports stated
the application of HEC in the field of chemical flooding and
enhanced oil recovery as stated in literature [126, 127].

2.3.8 Lignin

Lignin is a natural complex polymer with quite low molec-
ular weight and contains plentiful aromatic rings, so it is
a valuable biosource for industrial applications [128]. The
advantage of using lignin in water flooding processes relies
on two aspects; (1) lignin exhibits pseudoplastic behaviors
with shear-thinning properties [26], so can be implemented in
waterflooding processes as a polymer agent. (2) Furthermore,
lignin can be used in EOR formulations as a cheap source of
surfactant, where lignin polyether sulfonate surfactants were
effective in lowering the IFT between brine and crude oil
[129]. In this regard, Sulaiman et al. [130] reported the use
of lignin from black liquor waste as a surfactant or sacrificial
agent in enhanced oil recovery.
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2.3.9 Scleroglucan

Scleroglucan is a rigid, triple-helical biopolymer, consisting
of β (1,3) D-glucose linked with β (1,6) D-glucose moi-
eties [101]. It exhibits superior rheological criteria including
temperature and shearing action withstanding as well as pH
and salinity resistance [26]. Scleroglucan can be applied in
reservoir conditions with temperature up to 100–120 °C, and
within a broad range of pH (1–13), and exhibit pseudoplas-
tic behavior even in the presence of various salts, such as
NaCl, KCl, CaCl2, MgCl2, and MnCl2 [101]. Over 30 years
ago, field-scale injection using scleroglucan solution has
been conducted in the North Sea Reservoir, where about 140
polymers were tested under severe reservoir conditions and
scleroglucan exhibited the best EOR performance [26].

2.4 Synthetic Polymers

Polymer flooding in petroleum reservoirs comprises biopoly-
mers and synthetic polymers [131]. Regarding the EOR
synthetic polymers, partially hydrolyzed polyacrylamide
(HPAM) has attracted incremental attention in petroleum
applications including drilling fluid formulations, EOR,
wastewater treatment, water shut-off, and plugging agents
[31, 66, 132–134]. The worldwide application of HPAM
in oil field applications resort to its availability, ease of
handling, and cheap manufacturing cost [1, 26]. HPAM is
synthesized by copolymerization of vinyl-containing poly-
mers such as acrylamide and acrylic acid [21]. Furthermore,
it can be copolymerized or grafted with nanoparticles to
form polymeric composites. HPAM performs superior rhe-
ological properties under harsh reservoir conditions, as it
exhibits shear-thinning behavior so favored for flooding pro-
cesses as it mitigates the pumping action and electrical work
overload during the operation. Furthermore, it exhibits rea-
sonable microbial resistance and controls the mobility ratio
through increasing displacing fluid viscosity, so enhance the
sweeping efficiency [19, 66, 135]. HPAMperformance in the
flooding process is controlled by several factors including.

(a) Degree of polymer degradation under high temperature
and high ionic strength [136].

(b) Blockage of pore throats due to polymer retention [137].
(c) Rate of polymer adsorption on the rock surface [51].
(d) Formation pressure and temperature, pH, degree of

salinity, and hardness [31].

On the other hand, HPAM suffers from polymer disin-
tegration and viscosity drop under high salinity environ-
ments>30,000 ppm, due to hydrolysis of -NH2 groups of
acrylates into COOH-groups. To overcome these shortages, a
few strategies have been proposed. One of them is the incor-
poration of nanoparticles through a polymer framework to

form a polymer composite [66]. Nanoparticles incorpora-
tion into HPAM reinforces the intermolecular hydrophobic
associations that strengthen the network structure of the poly-
meric composite and enhance the rheological performance
of the composite solution [66]. In this regard, Bhardwaj
et al. [138] stated that PAM/SiO2 nanocomposites exhib-
ited enhanced thermo resistance performance. Ponnapati
et al. [139] synthesized ethylene oxide/SiO2-based nanocom-
posite. They included that SiO2 polymer nanocomposite
improves oil recovery without pore blockage. Ye et al. [65]
demonstrated the synthesis of hydrophilic, thermostable, and
easily flowable polymer/SiO2 nanocomposites. Maurya and
Mandal [140] reported the use of polyacrylamide (PAM)
and silica nanoparticle suspension for high temperature and
high saline reservoirs. The results reveal that silica/PAM
suspension has a higher viscosity and viscosity retention
owing to the formation of a complex macromolecular struc-
ture. Maghzi et al. [44] indicated that the viscosity of PAM
increased by incorporating SiO2 nanoparticles, with an addi-
tional 10% oil recovery during a polymer displacement.
Maurya et al. [27] reported the synthesis of soluble nanocom-
posite for application in the high-temperature reservoir using
a free-radical polymerization. The polymer chains were
grafted on the surface of the silica nanoparticle. El-hoshoudy
et al. stated the synthesis of synthetic polymer composites
through grafting or copolymerization of various silica deriva-
tives with polyacrylamides [28, 141–144]. The rheological
criteria at simulated severe conditions and the optimum poly-
merization conditions were reported [145–147]. The studies
concluded that the grafting or copolymerization of silica
nanoparticles into the polyacrylates matrix enhances their
rheological,mechanical, and viscoelastic properties. Further-
more, the recovery factor was enhanced, and rock wettability
changed from oil-wetness to water-wetness, so it improved
sweeping and displacement efficiency.

