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Abstract
Enhanced oil recovery (EOR) process is used to recover the oil left in the reservoirs 
after primary and secondary recovery methods. Polymer material plays an important 
role in oil recovery by decreasing the mobility ratio and through the mechanism of 
disproportionate permeability reduction. However, the application of polymer flood-
ing for oil recovery is limited in high-temperature and high-salinity oil reservoirs 
due to degradation of its molecules, thereby hindering the polymer EOR process 
efficiency. Recently, the oil and gas industry is adopting the application of nano-
technology to solve the problem plaguing the application of polymers for EOR. This 
has been attributed to the nanoparticles unique properties and availability in large 
quantities. The addition of nanoparticles into polymer solution has been reported to 
improve the rheological and shear properties, and lower the adsorption of polymers, 
thereby consequently enhancing oil recovery. This paper reviews the current trend of 
incorporating nanoparticles into polymers to improve polymer flooding process by 
explaining the mechanism involved, opportunities offered and challenges encoun-
tered. Technical solutions to overcome the challenges identified are also discussed.
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Introduction

The recovery of oil from an oil reservoir is in stages namely primary, secondary and 
tertiary (or enhanced oil recovery) stage [1–4]. From studies, it has been noted that 
substantial amount of oil is left behind in the reservoir after the application of pri-
mary and secondary recovery techniques [5–8]. This is either because it is trapped 
by capillary forces (residual oil) or because it is bypassed in some other way. The 
bypassed oil arises due to reservoir heterogeneities or because of unfavourable vis-
cosity ratio between the aqueous and oleic phase. The residual oil, on the other hand, 
is made up of discrete ganglia that are produced when a finger-like protrusion of the 
oleic mass forms a narrow neck by the combined effects of local pressure gradient 
and interfacial tension [9]. To ensure adequate recovery of the channelled, bypassed 
and residual oil, numerous EOR methods such as gas flooding [10–12], foam flood-
ing [13, 14], surfactant flooding [15–17], and steam flooding [18–20] have been 
proposed.

Among all the EOR techniques, polymer flooding, a chemical EOR method has 
been adjudged to be the most promising because of its high efficiency, technical 
and economic feasibilities, and lower capital cost [21]. This EOR technique did not 
get much attention in the past due to inadequate understanding of its mechanism, 
unavailability of efficient chemicals, and low crude oil prices. Currently, polymer 
flooding is now attracting interest of researchers around the world due to depletion 
of conventional crude oil reserves, higher crude oil prices, technological advance-
ments, and the availability of chemicals at relatively low price [21, 22].

The process of polymer flooding EOR technique involves adding high molecu-
lar weight water-soluble polymers to injection water. This results in an increase 
in the viscosity of the injected aqueous phase and leads to an improved recovery 
of bypassed and residual oil [23–25]. The bypassed oil is recovered through an 
improvement in the mobility ratio of the displaced fluid and disproportionate perme-
ability reduction of water, while the residual oil is recovered through the viscoelastic 
nature of the polymers injected into the reservoir whose mechanism is as a result of 
stripping, pulling, oil thread or column flow, and shear thickening effects [26–28]. 
Polymer flooding has been successfully implemented in many oilfields either on a 
pilot scale or commercial scale for several decades. This includes the Daqing oil 
field in China, East Bodo Reservoir and Pelican Lake field in Canada, Marmul 
field in Oman, and Tambaredjo field, Suriname to mention just a few [29, 30]. In 
addition, polymer flooding has maintained its increasing importance to the current 
energy market [31]. The most notable contribution is the reported incremental oil 
production of up to 300,000 bbl/day from Daqing oil field in China [32].

Hydrolysed polyacrylamide (HPAM) is the most widely used polymer for EOR. 
HPAM is preferred in EOR field applications because it can tolerate the high 
mechanical forces present during flooding of a reservoir. Moreover, HPAM is resist-
ant to bacteria attack, it has good water solubility, mobility control and it is a low-
cost polymer [25, 33]. However, HPAM is very susceptible and sensitive to harsh 
reservoir conditions such as elevated temperature, high salinity, shear forces and 
hardness [23, 34, 35]. Its viscosity enhancement property is significantly reduced 
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when it dissolves in high salinity or hardness brine, and elevated temperatures often 
encountered in reservoirs [35, 36]. To solve the problems plaguing the potentials 
of HPAM application in EOR, the oil and gas industry is adopting nanotechnology 
to help improve the efficiency of polymers during flooding operations and conse-
quently the overall polymer EOR process [37].

