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Abstract: One highly undesirable characteristic of mature assets that inhibits oil recovery is high
water production. Polymer gel treatment is a popular conformance improvement technique applied
in this regard due to its cost effectiveness and proved efficiency. Despite this popularity, optimum
performance of polymer hydrogels in water shut off is inhibited by excessive aggregation, difficulty
in controlling gelation, and their instability at high temperature and high salinity reservoir conditions.
To address these shortcomings, research on the application of nanoparticles (NPs) in polymer
hydrogels to manage thermal stability and salinity sensitivity has significantly increased in the recent
past. By incorporating metal-based NPs, silica or graphene at nanoscale; the gel strength, storage
modulus, salinity tolerance and thermal stability of commonly used polymers have been greatly
enhanced. In this paper, the advances in experimental studies on polymer-based nanocomposites are
discussed and field experiences from adoption of polymer composites reviewed.

Keywords: gel strength; polymer-based nanocomposites; salinity tolerance; thermal stability; water
shut-off

1. Introduction

Primary and secondary production accounts for recovery of up to 30% of oil initially
in place. To recover the residual oil, tertiary methods are used. When effectively applied,
enhanced recovery methods can produce an additional 30–60% of the oil in the reservoir [1].
Enhanced oil recovery (EOR) processes are broadly classified into thermal or non-thermal
methods. Thermal methods apply heat through hot water, steam, or in-situ combustion
to reduce oil viscosity for easier mobility [2]. Though they are useful in production of
heavy oils their applicability is limited by depth, petrophysical properties of the reservoir
and the additional energy costs incurred. Non-thermal methods, on the other hand,
improve the sweep efficiency through either miscible or immiscible displacement by gas
or chemical injection [3]. Management of water production from mature fields is required
in order to accelerate oil recovery. Water cuts have detrimental technical, economic, and
environmental effects as they reduce oil production rate, accelerate scaling and corrosion,
and result in increased cost of handling and disposal of the produced water [4,5]. Several
methods including squeeze cementing and chemical injection using polymers, resins,
and surfactants have been applied to manage such conformance issues and prolong the
life of the field [6]. Of these chemicals, polymers are the most commonly used and are
applied either through polymer flooding or gel treatment [7]. The two differ in their
mechanism of enhancing recovery whereby polymer flooding maximizes penetration into
low permeability zones that are saturated with oil while gel treatment maximizes entry into
well swept high permeability streaks to shut off water [8]. Han et al. [9] classifies the gel
treatments into three, based on the conformance problem addressed—i.e., water shut off,
profile modification, and in-depth flow diversion. Water shut off treatments are the focus
of this review. They are applicable either selectively or non-selectively [10], to manage
reservoir heterogeneity by targeting thief zones. Profile modification and in-depth flow
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diversion techniques including colloidal dispersion gels (CDGs) [11], preformed particle
gels (PPGs) [12], small microgels [13], and temperature activated polymers (TAPS) [14]
have been discussed in other literature.

1.1. Gel Treatments for Water Shut Off

Gel treatment using bulk gels is a popular conformance improvement technique
used due to its cost effectiveness [15] and proved recovery efficiency [16]. Polymers are
easy to inject and have deeper penetration in the reservoir [17] to enhance both vertical
and areal sweeping of oil. They increase the viscosity of the water injected and enhance
recovery through various mechanisms including reduction of interfacial tension, altering
rock wettability, controlling permeability of various zones of the reservoir and reduction
of oil viscosity to increase its mobility [18]. Gel treatment involves injection of a polymer
solution containing a gelling agent in a target zone to seal it off [19]. The solution typically
consists of polymers, crosslinkers, and water at approximately 1.8%, 0.2%, and 98% weight
proportions respectively [20]. It is designed such that after a specific time period and at
given thermal conditions, a 3D polymer matrix forms by crosslinking of the gelling agents
and the polymer macromolecular chains [21].

Base polymers used in the field are either synthetic or biopolymers [16]. Synthetic
polymers are mostly derivatives of acrylamides including polyacrylamide (PAM), par-
tially hydrolysed PAM (HPAM), polyvinyl alcohol (PVA), and polyacrylamide/tert-butyl
acrylate (PAtBA) (Figure 1). They are common in field applications because they are rel-
atively economical and readily soluble in water, making them convenient to inject [22].
Biopolymers such as xanthan gum and cellulose, on the other hand, are products of fer-
mentation [23]. Although they are environmentally friendly and they formulate high
viscosity solutions, biopolymers are quite uncommon in field applications because of the
cost implication.
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The crosslinkers in a polymer solution can either be metallic or organic. Metallic
crosslinkers are cations including ions of chromium, zirconium, and aluminium that
react by ionic bonding while organic crosslinkers react through covalent bonding [26].
Organic crosslinkers such as polyethyleneimine (PEI), phenol, and hexamethylenetetramine
(HMTA) form more stable and stronger gels compared to metallic ones. The injected
polymer solution transforms into a gel matrix downhole through physical or chemical
mechanisms that are dictated by subsurface trigger stimuli such as temperature, formation
water salinity or pH [27,28]. The mechanisms are discussed under the polymer sensitivity
subsection of this paper. Despite their popularity, optimum performance of polymer gels is
inhibited by excessive aggregation that can cause blocking of pores [29]; adsorption of the
polymer on the reservoir pore surface [30]; gelation timing [31]; and their instability at high
temperature, high pressure and high salinity reservoir conditions [32]. These challenges
are briefly discussed below.

1.1.1. Challenge 1—Aggregation

It is expected that the viscosity of a polymer solution will increase with increase in
polymer concentration because of presence of more polymer chains that self-associate
to form larger aggregates. While higher viscosity is required to reduce water mobility
and curb issues like fingering; very high polymer concentrations can lead to formation of
aggregates that may block the pores and effectively reduce the permeability. The Critical
Association Concentration (CAC) of the polymer plays a significant role in the rheology of
the polymer hybrid as it is the concentration at which the polymer starts interacting with
other substances such as surfactants and nanoparticles [33]. In Haruna et al.’s study [34],
at 0.06 wt.% concentration of HPAM the gradient of the viscosity plot drastically changed
with a sharp increase in viscosity observed when the polymer concentration exceeded
this threshold value. At concentrations above CAC, there is increased molecular count
of polymer in the solution which results in a more pronounced frictional interaction
between the polymer chains which can cause instability. Therefore, in nanocomposite
analysis, a polymer concentration below CAC is used to avoid the unfavourable polymer
intermolecular associations.