2.5 Hydrogels

Hydrogels are 3D-crosslinked networks of synthetic poly-
mers that can absorb large aquatic fluid quantities, so
attracted outstanding attention in the field of enhanced oil
recovery [77, 80]. In petroleum industries, gellants and
hydrogels were used on a wide scale for the treatment of
water shut-off during production operations [148]. Hydro-
gels suffer from deprived mechanical and thermal behavior,
so they are incorporated with nanomaterials fillers includ-
ing clay, graphene sheets, silica nanoparticles, and carbon
nanotubes to form nanocomposites with enhanced mechan-
ical toughness, dense structure, improved rheological and
mechanical performance [77, 79, 80], where Young’s moduli
depend on the concentrations of nanofiller crosslinker [77].
Hatzignatiou et al. [149] use gel polymers for water con-
trol and enhanced oil recovery in fractured chalk reservoirs.
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Hasankhani et al. [148] reported hydrolyzed polyacrylamide
(HPAM) crosslinked with polyethyleneimine (PEI) hydrogel
as a flooding agent. El-hoshoudy et al. reported the experi-
mental and theoretical application of polyacrylate hydrogel
for water shut-off and permeability reduction through highly
permeable sandstone reservoirs [150]. The experimental
study indicates the enhancement of recovery factor up to
85.35 Sor%, while the simulation study reported a recovery
factor of 150,000 bbl/d on a field scale with a polymer dosage
of 0.6 Pv.

3 Experimental Section

In this section, the author gives short hints on the generalized
mechanism and strategy of polymeric sample preparation
and characterization, in addition to displacement operations
based on the literature survey and our experience in this field
as reported in our previous relevant publications [28, 60,
78, 95, 96, 110, 116, 146, 150–167]. The oil composition,
rock types, and properties, and experimental conditions are
detailed in our previous book [10], pages 49–72.

3.1 Sample Preparation and Handling

First, the oil sample was deoxygenated and left under an
N2 blanket until usage. The polymer composite solution is
prepared by blending the composite flakes or powder with
distilled or brine solution until complete dissolution at neutral
PH. The mixture was left for 48 h to obtain a homogeneous
formulation. Before the flooding runs, the composite solu-
tions were diluted to the various slug concentrations [168].

3.2 Flooding and Displacement Mechanism

The mechanism of polymeric nanocomposite flooding to
enhance the oil recovery resort to the capability of nanopar-
ticles to retard chain degradation and intensify the polymer
viscosity under reservoir conditions. Core or sandpack flood-
ing on the lab scale is conducted on a pilot scale to simulate
the process of chemical injection through the injector well
in the reservoir as displayed in Fig. 7 [1, 51, 168]. The
pilot model may be a linear 1D- or ¼ five-spot model. Sev-
eral reports about core flooding are reported by Lashari and
Ganat, 2020 [1]. Steps of sand pack preparation and com-
posite flooding can be summarized as follow;

(a) The sand sieved, acid-washed, and dried as detailed in
our previous literature [10].

(b) Thefittings, lines, andvalves of the stainless-steelmodel
(linear or ¼ five-spot) were checked for leakage under
pressurized air of 500 psi.

(c) The stainless-steel model is associated with a positive
displacement pump for fluids displacing, two inlet and
outlet pressure gauges for monitoring the pressure fluc-
tuations during the flooding process,

(d) The stainless-steel model was evacuated, then packed
slowlywith the sand undermechanical shaking to ascer-
tain optimum packing without any voids.

(e) The model is saturated with brine solution, then record
the model physical properties including bulk volume,
porosity, and model dimensions, brine and oil perme-
ability, Darcy velocity for water and oil, initial water
and oil saturation, and residual oil saturation (Sor). All
the fluids were displaced at a constant rate of 1.0 cc/min
[47].

(f) The formation water displaced for 10 Pv at a constant
flow rate, where the pressure drop (�Pw)before polymer

was monitored, then the polymeric composite was
flooded to displace formation water and pressure dif-
ference (�Pp) was recorded.

(g) Flush the formation water again to displace the non-
absorbed polymer, where the pressure difference (�Pw)

after the polymer was recorded.
(h) From the recorded pressure difference values, the resis-

tance factor (Rf), and a residual resistance factor (Rrf)
are calculated by the following expressions [150].

R f � (�P)p

(�P)w(Beforepolymer)
(1)

Rr f � (�P)w(Afterpolymer)

(�P)w(Beforepolymer)
(2)

(i) Inject the crude oil under the required conditions (pres-
sure and temperature) until the ejected fluid is 99% oil,
then the model is left for 21 days for oil aging.

(j) Flush the brine solution to displace the oil until oil pro-
duction ceased off.

(k) Inject the polymeric composite slug with different con-
centrations to recover residual trapped oil.

(l) The oil recovery factor is calculated relative to the orig-
inal oil in place (OOIP) or residual oil saturation (Sor)
as a function of injected pore volume, as displayed in
Fig. 8.

3.3 Polymeric Nanocomposite Preparation

Polymeric composites synthesized through grafting of inor-
ganic fillers such as graphene oxide, carbon nanotubes, and
silica nanoparticles into polymer chain through reversible
addition-fragmentation chain transfer processes (RAFT),
free-radical emulsion polymerization (FRP), atom transfer
radical polymerization (ATRP), and nitroxidemediated poly-
merization (NMP). Emulsion polymerization is a common

123



10900 Arabian Journal for Science and Engineering (2022) 47:10887–10915

Fig. 7 Schematic representation of core flooding [168]

Fig. 8 Oil recovery factor relative to injected pore volume (PV) [41]

and widely used method for macromolecule build-up [76].
Composites prepared through subjectingmodified nanoparti-
cles including (silica particles and GO sheets) to free-radical
emulsion polymerization with the aid of water-soluble initia-
tor and surfactants [76]. SiO2 nanoparticles are synthesized
according to the Stober technique [36, 169]. GO sheets are
adapted using various chemical modifications to achieve
functionalized GO sheets as reported by Tang et al. [76].
After composites preparation, it is layered to slices or disks
of 4 mm thickness and 10 mm diameter [77].