Some reviews of the application of nanotechnology for EOR have been conducted 
in previous studies [13, 37–39]. Cheraghian and Hendraningrat [20] reviewed the 
application of nanotechnology in EOR by explaining the effects of nanoparticles on 
interfacial tension, wettability and core flooding. Bera and Belhaj [31] reviewed the 
application of nanotechnology in the oil and gas industry. They collected and sum-
marised relevant works done in the past decade with particular emphasis on lab-
oratory and simulation works. Sun et  al. [32] reviewed the recent progress of the 
application of nanoparticles in EOR with focus on nanofluids and nanodispersions 
mechanisms and efficiency. Meanwhile, a comprehensive review of the application 
of nanoparticles for chemical EOR, especially polymer flooding process has not 
been conducted. Consequently, this is the first detailed review on the application 
of nanoparticles for polymer flooding. This review seeks to explain the mechanism 
and identify the challenges of nanoparticles application for polymer flooding. Trend-
ing opportunities and new developments in polymer flooding application for EOR 
through the formed hybrid suspension of nanoparticles and polymers were discussed 
and knowledge gaps highlighted. It is worthy to note that most of the works on the 
application of hybrid suspension of polymers and nanoparticles are still in labora-
tory and pilot scale.

Limitations of polymer flooding EOR

The polymers that have been tested for use in polymer flooding are classified into 
two major categories namely Biological polymers and synthetic polymers. Both 
have been found to be effective in improving mobility ratio and reducing the relative 
permeability in porous media [42, 43]. However, the field application of biologi-
cal polymers such as xanthan gum is limited because of high bacterial degradation. 
Thus, synthetic polymers such as polyacrylamides are widely used for field applica-
tions of polymer flood as can be inferred from Table 1 [22, 44]. This partly explains 
the reason why research works of the application of nanotechnology to improve 
polymers used for flooding processes have focussed more on the use of acrylamide-
based polymers.

When used during polymer flooding, polyacrylamides have undergone partial 
hydrolysis which converts some of the amide groups  (CONH2) to carboxyl groups 
 (COO−) as illustrated in Fig. 1. The molecule has a flexible chain structure known as 
a random coil and since it is a polyelectrolyte, it interacts with ions in solution. Typi-
cal degree of hydrolysis (DOH) for this polymer is 15–35% of the acrylamide (AM) 
monomers. The DOH accounts for many of the physical and rheological properties 
of the polymer solution such as adsorption, viscosity and water solubility [36]. Two 
major factors that influence the performance of HPAM solution properties are the 
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injection and formation salinity, and temperature. Other factors that impact the poly-
mer solution negatively are pH, shear rate and the presence of contaminants such as 
oxygen and iron [22, 64].

Salinity effect

Polymers such as HPAM are polyelectrolytes with multiple charges distributed along 
their chain [66]. The viscosity property of this polyelectrolyte solution is sensitive to 
solution salinity and hardness commonly encountered in reservoir formation brines 
[9]. Polymers tend to conform when in solution and the average conformation of a 
typical flexible HPAM is spherical. However, it can change conformation, and hence 
overall size, quite readily [67]. To better explain the effect of salt concentration on 
HPAM viscosity, it is necessary to consider the interaction between the fixed charges 
along the polymer chain and the mobile ions in solution.