1.1.2. Challenge 2—Polymer Sensitivity

Polymers respond to downhole stimuli by various physical or chemical mechanisms
to form the crosslinked matrix that seals off water producing zones [27]. The four phys-
ical mechanisms are: swelling and shrinking; surface charge conversion; assembly and
dissociation; and solution to gel transitions. They are temporary and reversible as op-
posed to chemical mechanisms (like crosslinking and uncapping) that involve permanent
bonds. Polymers are overly sensitive to high temperature, high pressure, and high salinity
conditions in the reservoir that cause them to degrade and reduce efficiency.

With respect to thermal conditions, the lower critical solution temperature (LCST)
and upper critical solution (UCST) temperature of a polymer are critical as they mark the
point of transition in phases (i.e., solution to gel) of the polymer [28]. At temperatures
between these two, the polymer is readily miscible in the surrounding media at varied
compositions [17] while at very high temperatures, the polymer degrades and its chains
become mobile [35]. Thermal stability of a polymer nanocomposite is often determined
through differential scanning calorimetry (DSC) which measures the quantity of energy
required to break the polymer network making the chains mobile and easy to rotate [36].
The temperature at which this degradation happens is called the degradation temperature
or glass transition temperature, Tg. At temperatures above Tg, the polymer becomes
flexible or rubbery. Application of crosslinkers in the hydrogel results in a stronger gel
network with increased transition temperature. This reinforced composite matrix ensures
appropriate plugging of water producing zones at elevated temperatures downhole.

PAM has been reported to flocculate at high salinity and degrade at high tempera-
tures because the acrylamide functional group transforms to carboxylic or acrylate com-
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pounds [37]. The presence of divalent ions such as Ca2+ in the formation water further
speeds up PAM precipitation [38]. Hydrolysing PAM helps to reduce its sensitivity to
salinity. It, however, still remains thermally and mechanically unstable as the amide
groups of HPAM are prone to hydrolysis into carboxylic acid at high temperatures and
precipitation in presence of divalent cations. Moreover, at high pump pressures, polymer
chains undergo shearing that reduces the apparent viscosity [23]. Zhu et al. [39] reported
that by copolymerizing acrylamide with N-(4-bezoyloxy)-acrylamide and dimethylamino
ethyl methacrylate (DMAEMA) to form hydrophobically associating partially hydrolysed
polyacrylamide (HAHPAM), the shearing tendency of HPAM could be controlled. This was
the case because N-(4-bezoyloxy)-acrylamide formed the stable parent chain of HAHPAM
copolymer in place of the unstable acrylamide group that was the backbone of HPAM.
Organic crosslinkers, such as polyethyleneimine (PEI), have also been applied to manage
thermal stability [40].

Poly(vinylidene fluoride) (PVDF)-based hydrogels have also demonstrated improved
thermal stability and chemical resistance. Recent developments in this technology have
unveiled the potential of these hydrogels in controlling water flow by fabricating a porous
membrane structure in the polymer composite. Yuan et al. [41] synthesized a cross-linked
composite hydrogel using pentaerythritol tetrakis (3-mercaptopropionate) (PETMP) and
PVDF. This composite was reported to have a better water trapping ability because of
increased surface roughness as observed in the SEM images. Zhao et al. [42] recorded a
one-step strategy to fabricate pores on PVDF-based polymer composites through super-
spreading, phase inversion, and membrane formation. This process yielded an asymmetric
membrane structure in which one side possessed hydrophilic micropores while the other
side had hydrophilic nanopores. This asymmetry was proved to be beneficial in controlling
the osmotic pressure and hence water flow characteristics through the PVDF compos-
ite. Later, Abolhasani et al. [43] proposed a new technique of inducing nanopores in
PVDF-based hydrogels called liquid-phase demixing that utilizes the thermodynamic prop-
erties of hydrogel solutions. Their study fabricated poly (vinylidene fluoride-co-trifluoro
ethylene)—PAN composite that was effective in preventing water ingress because of the
strong repulsion with water.

1.1.3. Challenge 3—Proper Polymer Placement

For effective performance, the polymer gel must be placed properly at target zones.
During injection, it is desired that the polymer should retain its rheological properties and
only crosslink into a gel after it reaches the intended zone. If the polymer gels prematurely,
which is likely at high downhole temperatures, it will be inappropriately placed increasing
cost of pumping through the wellbore tubulars [31]. Various parameters such as gelation
time are used to characterize the gelation kinetics of hydrogels. Gelation time is the period
taken by the polymer solution to transform to gel at a specific temperature [44]. The
energy stored in the gel is called storage modulus (G’) which indicates the elasticity of
the semi-solid gel. Loss modulus (G”), on the other hand, is a measure of the amount of
energy given out as heat [36]. The ratio of the storage modulus to the loss modulus (G’/G”)
then characterizes the gel strength of a polymer gel. The behaviour and performance of
the formulated polymer gel is described by the resistance factor (RF) given by the ratio
of water mobility to the mobility of the polymer as given by Equation (1) [45,46]. After
gel treatment, the fluid mobilities are characterized by the residual resistance factor (RRF)
given by Equations (2) and (3).

λ =

(
k f luid1

µ f luid1

)
(1)

RF =

(
λwater

λpolymer

)
(2)



Fuels 2021, 2 308

RRFwater/oil =
λ(water/oil )be f ore

λ((water/oil)a f ter
(3)

Considerably significant control of gelation time has been established by crosslinking
the polymer chains with a nanofiller which reduces its sensitivity to electrolytes and
temperature [40]. Organic crosslinkers such as PEI and phenol have been applied as
retarders to delay gelation for effective placement especially in deep reservoirs [47]. In
one study [25], the advantageous gelation kinetics and success reports from field cases
of PEI crosslinked polymer systems are discussed extensively. The study revealed the
need for incorporation of additives to the polymer systems to prevent PEI from attacking
the base polymers. Nanoparticles were recommended over inert solids and retarders for
this purpose.