3.4 Polymeric Composite Characterization

Characterization of polymeric composites is an important
issue through composite implementation in EOR processes.
Rheological and viscoelastic characteristics were conducted
using a rotational rheometer equipped with concentric cylin-
der geometry [170] according to ASTM D7945-16 and
ASTM D2196-18 with an uncertainty of 2.0% [171]. The
test was done at a temperature range of 25–150 °C depending

on the reservoir operating conditions [21]. The rheological
criteria are estimated under dynamic and steady shearing to
assess dynamic and steady viscoelastic criteria relevant to
shear rate, salinity, and temperature at an angular frequency
(1–100 rad s−1) [150, 172]. Shear stress is tested at a shearing
rate of 0.1–1000 s−1 [21], but most are assigned at 7.34 s−1

since it is the accepted shearing applied to the fluids in the
underground reservoirs [145]. The swelling capability is esti-
mated in distilled water or brine solutions for 1–30 days [36].
Compression measurements were conducted by an Instron
3345 testing machine with a 10 N force transducer, and
a probe size of 10 cm [77]. Long-term thermal steadiness
was conducted by storing the samples in sealed glass bot-
tles covered by screw caps in the heater at 80–100 °C for
12–30 days andmonitoring the viscosity loss rate [66]. Aging
of polymeric composites assessed by Raman spectroscopy
through keeping thin sheets in an oven at aging tempera-
tures for 30 days. Surface and interfacial tension of polymer
composite solutions were estimated using a Sigma 703 ring
tensiometer at various temperature ranges with an uncer-
tainty of 0.5 mN/m [21]. Molecular weight is assessed by
gel permeation chromatography. Infrared bands of evacuated
polymeric composite samples were assigned by FTIR spec-
trometer in the scanning optical range of 4000–400 cm−1

using KBr pellets [66]. The surface of the polymer com-
posite was screened by an atomic force microscope (AFM)
[36]. AFM images were conducted on (AFM-NanosurfFlex-
AxiomFlexAFM 5 scan head specifications with C3000
controller) operating in dynamic force mode at 25 ºC. Ther-
mal gravimetric analysis (TGA) was conducted under N2

atmosphere at 5 ml/min as a heating rate, where 5.0 mg of
the composite sample was heated in an aluminum pan from
25 TO 800 °C [76]. The internal structure was screened by
HRTEM analysis on a high-resolution transmission electron
microscope. The samples were dispersed in ethanol, then
plummeted on copper grids for imaging. 1H-NMR spec-
trum was conducted by using TMS as internal standard and
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D2O/DMSO as a solvent. The particle size distribution was
determined by (Zetasizer 6.32) supplied with He–Ne laser at
scattering angles of 90° and25 °C.The particle zeta (z) poten-
tial was determined by (Zetasizer ver. 6.32, Serial Number:
MAL1071664 Nano Series, Nano-ZS, Malvern Instruments,
UK)-dynamic light scattering equipped with a cuvette rota-
tion/translation unit (CRTU) and a He–Ne laser at 25 °C [28,
38]. All experiments were performed at scattering angles 90°
and 25 °C. The acquisition time for each run was 30 s [28].

3.4.1 Effect of Zeta Potential Value on the Stability
of the Aqueous Solution

Zeta potential is the measure of the surface charge on
nanoparticles in solution, which controls the stability of
the solution. The potential values may be either positive
or negative. Normally values greater than 30 mV indicate
good stability, while those with values lower than 30 mV
eventually aggregate due to Van Der Waal associations
[38, 173]. Polymer chains reduce the repulsive interactions
between oil droplets but contribute toward steric hindrance to
impede droplet coalescence. Silica nanoparticles in the range
5–15nmaid in the formation of robust oil-aqueous interfaces,
by adsorbing onto available “interfacial sites” for adsorption;
and strengthening electrostatic as well as steric barrier influ-
ences. With increasing SiO2 concentration, the stabilizing
constituents aremore closely arranged at oil droplet surfaces;
and retard droplet flocculation and recoalescence [173]. Nor-
mally, van der Waals’s force increases with the interaction
distance while electrostatic force strongly depends on zeta
potential and is sensitive to salinity, pH, and ionic type.
When the attraction between NP and rock is larger than
the repulsion, NP adsorption and retention would occur, and
the adsorption/desorption rates are closely correlated with
the magnitude of energy barrier [174]. Insertion of silica
nanoparticles in the nanocomposite structure exhibit nega-
tive zeta potential values of which indicate the ability of
nanocomposites to induce wettability alteration on positively
charged sandstone reservoirs at pH � 2–6 during polymer
flooding processes [28].

3.4.2 Effect of Hydrophilicity/Hydrophobicity
of Nanoparticles

Zhong et al. [174] reported that nanoparticles can act as emul-
sion stabilizers. In general, NPs with higher hydrophilicity
are good choices for O/W emulsions, otherwise are selected
to stabilize W/O emulsions. However, strong hydrophobic
or hydrophilic NPs can hardly go to the oil–water interface
unless with huge external energy input by ultrasonication or
homogenization. They stated that surface activated partially
hydrophobic NPs with both hydrophobic and hydrophilic
parts are better preferred considering their higher tendency

to go and to stay at the oil/water interface with a low or
medium energy input like shaking or stirring. By temperature
increasing, the thermal motion of hydrophobic interactions
is intensified, which weakens the degree of hydration of
hydrophobic (tail) groups and reduces the hydrodynamic
volume of stabilized oil droplets [173]. Nanoparticles show
synergetic interactions with dissolved crude oil components
at micro-interfaces in solution. This behavior resort to their
hydrophilic or lipophilic properties [175]. Nanoparticles are
energetically adsorbed at the fluid/fluid interface and replace
water and/or oil molecules of the original interface, so the
interface exists between the hydrophilic part of the com-
plexes and water molecules on one side and between the
hydrophobic part of the complexes and oil molecules on the
other side of the interface. Thus the tension across the inter-
face is reduced by the presence of nanoparticle complexes,
as the interactions now are considered to be much stronger
than the interaction earlier between the highly dissimilar oil
and water molecules [176].