In ionic solution, charged bodies are surrounded by a cloud of oppo-
sitely charged ions (counter ions) coulombically attracted to each other, and 

Table 1  Polymers applied in some selected oil fields

OOIP original-oil-in-place, HEC hydroxy-ethyl cellulose, HAPAM hydrophobically associating poly-
acrylamide

Field Country Polymer type Incremental recovery 
(% OOIP)

References

Cambridge Minnelusa USA PAM – [45]
Sanand India PAM – [46]
David pool Canada PAM – [47]
Tanner USA PAM – [48]
Pelican Lake Canada HPAM 10–25 [49]
Tambaredjo USA HPAM – [49]
Bohai Bay China HAPAM 7.6–20 [49]
Eddesse-Nord Germany Xanthan – [50]
Gudong China HPAM – [51]
Daqing China HPAM 19.4–28 [52]
Shengli China HPAM 16–28 [53]
West Khiel USA HPAM – [54]
Viraj India HPAM – [55]
Matzen Austria HPAM – [56]
Romashkino Russia HEC – [57]
Marmul Oman HPAM 12–34 [58]
East Bodo Canada HPAM 0.9 [59]
Mooney Canada HAPAM 12–25 [60]
Suffield Caen Canada HAPAM 10 [61]
Seal Canada HPAM 5–6 [62]
El Corcobo Argentina HPAM – [63]
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consequently, an electric double layer is formed. The thickness of the double 
layer formed is inversely proportional to the ionic strength. Thus, in solutions 
of lower salt concentration, repulsion between the similar charged bodies will be 
greater, and the polyelectrolyte will expand because of the mutual repulsion of 
the charges along the chain [68]. On the other hand, at high salt concentration 
(such as NaCl), the carboxylate group (–COO−) on the backbone of the polymer 
is surrounded by the  Na+ cations, which shield the charge. Then, –COO− group 

Fig. 1  Structure of polyacrylamide (PAM) and partially hydrolysed polyacrylamide (HPAM) [65]

Fig. 2  Effect of salt on the hydrodynamic size of polymer molecule [22]
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Fig. 3  Effect of increased salt concentration on viscosity of polymer solution [69]

Fig. 4  Effect of salt concentration on viscosity of polymer solution [71]
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is reduced, the thickness of the electric double layer decreases, the hydrody-
namic volume of the polymer becomes smaller, the flexible polymer contract (see 
Fig. 2b), and finally the viscosity of the polymer is reduced (see Fig. 3) [69, 70].

The presence of divalent ions such as  Ca2+ and  Mg2+ will be more significant 
due to their increased electric charge. They bind tightly to the –COO− on the 
backbone of HPAM. They reduce the viscosity of the polymer solution even fur-
ther as seen in Fig. 4 and may result in precipitation of the polymer from solution 
[64, 65].

Temperature effect

HPAM is thermally stable at low temperature [72]. At high reservoir temperature, 
the pendant amide group present in the polymer backbone tend to hydrolyse [73]. 
A high degree of hydrolysis (DOH) is not desirable as precipitation of the polymer 
in the presence of divalent ions occur [74]. In cases where there is no precipitation, 
strong interactions of cations with the carboxylate group of the polymer lead to a 
reduction in the viscosity of HPAM. Elevated temperature causes a higher DOH, 
thereby resulting in significant changes in solution properties, rheology, and stabil-
ity of the polymeric system and ultimately phase separation occurs [22, 66, 70, 75]. 
Davison and Mentzer [76] performed the viscosity measurements of several poly-
mers in a sealed capillary viscometer at 90 °C to screen their application for North 
Sea oil fields. Though most of the polymer recorded viscosity loss, the viscosity of 
polyacrylamide was observed to be particularly poor at high temperature and pre-
cipitation of the polymer was observed (see Fig. 5).

Fig. 5  Dependence of Precipitation on Temperature for Polyacrylamide Solution
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Thereafter, the mechanism of the precipitation of the polyacrylamide solution 
was studied via Raman spectroscopic analysis of the heated solution which shows 
the hydrolysis of the amide group on the backbone of the polymer to carboxylate 
group. Seright et al. [77] corroborated the hydrolysis of amide side groups on the 
backbone of partially hydrolysed polymer at elevated temperatures. Besides, they 
asserted that the precipitation of HPAM noticed in previous researches was due to 
the presence of divalent cations. They claimed that in the absence of dissolved oxy-
gen and divalent cations, their experiment shows that the polymer backbone can 
remain stable for longer periods.