In a different study by El Karsani et al. [40], applying PEI as a crosslinker for PAM gel
showed a longer gelation delay but lower gel strength in presence of NH4Cl compared to
NaCl electrolytes. It is believed that the NH4

+ ions have a greater shielding effect than Na+

thus reducing the crosslinking between PEI and PAM. It is important therefore, that whilst
seeking better control of gelation, the compositions of the composite and formation water be
considered so as not to affect quality of shut off achieved. Other factors governing gelation
and stability of organically cross-linked polymer gels including reactant concentrations
and pH have been reviewed elsewhere [48].

Interest has grown, in the recent past, on the application of nanoparticles (NPs) in
polymer hydrogels for high temperature and high salinity applications. Because of their
small particle size, NPs have a higher concentration of atoms on their surface causing them
to exhibit unique physical and chemical properties compared to the material’s properties
in bulk form [18]. Researchers have found these properties useful for a wide range of
applications. In the oil and gas industry, nanoparticles have been applied in drilling fluids,
cementation, stimulation operations and enhanced oil recovery [49]. Their application in
nano-sensors, nano-membranes, nano-catalysts, and nanofluids in the petroleum industry
has been presented comprehensively in literature [50]. In the following section, we review
experimental studies that have been carried out using nanoparticles for the purpose of
enhancing the properties hydrogels. The mechanisms behind the improvements recorded
are discussed from a chemistry perspective. Thereafter, field experiences from application
of polymer composites are presented. The three classes of nanoparticles used for the
purpose of water shut off for EOR discussed below are: metal and metal oxide-based
nanoparticles, inorganic nanoparticles (silica), and organic nanoparticles (graphene and
carbon nanotubes) [18].

2. Experimental Studies on Polymer Nanocomposites
2.1. Metal and Metal Oxide-Based Nanoparticles

The use of metal-based nanoparticles for EOR has been extensively studied but their
incorporation in polymer gels is still relatively unexplored. Several studies have reported
enhanced oil recovery by using oxides of aluminium, titanium, zinc, and magnesium at
nanoscale [51,52]. They are particularly effective for production of heavy oil by reducing
its viscosity, reducing interfacial tension (IFT) and changing the reservoir wettability to
water wet due to their hydrophilic nature [53]. Even though their adsorption tendency is a
mechanism for enhancing oil recovery, most of the nanofluid injected could be wasted if
adsorbed onto untargeted zones of the formation. By incorporating these nanoparticles in
polymer gels, such a challenge can be addressed. Metal-based NPs act as a crosslinker for
polymer gels to create stable matrices [54]. Xu et al. [55] used TiO2 NPs in co-polymerized
acrylic acid (PAA) & N,N-dimethylacrylamide (DMAA) hydrogel to improve the tensile
and compressive strength of the polymer. They recorded significant improvement which
was attributed to the ester and hydrogen bonds between TiO2 NPs and the free carboxyl
groups of PAA chains. This improved toughness was believed to activate a shape memory
effect where the polymer nanocomposite recalled and regained their previous shapes when
responding to various stimuli. It is desired that an appropriate balance between strength (as



Fuels 2021, 2 309

characterized by elastic moduli such as Young’s Modulus) and toughness of the resulting
nanocomposite gel be maintained [56]. This will ensure that the gel formed downhole will
appropriately absorb impact energy without fracturing, hence guaranteeing the integrity
of water shut off attained, particularly for long term.

Similar improvements were reported by Huerta-Angeles et al. [57] who applied
titanium dioxide (TiO2) NPs in Poly(N-isopropylacrylamide) (PNIPAM) hydrogel through
freezing polymerization to control salinity and temperature sensitivity of the polymer. TiO2
NPs were observed to mechanically strengthen the polymer and increase the swelling by
stabilizing the composite’s pore structure. In another study [22], the effect of TiO2 NPs
on HPAM for the production of heavy oil (1320 cP) is presented. Through core flooding
experiments in sandstone formation, it was shown that TiO2 NPs improves the viscosity of
HPAM gel thus enhancing sweeping of the oil. A 4% increase in oil recovery was recorded
at a threshold NP concentration of 2.3 wt%.

Zirconium hydroxide (Zr(OH)4) is also a good candidate for crosslinking polymer
nanocomposites because it has several hydroxyl groups useful for hydrogen bond-
ing [58]. Jiang et al. [59] used (Zr(OH)4) NPs to crosslink copolymerized acrylamide
(PAM) and 2-acrylamido-2-methyl propane sulfonic acid (AMPS) in the presence of
N,N,N′,N′-Tetramethylethylenediamine (TEMED). They observed a strong hydrogen-
bonding network between the amide group of PAM and sulfonic acid group of AMPS
which exhibited a high mechanical strength and increased self-healing efficiency. In a
later study [36], (Zr(OH)4) NPs were used to enhance thermal and viscoelastic properties
of PAM organically crosslinked with hydroquinone (HQ) and HMTA. Incorporation of
0.2–0.8 wt% of the (Zr (OH)4) NPs was seen to increase thermal stability by 3 to 5 ◦C.
The hydroxyl groups of the organic crosslinkers are believed to have improved PAM-(Zr
(OH)4) interactions by attaching to amide (-CONH2) group of PAM by covalent bonds
(via -CH2OH) and hydrogen bonds (via -OH). These interactions resulted in a strongly
linked polymer gel with limited chain mobility that required higher endothermic energy
to break hence the improved stability observed. Moreover, being hydrophilic in nature,
PAM-(Zr (OH)4) nanocomposite formed hydrogen bonds with water (making it bound
water) improving the gel’s water retention capacity.