3.4.3 Effect of Chain Length, Molecular Weight,
and Functional Groups on Nanocomposite Stability

With the increase of backbone chain length, the d-spacing
of π-electron delocalization increase through nanocompos-
ite structure, as a result, the degree of and rigidity crystallinity
decreases, which in turn promotes the molecular pack-
ing within the layer structure [177, 178]. This behavior
resorts to, with the increase of backbone chain-length, the
interactions of intercalated modifier with polymer could
increase leading to greater disruption of orderly orientation
of polymer chain and hence greater reduction in the poly-
mer crystallinity [179]. Moreover, increasing of backbone
chain-length increases the elastic modulus of nanocompos-
ite solution. As a result, it will possess viscoelastic properties
which are favorable for flooding operations [110]. Functional
groups on nanocomposite surface determine its performance
during the flooding process. Electron donating groups like
(NH2-, OH-) which exist on polyacrylamide surface can give
rise to H-bond formation through aqueous acidic phase, and
form 3D- network structure which in turn increase displacing
fluid viscosity and improve sweeping efficiency [157].More-
over, these protonated groups are stronger in disrupting the
crystallinity of nanocomposite [179]. In the case of biopoly-
mers, their surface has a plentiful hydroxyl group, which
can be polymerized or form H-bonding leading to viscosity
enhancement. Reinforced nanocomposites with functional-
ized nanoparticles enhance their thermal and mechanical
properties [180] during the flooding operations. It is known
that the radius of gyration (Rg) of polymeric random coil
increases with molecular weight (MW). The change of MW
affects thermochromic properties of the resultant nanocom-
posites [177]. The low MW nanocomposites have relatively
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small Rg, implying low viscosity and small size in solution,
so not favored for EOR applications. On the other hand, high
molecular weight nanocomposites exhibit high viscosity val-
ues which improve sweeping efficiency and thus recover
more oil. At this point, one should note that nanocompos-
ites with excessive molecular weight will cause plugging and
injectivity disorders.

3.4.4 Effect of Droplet Size Measurement and DLS Studies

The polymer solution samples were tested for droplet size
stability by dynamic light scattering (DLS) to investigate the
synergistic effect of polymer and nanoparticles. The solu-
tion stability relies on the size of the dispersed droplets,
as a result, the sample with a smaller droplet size is more
kinetically stable than the sample with a larger droplet size.
Kumar et al. [38] stated that cohesive force between the emul-
sion/polymer solution drops decreases by the accumulation
of nanoparticles on the drop surface, resulting in lower sta-
bility. By increasing nanoparticle concentration, the number
of droplets with smaller size increases, representing bet-
ter stability owing to enhanced Brownian motion [38]. The
effective diameter of nanocomposites and pore throat diam-
eter of cores is a crucial factor to predict the effectiveness of
flooding through the enhanced oil recovery process. The sta-
bility of nanocomposite overtime is required for its effective
performance in the reservoir [176]. Nanoemulsions aswell as
nanocomposite solution function by entering into pore throat
pores, where trapped crude oil exists [173]. The nanocom-
posite solution, and polymer/nanoparticle solution serve to
alter thewetting properties of rock. Furthermore, theymodify
the IFT between water/oil surface as well as rock/oil surface,
which in turn improves flooding effectiveness. El-hoshoudy
andDesouky [10] stated that nanocomposite solutions exhibit
higher values of resistance factor (RF) and a residual resis-
tance factor (RRF), so exert improved sweep efficiency and
penetrating or spreading to the more rock porous region,
which would greatly improve the oil recovery inside the
rock pores. In the oilfield practical flooding process, definite
relationships between the medium resistant factors and oil
flooding efficiency have been established. That is, the higher
value of RF and RRF for nanocomposite solution produced
the higher efficiency of oil recovery in the rock reservoir from
middle to low porosity. Consequently, it is expected that the
low efficiency of water injection would be improved with
nanocomposite injection. Although the risk of decreased oil
permeability with polymer injection is minimal, because the
polymer injected into the reservoir rocks alters preferentially
the permeability of the small pores, whereas the oil drops are
found in the large pores, but the possibility of formation dam-
age due to polymer adsorption/retention in the pores should
not be overlooked and can be measured by a decrease in

permeability. The adsorbed polymer layer thickness (e) was
determined using the following equation.

e � r (1 − RRF−1/4) (3)

In most scenarios, the adsorbed layer thickness (e) of the
nanocomposite, are thin layers and will not cause pores plug-
ging.