Other factors

High shearing conditions occasionally encountered during: (1) the mixing of pol-
ymer solution in tanks, (2) conveyance of the polymer solution in pumps, chokes 
and valves, and (3) the injection of polymer solutions, ruptures the polymer chains 
leading to a loss in viscosity and consequently efficiency of the polymer flooding 
operations [78]. As depicted in Fig. 3, HPAM is sensitive to shear degradation [9, 
79, 80]. pH is another factor that influences the behaviour of polymer solutions 
during their use in flooding operations. Lower pH causes carboxyl group present 
in the backbone of HPAM polymer solution to be protonated. Hence, the polymer 
associates the hydrogen ion  (H+) to form an electrostatic repulsion of the inter-
molecular polymer [81]. Subsequently, effective screening of the polymer –COO− 
groups by the  H+ reduces the electrostatic repulsion within the polymer chain and 
the intermolecular action becomes weak. Consequently, a tightly coil conforma-
tion of the HPAM molecules occurs, thus resulting in a decrease in the polymer 
viscosity [36, 82]. Furthermore, the presence of contaminants impacts the viscos-
ity and rheological behaviour of polymer negatively [73, 83]. The contaminants 
such as dissolved oxygen and iron (specifically  Fe3+) often lead to oxidative deg-
radation of HPAM polymer [73]. Shupe [84] and Yang and Treiber [85] in their 

Fig. 6  a Effect of Oxygen on HPAM stability at (1) low level of oxygen, (2) air, and (3) high oxygen 
level b effect of  Fe3+ on HPAM viscosity [70]
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respective studies of the chemical stability of polyacrylamide solution reported 
that the rate and extent of polymer degradation were governed by the oxygen con-
tent of the solution, although they remarked that limited level of oxygen produced 
only limited degradation. The contaminants attack the polymer and reduce their 
viscosity and chemical stability (see Fig. 6a, b).

Hybrid of nanoparticle and polymer solution application for improving polymer 
flooding defects

Though it is never required that the polymer is stable indefinitely, however, it must 
simply last long enough to be effective on the timescale of the oil recovery mecha-
nism through which it is operating [9]. Several methods have been proposed in the 
past to improve the behaviour of acrylamide polymer to improve their efficiency in 
high temperature and high salinity reservoirs and prevent the shear degradation of 
their molecules. This includes development of new salt tolerant polymers [86–90]. 
Kamal et al. [22] provided a thorough review of newly developed polymers for EOR 
application. While some were unsuccessful for EOR applications, others were found 
to be uneconomical [22]. Advancement in research and new trends in polymer EOR 
involves the addition of nanoparticles to polymers used during flooding operations 
to improve polymer EOR process efficiency [26]. Nanoparticles, also referred to as 
“engineered nanomaterial,” are the collections of atom bonded together with sizes 
ranging from 1 to 100 nm [32, 91]. Generally, the application of nanoparticles for 
EOR has been found to possess the ability to improve the overall oil recovery fac-
tor due to their unique properties [92]. The unique properties resulted from their 
small sizes and greater surface area per unit volume as shown in Fig. 7 [32]. These 
properties include thermal properties like heat transfer, and properties of mechanical 
strength like ultra-high strength of material [40].

Initially, most researches of the effect of nanoparticles on oil recovery have been 
focussed on the application of nanofluids (i.e. nanoparticles in brine) to enhance 
oil recovery with varying degree of success [93–97]. By expansion of nanotech-
nology, scientists have discovered that appropriate addition of nanoparticles into 
polymers can lead to high-performance polymer characteristics, such as enhanced 
viscosity and rheological behaviour and improved thermal and chemical resist-
ance beyond what traditional polymeric materials exhibit [98–100]. The interaction 

Fig. 7  Schematic of increase in surface area with decreasing particle size [41]
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of nanoparticles with polymer has opened routes for the tuning of the rich phase 
behaviour of these systems as well as formation of new hybrid functional materials, 
which are being employed in a wide range of applications [101, 102]. The formed 
hybrid suspension (nanopolymer) made from the mixture of nanoparticles with pol-
ymers have been found to exhibit and display enhanced properties such as improved 
mechanical, optical, thermal, and other properties [103–105]. Thus, the oil and gas 
industry is tapping into the potential of nanoparticles to improve polymer flooding 
defects in harsh conditions [106].