Consistent with Jiang et al.’s study, the hydrogen bonds formed between the polymer
nanocomposite and bound water were reversible allowing a self-healing phenomenon
for (Zr (OH)4)-polymer nanocomposites. This behaviour improved the elasticity of the
polymer nanocomposite.The idea of self-healing hydrogels has gained importance recently
as a solution for extending the life of hydrogels and reducing cost. Self-healing gels
automatically repair themselves through spontaneous response to various stimuli including
light, heat, force, pH, or salinity [60,61].

Almohsin et al. [62] investigated this self-healing property of PAM-Zr(OH)4 nanocom-
posite prepared in presence of ammonium persulfate (APS) and tetramethylethylenedi-
amine (TEMED). They observed improved storage modulus (from 2000 to 2060 Pa) and
loss modulus (from 627 to 644 Pa) compared to neat PAM hydrogel. Keishnan et al. [63]
also reported enhanced thermal and rheological properties of PAM crosslinked with N,N′

methylenebis acrylamide (MBA) in presence of Zr (OH)4 and (Zr (OH)4)G nanoparticles.
The organic crosslinker was observed to decrease the PAM chain mobility thus decelerating
its degradation. At 0.15 wt % concentration of MBA the glass transition temperature
recorded was 175 ◦C which increased to 181 ◦C at 0.3 wt % MBA concentration. Even
higher degradation temperatures were recorded for the nanocomposite hydrogels proving
that the NPs form weak crosslinking bonds with PAM reducing its degradation enthalpy.
In addition, the nanocomposites were observed to have higher elasticity than neat PAM
hydrogel. PAM/MBA/(Zr (OH)4)G exhibited the highest storage modulus of 1920 Pa
compared with PAM/MBA/(Zr (OH)4) and PAM/MBA that recorded 1900 Pa and 1000 Pa
respectively. The study demonstrated that zirconium nanocomposite hydrogels exhibit a
higher degree of energy dissipation while the hydrogels stored most of the shear energy
applied to them.
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Iron oxide being magnetic offers better control for placement of polymer hydrogels
through the application of an external magnetic field. Besides, by utilizing this magnetic
property the efficiency of removal of polymers from the produced water can be tremen-
dously increased to meet environmental discharge regulations. In Ko et al.’s study [64]
functionalized magnetic particles were applied to recover HPAM from return water. An ef-
ficiency of 90% was recorded, which was attributed to the electrostatic interaction between
the NPs and the polymer.

Aluminium NPs were applied by Suleimanov et al. [65] in a biopolymer-based gel
formed by crosslinking carboxymethylcellulose (CMC) with a metal salt. The nanogel was
tested by core flooding under Shallow Water Guneshli (SWG) oilfield conditions (62 ◦C,
16 MPa, sandstone-claystone formation with 195 mD permeability). The comparative
performance of the polymer gel against the nanogel was characterized by the residual resis-
tance factor. A 22% increase in (RRF) of the nanogel was recorded and 4.5% improvement
in oil recovery reported for the lower permeability zone. It is believed that the application
of the NPs in the gel formulation enabled in-depth fluid diversion hence the increased
production from the tight zones.

2.2. Inorganic Nanoparticles—Silica

Silica is a low-cost NP that is readily available and can be synthesized easily at
large scale. It is highly hydrophilic due to the presence of silyl alcohol (SiH3OH) groups
that are polar [32]. When used in polymer gels, it causes alteration of the wettability of
the rock to enhance oil recovery. An early experimental study with silica was reported
by Whitby et al. [66] who observed increased viscosity and a stable structure when sil-
ica nanoparticles were used in polyacrylic acid and polyethylene polymer gels. Later,
Maghzi et al. [32] reported improved salinity tolerance of PAM specifically in presence
of divalent cations when silica NPs were applied. By monitoring the sweep patterns of
various compositions of polymer nanocomposites in a micromodel and the fluid viscosity,
they observed that as salinity increased, the viscosity decreased to a given minimum as
did the oil recovery. The ion-dipole interaction (illustrated in Figure 2) between the salt
cations and the PAM functional groups i.e., amino group (N-H) & oxygen (C=O) resulted
in weakening of the bonds. This degradation effect was more pronounced in the pres-
ence of divalent cations (Ca2+ and Mg2+) due to their higher charge densities. Beyond
the minimum viscosity point, a reverse phenomenon was observed where an increase in
salinity resulted in a slight increase in viscosity. In overall, a 10% increase in recovery was
observed with the nanocomposite. The addition of silica enhanced the viscosity of the
polymer by forming covalent bonds with the oxygen atoms in PAM. Moreover, due to
its hydrophilic nature, silica is easy to wet and it readily prevents the attack on oxygen
atoms of PAM by the salt cations. In this way, silica NPs in PAM introduces competition
for the salt cations thus preventing polymer degradation in high salinity conditions. These
results were later affirmed by Maurya et al. [67] who observed increased viscosity and salt
tolerance in silica-PAM hybrids. In another study, Zhu et al. [39] observed that hydrophobi-
cally associating partially hydrolysed polyacrylamide (HAHPAM)-silica hybrid resulted in
improved shear stability at high temperature (85 ◦C) and high salinity (32,868 mg/L TDS
in presence of Ca2+ and Mg2+). This performance was attributed to the hydrogen bonds
formed between the amide functional group of HAHPAM and silanol of silica. With silica
NPs present, HAHPAM undergoes microstructural strengthening by interactions between
the amide group of HAHPAM and silanol of silica that increase the storage modulus of
HAHPAM-silica hybrid. A higher elastic modulus means higher oil mobility and hence
higher oil recovery factor at high temperature and high salinity conditions. The impact
was more pronounced at higher silica concentration because then, the mobility of polymer
chains was limited.
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The enhancing effect of silica NPs can also be explained through adsorption–desorption
mechanism [23]. The experimental adsorption data, in this study, fitted the solid–liquid
equilibrium (SLE) model [68] yielding a Type III adsorption isotherm. They postulated that
by adsorption of the polymer on the surface of silica, the reactivity of HPAM functional
groups was inhibited thus polymer degradation in oxidizing conditions was prevented.
Adsorption of the polar constituents of HPAM on the functional silanol groups of silica
NPs was favoured at high concentrations of HPAM. As reported by Zhao et al. [69] the
nanoparticles added acted as nucleation sites for growing the polymer network. At higher
temperatures there was increased hydrolysis. In the presence of silica NPs, a stable silica-
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HPAM network was formed through crosslinking that decelerated viscosity reduction with
temperature increase and inhibited polymer aggregation.