3.4.5 Pressure Drop and Permeability Limitations

The presence of polymer as well as nanoparticles in
nanocomposite systems improves the steric, viscous effects
in displacing fluid, and forces the trapped oil in low-
permeability regions [173]. Nanocomposite possesses a
3D-network structure exhibiting viscoelastic behavior which
displaces oil from low-permeable zones and plugs high-
permeable zones [173]. The extraction of tertiary oil is
achievedbyovercoming the capillary pressure in pore spaces,
which aids in the mobilization of crude oil droplets [173].
Nanocomposites are expected to transport smoothly in the
porous media if there is no severe particle aggregation or
precipitation, but the physicochemical interactions between
NPs, formation fluids, and reservoir rocks are complex and
may lead to significant NP retention especially at incom-
patible conditions [174]. NP retention might lead to severe
pore plugging and irreversible permeability damage [174].
The transportation and retention behaviors of nanocompos-
ites are driven by electrostatic, van der Waals forces, and
non-DLVO forces (born repulsion, capillary, steric repul-
sive, entropic, hydration/hydrophobic, hydrodynamic forces)
forces between nanocomposites, formation fluids, and the
rock [174]. Permeability reduction was determined by mea-
suring the pressure drop during the core flood experiments
which were used to calculate the resistance factor (RF) and
a residual resistance factor (RRF). The higher values of RF

and RRF factors for nanocomposite solutions resort to; (1)
high gel effect in aqueous solution, so increase mobility
retardation, resulting in higher pressure difference during
flooding and increase resistance factors, (2) formation of
hydrophobicmicrodomain and enhancement of the sweeping
efficiency through a proper inorganic–organic synergistic or
nanosize effect. In the case of a physical mixture of polymer
or biopolymer/ nanoparticles, the capture of nanoparticles on
rock surface may form the stagnant boundary layer, giving
rise to a 3D-network structure inside the porous space of rock
which greatly increases the permeation resistance force. The
larger the resistance factor was, the larger the permeation
resistance of polymer solution in the porous medium was.
Nanocomposite solutions exhibit high values of RF and RRF,
so they exert improved sweep efficiency and penetrate or
spread to the more rock porous region, which would greatly
improve the oil recovery inside the rock pores. However,
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extreme increase in RF and RRF values may lead to injec-
tivity disorders specially in the low-permeable zones, which
lead to porous media blocking and failure of the flooding
process [10].

4 Assessment of the Rheological Properties

The addition of nanoparticle fillers enhances the rheological
properties of polymeric nanocomposites, changes the rock
wettability, reduces surface, and interfacial tension at O/W
contact leading to a high recovery factor [1]. Khalilinezhad
et al. [20] examined the rheological properties of hydrophilic
silica nanoparticles blended with the polymer solution for
improving the oil recovery throughout polymer flooding.
They concluded that silica nanoparticles enhance the vis-
coelastic properties of the blend, so the oil recovery factor
reaches 60% OOIP. The detailed effect of the rheological
characters on the polymer composites’ performance during
the flooding process is discussed elsewhere [20]. Rheologi-
cal properties can be modeled mathematically as discussed
in the literature [110, 117, 143, 150, 181]. Assessment of
rheological properties for polymer composite in EOR oper-
ation conducted relative to shearing action, salinity effect,
and thermal effect. The following section highlights these
parameters through polymeric composite flooding in EOR
operation.

4.1 Shearing Action

Polymeric composites are subjected to high shearing action
during the flooding operations and flow through rock pore
throats [182]. The shearing force affects adversely the com-
posite compactness leading to chain destruction and loss of
viscosity [183]. Injectant fluids are subjected to a shearing
rate of 7.34 s−1 in the underground reservoirs [172, 184].
Resistance to shear stress is estimated at various shear rates as
exhibited in Fig. 9. The composite beads dried then dispersed
in deionized water at different concentrations and subjected
to different shear rates [78]. For a favorable chemical flood-
ing agent, it must obey non-Newtonian fluid performance
(shear-thinning effect) to reduce the pumping action, electri-
cal operating cost, and maintain viscosity after the shearing
end [161, 172, 185, 186]. Polymeric composites exhibit
pseudoplastic behavior owing to the decline of molecular
entanglement at the incremental shearing rate [187]. Shear
stress is related to the shear rate through the Hershel-Bulkley
model [188–191] as shown in Eq. 3.

τ � τ0 + Kγ n (4)

Non-Newtonian fluids exhibit a lower n value less than
unity (n≤1)[172, 185], due to the decreasing of viscosity by
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Fig. 9 Shearing rate and shearing stress relevant to composite viscosity
[161]

the shearing increase. The presence of inorganic fillers (SiO2,
GO, carbon nanotubes) through composite matrix mitigates
the viscosity loss by shearing action due to; (1) the develop-
ment of intra/intermolecular associations and 3D-network,
which strengthen the composite stiffness during the shear-
ing force [163, 172]. (2) Dispersion of inorganic fillers into
the composite matrix enhances shear resistance criteria. The
Allometric1 power-law model fits the viscosity-shear rate
profile as indicated in Eq. 4.

μ � Kγ −n (5)

yield stress occurrence confirms the development of
crosslinked 3D-structure between the dispersed inorganic
fillers and composite matrix [191, 192].

4.2 Salinity Effect

The higher reservoir salinity adversely affects the gelling
effect of the polymer [193, 194]. The effect of formation
water salinity on the polymeric nanocomposite viscosity
was assessed at simulated reservoir ionic strength at vari-
ous shear rates. The concentration of mineral composition
in most petroleum reservoirs ranges from (4–12 *104 ppm)
depending on the producing layer depth and location. In the
flooding process, polymers suffer from chain degradation at
high salinity and hardness encountered by reservoir forma-
tion brines, where the carbon chain tends to conform and
coagulate from the solution [19]. On the other hand, poly-
meric nanocomposites can withstand the degradative effect
of the reservoir ions due to the formation of intermolecular
linkagebetween inorganicfillers and compositematrixwhich
intensifies the crosslinking of molecular chain and increase
the composite hydrodynamic volumes [195, 196]. Further-
more, at high ionic strength, divalent ions are absorbed by
polymeric composites, so the gelling effect is enhanced, and
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Fig. 10 Salinity-viscosity profile [95]

solutionviscosity increased [197, 198]. The assessment of the
salinity effect relevant to the composite viscosity is expressed
as displayed in Fig. 10. The viscosity gradually declines with
salinity increase until reaching an intangible limit.