The combination of nanoparticles and polymer system individually interact 
through several forces depending on the solution conditions. Their interactions gov-
ern the properties of the hybrid solution formed and at the same time dictate the 
phase behaviour of their complex system. The control over interaction parameters 
basically enables the integration of the two components, tuning of their properties, 
and implementation of complex structures for desired functions [107]. Using small-
angle neutron scattering (SANS) and dynamic light scattering (DLS), Kumar et al. 
[94, 95] investigated the behaviour of nanoparticles polymer system and concluded 
that the resultant phase behaviour is governed by an interplay of attractive and repul-
sive forces. The commonly present interactions between nanoparticles and polymers 
in solution are [108–110]: (1) electrostatic and van der Waals interaction, (2) steric 
repulsion, (3) hydrogen bonding and (4) hydrophobic interaction.

Mechanism of improved oil recovery by nanoparticle‑induced polymer

The mechanism of improved polymer performance and consequently oil recovery 
of nanoparticle-induced polymer flooding process has been attributed to the ability 
of nanoparticles to prevent degradation and improve the viscosity of the polymer 
molecules in the presence of salt and temperature. In the absence of nanoparticles, 
the cations of the salt (e.g.  Na+,  Ca2+,  Mg2+) present in injection or formation water 
attacks the oxygen atom on the surface of the anionic polyelectrolyte by electro-
static attraction due to the opposite charges on their surfaces (see Fig. 8). Also, an 

Fig. 8  Ion–dipole interactions between cations of salt and oxygen of polymer solution [112]



6203

1 3

Polymer Bulletin (2019) 76:6193–6230 

interaction occurs between the amino group  (NH2) and cations, but this reaction 
is less important compared to the interaction between the cations and oxygen. As 
compared to the monovalent cation  Na+, the divalent cations  Ca2+ and  Mg2+ have 
a higher charge density; thus, they have a stronger ion–dipole interaction with the 
amide group. Strong ion–dipole interaction between the divalent cations and the 
amide group weakens the bond strengths of the N–H and the C=O bonds. This 
results in shrinking of the polymer molecules, formation of precipitates and a reduc-
tion in solution viscosity of the polymers [111, 112].

The reaction is not the same for polyacrylamide solution containing nanoparti-
cles. According to Maghzi et al. [112], when nanoparticles are added to polyacryla-
mide solution in the presence of saline water containing either monovalent or diva-
lent ion or both, an ion–dipole interaction is generated between the cation of the 
salts and the oxygen atom on the surface of the nanoparticles (e.g.  SiO2) as shown 
in Fig. 9. Therefore, the attack of cations on polymer molecules is decreased by the 
shielding effect of the nanoparticles, and the decrease in viscosity of polymer solu-
tion is not observed in the presence of the  SiO2 nanoparticles used.

Similarly, Hu et al. [113] in their research work on the rheological properties of 
partially hydrolysed polyacrylamide seeded by nanoparticles observed improved 
rheological properties of HPAM in the presence of  SiO2 nanoparticles. Using Fou-
rier transform infrared (FTIR) spectra data, the improved rheological properties of 
the polymers in the presence of nanoparticles are attributed to the formation of a 
hydrogen bond between the carbonyl groups in HPAM and the silanol functionali-
ties on the surface of  SiO2 nanoparticles (see Fig. 10). The experimental works of 
Zhu et al. [114, 115] and Maurya and Mandal [116] corroborated this opinion.

Furthermore, Barati et al. [117] suggested that the higher incremental oil recov-
ery for a polymer/nanoparticle system may be explained by two dominant reasons. 
Firstly, they opined that since nanoparticles are tiny enough to readily move through 

Fig. 9  Ion–dipole interactions between cations of salt and oxygen of polymer solution in the presence of 
nanoparticles [112]
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the small pores, their presence during polymer flooding will cause the nanoparti-
cle-augmented polymer solution to have less retention in porous media compared to 
ordinary polymeric solution. This practically means that nanoparticles compensate 
the inaccessible pore volume phenomenon which reduces polymer solution injection 
efficiency. Secondly, they alluded the incremental oil recovery to improved rheologi-
cal behaviour of polymer solutions in the presence of nanoparticles.