It is also desired that a polymer composite retains its properties over a long period
of time under the harsh reservoir conditions for it to be useful in enhancing oil recovery
for long term. Thermal stability with aging is therefore sought when formulating the
polymer gels. In laboratory analysis, the ability of the polymer gel to retain its apparent
viscosity at high temperatures over prolonged time periods is used to deduce the aging
property. In Zhu et al.’s study [39], silica NPs were shown to improve long term thermal
stability of HAHPAM as the HAHPAM-silica hybrid was observed to retain 33.83% of
the design viscosity while pure HAHPAM retained less than 5%. This was attributed to
the ability of silica to prevent hydrolysis of the amide groups in HAHPAM thus inhibit-
ing degradation. Despite silica’s potential in improving thermal and salinity tolerance
of commonly used polymers, its incompatibility with some polymers and requirement
for modifications hinders its wide application in the field. Zheng et al. [70] sought to
improve silica’s performance through in-situ surface modification using silane coupling
agents—i.e., hexamethyldisilane (HM) and hexadecyltrimethoxysilane (HD)—for its ap-
plication in enhancing HPAM for high temperature and high salinity reservoirs. Through
this modification, the hydrophobic groups of silica would act as crosslinkers by physically
interacting with HPAM to reduce its sensitivity. They observed that, through this physical
hydrophobic crosslinking in combination with the hydrogen bonds formed, a stable 3-D
polymeric structure was formed that exhibited higher viscosity even at elevated tempera-
tures (90 ◦C) and simulated saline conditions (TDS: 5727 mg/L). Dai et al. [71] developed a
new technique of applying silica NPs called the core–shell technology that enhances the
stability of the gel. They synthesized silica NP core with polymer shell that proved efficient
in reducing IFT and improving the viscosity of the injected water.

According to Liu et al. [72], silica NPs have a strengthening effect on PAM polymer
crosslinked with HQ and HMTA. These crosslinkers have also been reported to enhance
gelation and thermal performance of PAM in other studies [73]. The presence of silica NPs
was observed to reduce gelation time and increase the gel strength and storage modulus of
the nanocomposite. This behaviour was attributed to doping of the hydrogel in presence of
silica NPs. As the concentration of silica was increased, the NPs aggregated and attached
along the polymer chains to form microscopic 3D network structures with improved
strength and elasticity and reduced the gelation time. In addition, DSC studies revealed
that samples with silica NPS remained stable up to 155 ◦C as contrasted with a maximum
of 137.8 ◦C attained by neat PAM gels demonstrating an improvement in the thermal
stability. Silica NPs are negatively charged and they contain many hydroxyl groups that
bond with water molecules in the solution through hydrogen bonding. The synergy of this
hydrogen bonds and electrostatic attractions between the hydronium ions enhances the
hydrophilicity of the nanocomposite causing it to retain more water and remain stable at
elevated temperatures.

Chen et al. [74] investigated the performance of PAM/PEI hydrogel in the presence
of nano-silica for water shut off. They recorded significant inhibition of syneresis of the
hydrogel and improved gel strength. The strength was drawn from the strong mesh
structure formed by crosslinking of silanol groups of silica with amide groups of PAM
through hydrogen bonding. This reinforcement was responsible for improved stability
from 18 days to 180 days at 130 ◦C. The sand pack flow test revealed a high water shut off
ratio and residual resistance factor for the nanocomposite.

Asadizadeh et al. [75] also reported consistent results when they investigated the
effect of SiO2 on the strength and thermal stability of HPAM crosslinked with chromium
(III) acetate. It was noted that the elastic modulus of the polymer nanocomposite increased
by 8.4% in sea water and by 18% in formation water. This improvement in gel strength was
due to the additional cross-linking joints offered by silica NPs. The nanogel demonstrated
tremendous flexibility even at elevated temperatures (100 ◦C) as it could be elongated
by 1150%. Moreover, the presence of silica nanoparticles significantly enhanced thermal
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stability as indicated by the inflexion temperatures of the samples. The sample with
10,000 ppm HPAM, 0.1 wt.% chromium (III) acetate and 2000 ppm silica recorded 157.9 ◦C
inflexion temperature compared with 140.8 ◦C for the same sample without silica. At
temperatures above the inflexion point, the samples would have lost all the water by
evaporation leading to decomposition of the gel structure. Silica also effectively reduced
the swelling ratio of the nanogel by reducing the hydrophilic groups present in the nanogel,
consequently lowering the osmotic pressure. The study conclusively demonstrated the
potential of silica in improving mechanical strength, thermal stability, and salinity tolerance
of HPAM.

Besides SiO2, interest has also developed in the use of nano-clays which are silica
derivatives made of layered structures [76]. Their structure offers a large surface area useful
in formation of polymer nanocomposites. Cheraghian et al. [77] observed that addition of
nano-clay in PAM hydrogel resulted in 5.8% increase in oil recovery at high temperature
(80 ◦C) and high salinity. Recovery was seen to decrease as the salinity of the electrolyte
was increased up to a maximum test value of 20,000 ppm.

Elsewhere, Saghafi et al. [78] applied nano-clay in pre-formed particle gels (PPGs) formu-
lated using different polymer species (AMPS-Sodium salt, acrylamide, N-vinylpyrrolidone
(NVP), and N, N-dimethylacrylamide (DA)) to control stability at high temperature (145 ◦C)
and high salinity (225,000 mg/L) reservoir conditions. The study established that at 2.5 wt%
of nano-clay, the polymer nanocomposite exhibited highest thermal stability and reduced
swelling ratio. This behaviour was attributed to the intercalated structure formed by the
polymer-clay composite. The polymer is believed to attach to the flat surface of clay which
possesses a negative charge. With a decreased swelling ratio, the crosslinking density in-
creases consequently improving thermal stability. An improvement in thermal stability was
also observed by Pu et al. [79] who studied the performance of PAM/PEI-MMT polymer
nanocomposite at high-temperatures (120 ◦C). The presence of the silicate Montmorillonite
(MMT) nanoparticles was reported to increase the gel strength and thermal stability of
the nanocomposite for longer periods (90 days in this case). The composite was, however,
observed to be sensitive to high salinity that caused delay in gelation time.