Saline solution with different ionic compositions greatly
affects the polymer chain degradation and polymer viscos-
ity. Most polyacrylamides and biopolymers are grafted with
COO− and SO3

− groups to increase their hydrodynamic
volumes and enhance their solution viscosities during the
flooding process. Different ions (Na+,Mg2+, Ca2+, Cl−) have
different effects on the polymer chains and their grafted func-
tional groups. For COO− and SO3

− groups, Mg2+ basically
cannot enter the hydration layer around the groups, while
Na+ and Ca2+ can enter the hydration layer of both groups
and tend to be distributed between two oxygen atoms. More-
over, Mg2+ and Ca2+ ions have the main influence on the
carbon chains through polymer backbone structure leading
to reduction of hydrodynamic volume and viscosity decreas-
ing [150]. COO− and SO3

− groups exhibit higher affinity to
Na+ ions compared to Mg2+ and Ca2+ ions. Mg2+ ions can
interact with the carbon chain groups on the polymer archi-
tecture. It can be concluded thatMg2+ and Ca2+ ions have the
chief effect on the carbon chain groups. On the other hand,
COO− and SO3

− are greatly affected by Cl−, where chlo-
ride ions cannot enter the first hydration shell of polymers.
Finally, we can conclude that the cation is the chief influence
issue to the viscosities of the polymer since it can penetrate
the first hydration shell of the polymers [199].

4.3 Temperature Effect

Longitudinal thermal withstanding for synthetic polymer in
HPHT reservoirs is a crucial factor of profile conformance in
chemically EOR [200]. Synthetic polymer flooding in HPHT
reservoirs suffers from chain degradation and polymer pre-
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Fig. 11 Temperature-viscosity profile [150]

cipitation due to the hydrolysis of the pendant-acrylamide
group into carboxylate ions [19, 201]. The temperature of
most petroleum reservoirs ranges from 50 to 170 °C. The
thermal effect was evaluated through monitoring the viscos-
ity change at different shear rates and simulated reservoir
temperature as displayed in Fig. 11. In the case of polymeric
composites, the higher temperature values enhance the stress
modulus, and gel strength of the composite so can withstand
thermal degradation [163, 172, 193, 202–204].Also, the inor-
ganic fillers as a crosslinking agent mitigate the association
of divalent ions to the polymer chains, so enhance the thick-
ening efficiency at reservoir conditions [205–207].

4.4 Viscoelastic Properties

Viscoelasticity evaluated through measurement of elastic or
shearingmodulus (G′) and viscous or dynamicmodulus (G′′)
in the range of 1–100 rad s−1 of the angular frequency (ω) at
a constant strain of 5% within the linear viscoelastic regime
[208] through the application of a sinusoid oscillating shear
strain [161, 191, 209–212] as shown in Fig. 12. Dynamic
properties represent the material response to an external
force field [213]. G′ modulus represents the reversible stored
deformation energy (material elastic properties), while G′′
modulus measures the irreversible dissipated energy during
one cycle (viscous properties of the material) [161] [214].
For chemical flooding agents, to perform gel-like behavior,
the G′ modulus must predominate the G′′ modulus [210].
The polymeric composites exhibit superior viscoelastic cri-
teria owing to the incorporation of inorganic fillers which
strengthen the molecular chains, give rise to the crosslinked
network structure, and delay the composite agglomeration
[201, 209], so improve viscoelastic characteristics [210].

123



Arabian Journal for Science and Engineering (2022) 47:10887–10915 10905

1 10 100
1

10

100

M
od

ul
us

, P
a

Angular frequency, rad S-1

 G' Modulus
 G'' Modulus

Fig. 12 G′ and G′′ moduli versus angular frequency (ω) [161]

The shear stress G′, G′′, G*moduli, and tan δ as a function
of the applied torque represented mathematically as formu-
lated in Eqs. 5–9, respectively [215, 216];

τ � τ0 sin(ωt + δ) (6)

G ′ � G ∗ cos δ (7)

G ′′ � G ∗ sin δ (8)

tan δ � G ′′/
G ′ (9)

G∗ � G ′ + iG ′′ (10)

The loss factor (tan δ) related to G′ and G′′ moduli and
measure the ratio of the stored to dissipated energy [215].
For polymeric composites, tan δ represents the gel viscoelas-
ticity [191, 217]. For a flooding agent, tan δ should be less
than unity to assure the predominance of elastic nature over
viscous nature [217].

5 Simulation and Theoretical Studies

5.1 Molecular Dynamic (MD) Simulation

MD simulation was performed to scrutinize the opti-
mized interaction and mixing energies between polymeric
composites and themodeled oil [116, 218, 219].MDexplores

the molecular interactions involved in the wettability alter-
ation through adsorption on reservoir rocks. Furthermore, it
can be conducted to screen themechanical properties and ten-
sile of the polymer composites in the flooding process [181].
Software used for MD simulation includes Schrodinger, Ds
Discovery studio, and DS-Biovia Materials studio which
is considered the most common one [220]. The compos-
ites build up depending on their constituting monomers
and polymerization degree, then subjected to geometry opti-
mization, random rotation, and translation under the applied
forcefield. After that the amorphous packed cell was con-
structed, then the MD and Monte Carlo calculations were
conducted through Blends and Forcite modules [221], to
estimate some physical parameters including the solubility
parameter, cohesive energy density (CED), mixing energy
(Emix ), and Flory–Huggins chi parameter (χ bs) [222]. These
parameters screen the binary mixtures compliance, and the
system thermodynamics [181, 223–227].