Summarily, the hybrid suspension of polymer and nanoparticles indubitably 
improves the polymeric fluid property. The mechanism of improved oil recovery 
by nanoparticle-induced polymer involves a combination of ion-exchange reaction, 
shielding effects of the nanoparticles on the polymer, formation of a stronger bond 
between the hydroxyl group of the nanoparticle and amide group of the polymer, 
and finally, the scalable and quantum effects of the nanoparticles which grant them 
easy access to flow through inaccessible pore volumes of porous media.

Review of the effects of nanoparticles on polymers

Hitherto, several experimental investigations for the application of hybrid of nano-
particles and polymers for EOR have focussed on silica  (SiO2) nanoparticles because 
 SiO2 are highly stable, possess high specific surface area, largely available, and can 
work effectively in the presence of other molecules. To this extent,  SiO2 nanopar-
ticles are being widely regarded as the benchmark nanoparticle for application in 
the oil and gas industry. Recently, other various nanomaterials have been considered 

Fig. 10  FTIR spectra of  SiO2 nanoparticle and HPAM polymer solution [113]
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and are studied as additives to polymer for EOR applications. This includes non-
metallic oxide nanoparticles such as nanoclay, carbon nanomaterials (e.g. carbon 
nanotubes and graphene), and metallic oxide nanoparticles such as alumina  (Al2O3), 
iron oxide  (Fe2O3), and titanium oxide  (TiO2). According to the various studies car-
ried out on hybrid suspension of nanoparticles and polymers for EOR, the addition 
of nanoparticles brings about an improvement in wettability alteration, shear stabil-
ity, rheological and viscosity behaviour, and lower adsorption, thereby resulting in 
higher oil recovery of the polymer flooding process [26, 118–120].

Adsorption

Cheraghian et al. [121] conducted an adsorption experiment of polymer on reservoir 
rock and investigated the role of clay and  SiO2 nanoparticles in the adsorption of 
water-soluble polymers onto the solid surfaces of carbonate and sandstone rocks. 
The results obtained from static adsorption experiments shows that nanoparticles 
play a major role in the case of polymer molecules adsorption on rock surface. Poly-
mer solutions containing nanoparticles were found to have less adsorption based on 
weight per cent than similar samples of ordinary polymer solution. This ultimately 
led to a higher oil recovery as the polymer rheological and viscosity behaviour were 
not impacted negatively.

Similarly, Khalilinezhad et al. [122] and AlamiNia and Khalilinezhad [123] eval-
uated static adsorption of nano-SiO2-polymer suspension on sandstone rock. The 
adsorption values from their experiments were matched using polymer adsorption 
model in University of Texas Chemical Compositional Simulation (UTCHEM) soft-
ware, and the adsorption isotherm was generated. They reported ultra-low values of 
adsorption of nanopolymer suspensions compared to conventional HPAM solution. 
Bagaria et al. [124] studied the stability and transportation behaviour of iron oxide 
nanoparticles in the presence of poly(2-acrylamido-2-methylpropane sulfonate-co-
acrylic acid) (AMPS–co–AA). Due to the steric stabilisation between the nanoparti-
cle and polymer, the hybrid dispersion formed displayed colloidal stability in stand-
ard American Petroleum Institute (API) brine (8 wt% NaCl + 2 wt%  CaCl2) at 90 °C 
for 1 month and resist undesirable adsorption on silica surfaces.