Singh et al. [80] synthesized nano fly ash- PAM polymer composite crosslinked with
chromium acetate. The synthesized gel was shown to have increased strength and plugging
ability. It was believed that nano fly ash offered new sites for crosslinking with the polymer
or increased mobility of polymer molecules at elevated temperatures (90 ◦C) to reduce
the gelation time (9–10 h). In addition, the low activation energy of this nanocomposite
enhanced rapid gel formation. This study presented a relatively cheap alternative for
enhancing properties of conventional bulk gels applicable to fractured and highly heteroge-
nous reservoirs requiring intense gel applications. Success reports on the effectiveness
of silica NPs in biopolymers have also been documented. Kennedy et al. [81] applied
silica NPs in xanthan gum crosslinked with locust bean gum and observed an increase
its viscosity.

2.3. Organic Nanoparticles

Graphene is a carbon derivative often applied at nanoscale. It has excellent mechan-
ical, thermal, and electrical properties that makes it applicable in many areas including
solar cells [82], chemical sensors [83], and polymer nanocomposites. It is highly preferred
for polymer nanocomposites because it has a 2D geometry composed of planar sheets
formed by sp2 hybridized carbon atoms that have very high elastic moduli and thermal
conductivity [84]. Enhanced mechanical strength is significant for the polymer composites
to withstand downhole overburden pressures and resist pressure variations due to draw-
down. To attain the amplified properties of graphene, single layers of graphene sheets are
exfoliated from graphene oxide. Given their hydrophilic nature, due to the presence of
oxygenated functional groups, graphene nanosheets can be uniformly dispersed in wa-
ter [21]. They also offer great gelation control due to their amphiphilic tendency—i.e., they
contain hydrophilic edges and hydrophobic sheets that can form super-architectures and
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slow down precipitation [85]. Some reported experimental observations using graphene in
polymer hydrogels are discussed below.

Graphene nanosheets, at low concentration, were observed to increase the tensile
strength of polyvinyl alcohol polymer in one study [69]. At low concentration, there was
uniform dispersion of the graphene nanosheets in the polymer matrix thus enhancing the
composite crystallinity. Increasing graphene concentration beyond 1.8 vol% resulted in no
significant improvement. To explain this observation, three mechanisms that enhanced
the composite crystallinity below the critical concentration were postulated: uniform
dispersion, weak edge–edge links of graphene nanosheets and slight overlapping. It is
believed that beyond the critical concentration value, stronger Van der Waals attraction
caused restacking of the nanosheets, a phenomenon they termed as mechanical percolation.
This concept of a threshold concentration was also observed by Alzari et al. [86]. In their
study, a drastic increase in viscosity and storage modulus G’ were recorded when graphene
nanosheets were added to poly(N-isopropylacrylamide) (PNIPAM) hydrogel. It was noted
that G’ increased with graphene concentration to a maximum value beyond which it falls
even below that of pure PNIPAM. This observation was explained by the change in the
composite’s non-Newtonian behavior from thermoset (below critical concentration) to
thermoplastic (above the critical concentration) with addition of graphene. It was noted
that at high concentration of graphene nanosheets (above 0.13 wt %), graphene exhibited a
lubricating behaviour that adversely affected both G’ and viscosity.

Another study [21] evaluated the effect of graphene oxide (GO) NPs on the strength of
PAM hydrogels synthesized by frontal polymerization. They observed a denser structure,
higher modulus, and increased thermal stability of the polymer nanocomposite (GO-PAM)
compared to PAM hydrogel which was attributed to the increased cross-link density. The
crosslinking reaction reduced the swelling ratio of GO-PAM composite because the GO
nanosheets acted as junctions for crosslinking with PAM. This study also revealed that
the concentration of GO in the composite, characterized by m/n ratio (where m is the GO
concentration and n is polymer concentration) influenced the resulting tensile properties.
At high m/n ratio (high GO concentration), the stress applied on the nanocomposite was
evenly distributed in the polymer microstructure making the composite tough while at
low m/n ratio there was random crosslinking and uneven stress distribution resulting in
a feeble structure. This effect of enhanced mechanical strength and elasticity was easily
demonstrated by an elongation test in which the polymer nanocomposite was shown to be
very flexible to the point of tying a knot.

A similar observation was made by Liu et al. [87] who synthesized GO-PAM nanocom-
posites through free radical polymerization. The resulting composite was observed to
have 4.5 times more tensile strength and more than 300% elongation. In addition, more
hydrogen bonds were formed between the hydrophilic PAM chains (-CONH2) and water,
and between GO(-COOH) and water further strengthening the composite. The swelling
tendency was also seen to reduce because of the physical interactions between GO and
PAM polymer chains reducing water absorption. In both studies [21,87], the swelling
ratio increased with temperature due to weakening of the hydrogen bonds. A recent
development in the application of polymer gels is the polymer microspheres (PMs) which
can be used at a nano-scale [88]. Because of their spherical geometry and low calibra-
tion diameter they have higher penetration making them effective for low and ultra-low
permeability reservoirs that are not suited for high MW polymers. A field case study
featuring this technology is discussed later in this article. Almoshin et al. [89] developed a
graphene-based zirconium oxide nanocomposite with PAM. The nanocomposite exhibited
outstanding mechanical strength at high temperatures. The crosslinking synergy of the
graphene and zirconium oxide formed a homogeneous and very stable 3D network. SEM
revealed a smooth microstructure with the ability to lock water even at high temperatures
and improve the gel strength. This was attributed to the interfacial interaction between
the polymer and the NPs; and the high surface area offered by GO nanosheets. This
synthesized nanocomposite recorded higher degradation temperatures depending on the
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NP concentration up-to 685 ◦C. It is environmentally friendly suitable for application in
deep reservoirs with minimal modifications to current practices.