Xbs � Emix

RT
(11)

Emix
bs � 1

/
2[Zbs〈Ebs(T )〉 + Zsb〈Esb(T )〉 − Zbb〈Ebb(T )〉 − Zss〈Ess(T )〉] (12)

Although the usage of MD andMC simulation in the field
of EOR suffers from rare publications, few reports stated
this issue. In this regard, De Lara et al., 2015 [8] inves-
tigated the ability of cyclodextrin composite to alter the
wettability of a quartz surface through molecular dynam-
ics simulations. El-hoshoudy group [181] conducted an MD
simulation to explore the interaction energy of the DES/oil
system. They reported that DES exhibit high cohesive energy
with the oil system, so can solubilize the oil and improve
displacement efficiency during the flooding process. In other
work, they reported wettability alteration through adsorp-
tion of guar gum and palmitate guar gum on SiO2-quartz
crystal through Monte Carlo simulation [152]. The simula-
tion output reveals that palmitate guar gum exhibit higher
adsorption and electrostatic interaction than guar gum on the
surface of SiO2-quartz crystal, leading to stable filmcoverage
and more wettability alteration, so enhance the oil recovery
factor. In the same field, they conducted MD simulation to
explore the mechanical criteria of silica/polyacrylate com-
posite including bulk modulus, Poisson’s ratio, Young’s, and
shear moduli [143]. The inoculation of the silane-coupling
agent enhances bonding and torsion energies as well as the
mechanical and rheological performance of the composite
[228]. Consequently, this composite will perform well in the
underground severe reservoir conditions.
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Molecular simulation technology implies computing
methods to simulate the molecular and atomic models’
behavior through calculating the physical properties which
cannot be estimated experimentally. Molecular simulation
acquires incremental attention in the study of fluid equi-
librium, reservoir characteristics, rock heterogeneity, and
rock properties through analyzing the motion of the atoms
and coordinates in terms of statistical parameters, dynam-
ics, and thermodynamics equilibrium [229]. Furthermore,
molecular simulation investigates the sweeping mechanism,
most favorable oil-displacing agents, and oil displacement
at the microscopic scale [229]. Future advances of molecu-
lar dynamic simulation are critical for the characterization
of oil and gas reservoirs through screening of the production
mechanisms and flow-related phenomena. The prospects of
molecular dynamic (MD) simulation in the field of the oil
and gas industry can be directed in the following trends.

1. Conducting computational and MD simulations to pre-
dict the physical properties and interaction energies
through oil/water/rock, then employing these proper-
ties in the optimization of polymeric nanocomposites
flooding.

2. In the field of EOR engineering, molecular simulation
investigates the interaction mechanism between surfac-
tants and crude oil, the design of oil displacement agent
molecules, and the analysis of oil and gas structure
[229].

2. Directing MD simulation to study the mechanistic of
polymer flooding process including collision and fric-
tion forces, viscoelastic and dynamic criteria, which
in turn help in screening microscopic oil displacement
mechanism of polymer flooding.

3. Screening performance analysis and conformation pro-
file of polymer flooding.

4. Investigation of nano-scale dynamics in the process of
surfactant flooding.

5. Understanding the interfacial phenomena duringN2 and
CO2 flooding.

6. Investigating molecular and solubility behavior of
asphaltenic crude oil during waterflooding processes.

7. Solving the foam, viscosity, and density issues during
gas injection processes.

8. Evaluating the synergistic effects during poly-
mer/surfactant combined flooding.

9. Applying MD simulation in new displacement tech-
nologies including nanoparticles flooding, CO2 WAG
flooding, low salinity water flooding, and microemul-
sion flooding.

10. Molecular simulation to design generally acceptable
models and procedures to represent complex reservoir
fluids and heterogeneous porous media, develop fluid

and rock property prediction toolboxes, study cemented
formations and production paths in reservoir rocks.

11. Study of fracturing fluids and the mechanism of profile
control and water plugging agent.

5.2 Numerical Simulation and Field-Scale Modeling

Although the flooding runs performed on a wide scale in
the laboratory through the sand pack and core models, the
numerical studies have been validated and confirmed in
the oil recovery process as summarized elsewhere [9]. The
process of petroleum engineering gives a crucial interest
to the numerical, and statistical modeling of the flooding
agents especially polymeric nanocomposites to determine
the optimum injection parameters and optimized scenarios
for reservoir characterization and evaluation before the field
operation [230], owing to the high cost of laboratory tests, and
heterogeneous physical properties of polymer composites
and nanofluids [11]. The modeling of polymer nanocom-
posites through EOR operations including adsorption and
retention of composite, IFT reduction, oil improving relative
to composite concentration, molecular weight and viscosity,
injection rate, fracture and matrix permeability, wettability
alteration, slug size, reservoir simulation, and flow behav-
ior through porous media are reported in the literature [7,
230]. The modeling and simulation study relies on the fol-
lowing aspects, (1) surface charge of the nanocomposites
which control the process of wettability alteration, (2) elec-
trostatic charge on the rock surface (sandstone and carbonate
reservoirs) which adjust the adsorption process during the
flooding strategy, (3) the capillary pressure and relative per-
meability through the porousmedia, and (4) historymatching
with actual historical reservoir data before simulation com-
mencement [7, 231–235]. Several commercial simulators
are reported in the simulation studies conductance to model
reservoir characterization and polymer flooding. These sim-
ulators include Schlumberger Eclipse, Computer modeling
group (CMG), UTCHEM (University of Texas Chemical
Compositional Simulator), and Petrel. Although UTCHEM
conducts lab-scale runs, then validates it to the field-scale
polymer injection [1], but STARS-CMG and GEM-CMG
simulators are the predominant software in EOR thermal
and chemical flooding [27, 236]. STARS is implemented in
petroleum companies as an optimum reservoir simulator for
modeling thermal, compositional, geomechanics, chemical,
and thermal flooding issues [237]. STARS-CMG can model
polymer and composites adsorption through carbonate and
sandstone reservoirs by using the Langmuir isotherm equa-
tion on the field scale as well as on the lab scale (consolidated
packed models and core models) [27, 40]. In the simula-
tion scenario, some laboratory measurements are introduced
as inputs into the simulator including rheological data of
the polymer composite (viscosity, composite concentration,
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Fig. 13 Oil and water saturation, and pressure profiles of polymer composite displacement [157, 230]

and shear rate) as well as, oil density, rate of adsorption on
the pore surface, and other fluid physical properties [238].
Also, some field data are reported as key parameters includ-
ing porosity, relative water/oil permeabilities, relative oil/gas
permeabilities, reservoir pressure, rock compressibility, and
temperature, bubble point pressure, initial oil, and water
saturation, depth of water /oil contact, maximum BHP for
the injector and the producer, oil-producing rate, and com-
posite injection rate [157, 239]. The model is built in 3D
dimensions where several grid blocks and directions are
defined. The oil and water saturation, as well as pressure
profiles, are illustrated as shown in Fig. 13. The tertiary flood-
ing using polymer composite commences in the simulation
model when oil cut approach 1% and the water cut approach
99% after secondary recovery stage through saline flooding
[27].

Khalilinezhad et al. [240] conduct a UTCHEM simulator
to simulate the effect of clay and hydrophilic silica nanopar-
ticles hybrid on the flow performance of the injectant fluid
through the porous media [1, 20]. Furthermore, the simula-
tionmodel was confirmed by laboratory core flooding runs to
ensure proper implementation on the field scale [19]. Druetta
and Picchioni [241] simulate the behavior of nanoparticles-
assisted polymer flooding in the chemical EOR process. The
simulation output concluded that this nanoparticle blend can
recover 40/45% OOIP. El-hoshoudy et al. [157] conducted a
simulation study on a 3D-reservoirmodel using deep eutectic
solvents (DES) through a GEM-CMG simulator. The simu-
lation study continued for two years and concluded that DES
are effective EOR agents. In other work, El-hoshoudy group
employed a UTCHEM simulator for simulating the hydro-
gel capability for water shut-off and oil recovery through
sandstone reservoirs. The simulation continued for 800 days
and concluded that the oil recovery achieves 150*104 bar-
rels/day at polymer dose � 0.6 pore volume [150]. Firozjaii
and Saghafi [40] employ a CMG-STARS simulator to sim-
ulate polymer adsorption on the rock surface [242]. They
reported that polymer adsorption is not related linearly to

salinity and polymer mole fraction. Esfe et al. [11] reported
a simulation study of nanofluids using various slug concen-
trations. The nanofluid behavior through porous media and
flooding efficacywere simulated relevant to the diffusion rate
and capillary pressure [243].

6 Future Recommendation

Polymeric nanocomposites for enhanced oil recovery face
several challenges related to the cost and mechanism of
preparation from commercial and cheap sources since the
flooding process requires a high slug amount. This section
summarizes the future aspirations in which R&D research
should be directed toward it in the nearest future.

1. Development of polymer composite from cheap natural
sources, and commercial inorganic fillers.

2. Photoimaging of the reservoir through the development
of ferrofluids and electromagnetic sensors and nano
Roberts for collecting the underground reservoir data.

3. Scaling-up of the field trials to adjust and validate the
real injection and flooding scenarios, besides overcom-
ing the polymeric nanocomposite shortage through the
underground harsh reservoir conditions.

4. Development of more optimized numerical models and
simulators especially for heterogeneous reservoirs.

5. Conducting computational and MD simulations to pre-
dict the physical properties and interaction energies
through oil/water/rock, then employing these properties
in the optimization of polymeric nanocomposites flood-
ing.

7 Conclusion

Chemical enhanced oil recovery through nanocomposite
flooding as well as nanofluids, biopolymers, and synthetic
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polymers acquire incremental imprints on the industrial
and environmental scale. Polymeric composite synthesized
through grafting of polymericmatrices on the surface of inor-
ganic particles using different polymerization techniques.
The polymer matrix may be synthetic polymers, biopoly-
mers, and hydrogels. The main purpose of using these
materials is to increase incremental oil recovery after con-
ventional treatment methods through altering wettability,
reducing IFT at W/O interface, and improvement of sweep-
ing efficiency. The present article reviews and highlighted
each of these materials with their advantage and disad-
vantages through the flooding process. The author tries
to illustrate the popular experimental techniques including
flooding and displacement mechanism as well as the simu-
lation techniques used in this field of research. Furthermore,
the rheological properties comprising shearing action, salin-
ity and thermal effect, and viscoelastic properties, as well as
physical parameters affecting the solution stability including
zeta potential, hydrophilicity/hydrophobicity of nanoparti-
cles, chain length, molecular weight, and functional groups,
droplet size measurement and DLS studies were reported.
Finally, the optimum numerical models and simulators As
well as computational and MD simulations used for predict-
ing the physical properties and interaction energies through
heterogeneous reservoirs were reportedwith the emphasis on
the future prospects in this field.
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