Functionalized multiwall carbon nanotubes (MWCNTs) have also been reported to sig-
nificantly improve the mechanical strength and water adsorbing capacity of hydrogels. In
their study, Shakeri et al. [90] synthesized a composite polymer hydrogel by incorporating
functionalized MWCNTs in polyacrylic acid-co-maleic anhydride hydrogel. The resulting
composite recorded increased tensile strength up-to to twice as much as that recorded for
pure hydrogel. This strengthening was attributed to the reduction in interlayer spacing of
the polymer matrix with the addition of the functionalized MWCNTs. Furthermore, it was
observed that the hydrophilic hydroxyl and carboxyl functional groups in MWCNTs en-
hanced the water adsorption tendency in the polymer matrix thus improving the swelling
capacity of the composite hydrogel. Fine functionalized MWCNTs uniformly dispersed in
the composite were reported to be more advantageous with their performance reported to
improve with increase in concentration.

Attaining and maintaining a homogeneous dispersion in polymer composites rein-
forced with CNTs remains to be a challenge. Various studies have attempted to enhance the
bond between CNTs and the polymer matrix through heat treatment and applying various
controlled crystallization techniques. One novel approach to address this challenge was
proposed by Shirvanimoghaddam et al. [91] who applied the concept of selective localiza-
tion to place the polymer on the surface of the CNTs to obtain a ‘cheetah skin’ structure
with enhanced performance. The composite developed in their study was composed of
short MWCNTs coated with uniformly dispersed polyacrylonitrile (PAN) in poly(methyl
methacrylate)(PMMA) matrix. This resulting structure exhibited homogeneous dispersion,
improved chemical reactivity and thermal stability. The structure is believed to have an
influence on adhesion forces that prevents the slipping of CNTs in the composite network.

The potential of metal–organic frameworks (MOF) in providing structural flexibility
and stability of composite hydrogels has gained increased research interest in the recent past.
By leveraging on the synergy of organic additives such as graphene and metal nanoparticles,
reinforced porous structures can be fabricated that exhibit unique properties for versatile
applications. Wang et al. [92] presented a detailed review of these MOFs highlighting
various synthesis methods and their advantageous properties including increased surface
area, porous structure, improved electrical conductivity, and recyclable nature.

3. Field Experiences of Hydrogels and Polymer Nanocomposites

As earlier mentioned, mechanically sealing perforations near the OWC and squeeze
cementing were traditionally used to manage conformance issues in mature assets but
limited success has been reported for the techniques. The use of polymer gels has instead
been successfully implemented with significant control achieved. In this section, we review
some success records of polymer application in field scale and emerging trends in adoption
of polymer nanocomposites. A summary of the field properties for the cases reviewed is
given in Table 1.

3.1. Fields in the North Sea, UK

i Heather Field, North Sea

Heather field is an oilfield located in the North sea whose initial reserves were es-
timated to be 422 million stock tank barrels (MMSTB) accumulated in the two-layered
Brent sandstone reservoir [93]. After about 15 years of production, just 26% of the oil had
been recovered from the field and at this point it was heavily water-cut. A production
log from well H-43 established that all the water produced was from the upper layer of
the reservoir. Initial attempts to shut off these water producing zones through squeeze
cementing proved ineffective as the cement would break off within months necessitating
remedial cementing. Application of polymer gel was opted for, owing to its ease of injection
and deep penetration into the formation. To allow for delay in gelation and enhance its
effectiveness at high temperatures (350 ◦F) and high-pressure gradients downhole, an
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organic crosslinker was incorporated into the gel. A laboratory test established that the
organically crosslinked hydrogel could withstand pressure gradients of up-to 1000 psi/ft
as contrasted to chromium acetate-polymer gels that could stand a maximum of 400 psi/ft.
Moreover, pump failure during gel injection did not result in premature gelation further
confirming gelation control offered by the organic crosslinker. The oil production after
the polymer treatment increased by 300 barrels per day (BOPD) while water production
reduced by 2290 barrels per day (B/D). This technique offered a long-term solution to the
conformance problem as a production log done after 8 months showed complete shut off
of the water producing zones of upper Brent formation.

ii Statfjord Field

Statfjord is an offshore oilfield located between Norway and British waters also
producing from Brent sandstone layers [94]. Due to 100% water cuts from the lower Brent
interval, oil production started declining in 1993 necessitating a water shut off procedure.
1500 barrels of polymer silicate gel was successfully pumped into this lower interval
through a coiled tubing. The gel treatment was described as an economic success because it
resulted in an increase in oil production grossly valued at 15 million US $ over a six-month
period paying back for the operation cost in less than two months. Water production was
reduced from 84% to 68%.

iii Miller Field, UK

Miller field is an offshore oilfield producing from layered shale and sandstone for-
mations [95]. With the field experiencing 75–100% water cuts and failed attempts to
mechanically seal of the perforations, chemical treatment was devised for selective shutting
off of water to allow only oil production. The chemical formulated consisted of PAM-AMPS
copolymer crosslinked with zirconium [96]. Given the high temperature conditions of its
reservoir (121 ◦C), AMPS offered thermal stability by preventing degradation of the amide
backbone of PAM. Medium molecular weight (MW) of the polymer was selected because a
low MW polymer would result in a rigid structure that would hinder oil production while
a high MW polymer would be flexible but difficult to handle. Sodium acetate was added
as a pH buffer to prevent hydrolysis of the zirconium crosslinker. A series of three gel
treatments were done in the Miller field resulting in an average water cut reduction of 60%
and up-to 150% increase in oil production. The same polymer composite was applied in
two other fields, Well A02 in the Gulf of Mexico and Well A08NS in the North Sea where a
stable polymer block was deployed that remained intact over months.

3.2. Southeast Kuwait Field

This field has been producing since 1989 from a sandstone reservoir [97]. A well
production test in the mature phase of the field indicated that 90% of the 300 B/D liquid
produced was water infiltrating from a 12ft long perforation interval. To shut this zone off,
a single nano-additive particulate gel was applied through coiled tubing. This treatment
resulted in an increase in oil production to 1000 B/D with just 1% water cut.

3.3. Changqing Field, China

Changqing Field is an oilfield located in the Ordos basin of China characterized by
ultra-low permeability [31]. The field has been producing since 2008 but in 2016, the
oil production decreased drastically while water production increased averaging 63.92%.
Polyacrylamide-based polymer microspheres were applied to four wells in the pilot zone
to arrest this water cut. A three-stage treatment was adopted applying 800 nm, 300 nm,
and 100 nm initial diameters of PMs respectively for each stage. Given their small size,
these PMs reached deeper areas of the formation sealing off high permeability channels. A
total increase of 4609 tons in oil production was recorded following the treatment.
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3.4. Cantarell Field, Mexico

Cantarell field is the largest oil field in Mexico that started production from a highly
cavernous carbonate reservoir in 1976 [98]. A combination of organically crosslinked
polymer (OCP) consisting of acrylamide, t-butyl acrylate (PAtBA) covalently crosslinked
with PEI and a rigid setting metal oxychloride material (RSM) were used to seal high
permeability streaks in the reservoir. OCP was reported to be very convenient for field
application and effective in water shut-off. With a design viscosity of less than 30 cP, it
was easy to inject the polymer solution to the target zone before the onset of crosslinking.
Because of the presence of PEI, OCP offered longer gelation periods and thermal stability
up-to 191 ◦C [40,47]. OCP proved more effective in controlling the vuggy porosity of
the carbonate reservoir as compared to RSM which only had a near wellbore effect. In
the four test wells observed, the water cut was significantly reduced thus prolonging the
life of the already mature field. A water-cut log for test Well 4 showed a drastic drop in
water production from 14% at start of polymer flooding to less than 2% over a period of
three years.

3.5. Dina Cretaceous Field, Colombia

Dina Cretaceous field produces oil from a sandstone reservoir. Due to a decline in oil
production, peripheral waterflooding was adopted to stimulate secondary recovery [11].
Though this treatment increased the production to 9850 BOPD from the highest record
of 6500 BOPD, the field was soon highly water cut. Pre-cross-linked polymer gels were
recommended for a pilot test to address the reservoir’s vertical heterogeneity and enhance
sweep efficiency. HPAM polymer crosslinked with chromium and aluminium was used.
This polymer gel was injected in form of colloidal dispersions offering better injectivity
and high RRF. The pilot test carried out between 2011 and 2015 encompassed four wells
(DK-03, DK-04, DK-06, DK-32ST). Results from the first pilot well showed a significant
reduction in water production and increase in oil production rate from 80 to 200 BOPD. The
injection profile revealed improved contact of un-swept oil zones and effective selective
sealing of high permeability water producing zones. With the technical and economic
(every kilogram of the polymer gel produced an additional five barrels of oil) success of
this pilot project, a full-field expansion was recommended.

Table 1. Summary of field properties for the case studies.

Field [Ref] Reservoir Type T ◦C Permeability Polymer Used Volume
Injected (BBL) Result of Treatment

Heather [93]

Brent Sandstone (Upper
zone @ 9500’ TVD and

lower zone
@11,800’ TVD)

176 ◦C - Polymer +
organic crosslinker 1095

Complete water shut off
from upper Brent

300 B/D of oil increase
and 2290 B/D of
water reduced

Stat fjord
[94]

Brent Sandstone (Upper
(Tarbert & Ness

formation); and lower
Etive, Rannoch &

Broom formations))
@3100 TVD

95 ◦C - Polymer
silicate gel 1500 84% to 68% water

production reduced

Miller
[95]

Sandstone alternating
with shale 121 ◦C - PAM + AMPS +

Zirconium 2340

60% reduction
in water cut

150% increase in
oil production

Southeast
Kuwait Field

[97]
Sandstone @5100’ TVD 65 ◦C 744 mD Nano-based

particulate gel 20

90% to less than 10%
reduction in water

production
Increased oil production

to 1000 BOPD
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Table 1. Cont.

Field [Ref] Reservoir Type T ◦C Permeability Polymer Used Volume
Injected (BBL) Result of Treatment

Changqing
[31]

Unspecified formation
at 8462’ TVD 70 ◦C 0.03–3 mD Polyacrylamide-

based PMs 30 tons

Overall reduction in
water production and a

total increase of
4609 tonnes

Cantarell
[98]

Vuggy Carbonate @
8265’–10,700’ MD 93 ◦C 1 mD–6 D PAM + PAtBA + PEI 1195

Water-free oil produced.
Well1: 1325 B/D

increase in
oil production

Dina
Cretaceous [11] Sandstone 67 ◦C 10–400 mD

HPAM +
Aluminium +

Chromium
3.49 million

Increased in oil
production rate from 80

to 200 BOPD

4. Conclusions

From this study, it is evident that polymer nanocomposites present an optimal solu-
tion to conformance problems in fields tending towards maturity. The incorporation of
organic crosslinkers in conventional bulk hydrogels has exhibited outstanding gelation
control in several studies both at laboratory and field scales. Furthermore, addition of
various nanoparticles has demonstrated enhanced stability of crosslinked polymers at high
temperature and high salinity conditions improving their applicability and performance
in harsh reservoir conditions. Adoption of silica NPs in the polymer composites has been
shown to tremendously increase the salinity tolerance of synthetic polymers particularly in
the presence of divalent ions which are prevalent in formation water. Besides, by utilizing
their hydrophilicity, the degradation of polymers is prevented ensuring long term stability
downhole. Graphene has also been shown to be an excellent additive for amplified mechan-
ical strength and magnified elasticity of polymer hybrids suitable for deep high-pressure
reservoirs. Though not much has been reported on the application of metal-based NPs in
hydrogels, the studies reviewed have exemplified their inherent potential for increased
mechanical strength and stabilization of polymer hybrid structures. Moreover, using mag-
netic metal-based NPs offers environmental benefits by enhancing removal of polymers
from produced water.
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