Wisniewska et  al. [125] examined the adsorption interaction of  Al2O3 and ani-
onic polyacrylamide at different temperature (15–35 °C), pH (in the range 3–9), and 
carboxyl groups’ content in the PAM chains (in the range 5–30%) via turbidimetry 
method. The polymer adsorption process causes changes in the thermal stability of 
the examined systems. Besides, the adsorption of anionic polyacrylamide decreases 
with rising pH. At lower pH 3, adsorption proceeds due to hydrogen bond formation 
and slight electrostatic attraction for all examined temperatures. Meanwhile, stronger 
electrostatic interaction between the positively charged  Al2O3 surface and negatively 
charged polymer surface accounts for the adsorption at pH 6. The smallest polymer 
adsorption is recorded at pH 9 as a result of repulsion between the polyacrylamide 
chains and  Al2O3 nanoparticles. Finally, they observed that large amounts of polye-
lectrolyte are adsorbed when the content of anionic carboxyl group and temperature 
are high [125, 126].
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Thus far, these are the available studies of the influence of nanoparticle on 
decreasing the adsorption of polymer molecules in porous media. Though the 
result of the researches was positive and insightful, nonetheless, the researches 
have some shortcomings. The rock samples used in the experiments lack clay 
mineral contents. The lack of clay mineral content in the porous media means 
that the rock samples studied are not representative of real reservoir rock sys-
tem (unconsolidated). Moreover, there has been no study to evaluate the dynamic 
retention of the nanopolymer suspensions in porous media. Thus, the researches 
available are not enough to generalise the efficiency and effectiveness of the 
adsorption behaviour of nanopolymer suspensions. Further studies of the static 
adsorption and dynamic retention behaviour of nanopolymer system in sandstone 
rocks, carbonate rocks, dolomite, mixture of some proportion of sandstone and 
carbonate rocks and other rock samples which are representative of real reservoir 
rocks are required to ascertain and understand the adsorption behaviour of nano-
polymer suspensions in porous media.

Wettability alteration

Nanoparticle-induced polymers were also found to alter wettability of porous 
medium. It is well documented that oil recovery is affected by wettability of porous 
medium with more oil been recovered from water-wet compared to oil-wet reser-
voirs [127, 128]. In their experiment of the pore scale monitoring of wettability 
alteration by silica nanoparticles during polymer flooding of heavy oil, Maghzi et al. 
[129] injected polyacrylamide and DSNP solution in a five-spot glass micromodel 
containing heavy oil. They measured the contact angles of the glass surface at dif-
ferent states of wettability after coating by heavy oil, distilled water, polyacrylamide 
solution, and DSNP solution using sessile drop method. The results of the sessile 
drop experiment showed that coating with heavy oil makes an oil-wet surface, coat-
ing with distilled water and polymer solution partially alters the wettability of the 
surface to water-wet, and coating with DSNP solution makes a strongly water-wet 
surface. By altering the wettability, an improved oil recovery factor of 10% was 
observed by DSNP compared to ordinary polyacrylamide solution.

Zheng et  al. [130] performed an experimental study of the wettability altera-
tion of nano-SiO2 during nanopolymer flooding for oil recovery. The surface of the 
nano-SiO2 used in this experiment was coated with hexamethyldisilazane and hexa-
decyltrimethoxysilane to make them partially hydrophobic. Thereafter, the contact 
angle measurements of the suspension were conducted using a drop shape analyser. 
It was observed that the contact angle of the system decreases and the oil-wet sys-
tem was rendered water-wet. Consequently, the oil recovery of the system improved 
compared to the conventional polymer system. Furthermore, Yousefvand and Jafari 
[118] and Sedaghat et  al. [131] observed that hybrid suspension of nanopolymer 
system resulted into wettability alteration of an oil-wet micromodel into partially 
water-wet and water-wet using  SiO2 and  TiO2 as the nanoparticles in the injected 
nanopolymer suspension.
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Finally, Nezhad et al. [132] confirmed that the use of multi-walled carbon nano-
tube with polyacrylamide-graft-lignin copolymer led to a wettability alteration of 
glass surface from oil-wet to water-wet condition. However, it was noted that all 
the wettability experiments of nanopolymer suspensions were carried out on glass 
surfaces. More experiments of wettability alteration effects of nanopolymer suspen-
sion on rock surfaces typical or representative of real reservoir rocks are required 
to ascertain the authenticity of the wettability alteration claim of the nanopolymer 
system.

Rheology and viscosity

Maghzi et al. [111] performed a series of polymer flooding experiments in a quarter 
five-spot glass micromodel saturated with heavy oil to investigate the role of nano-
particles on improvement of polymer solution performance in the presence of salt. 
To examine the effects of silica nanoparticles on the polyacrylamide performance in 
the presence of salts during polymer flooding of heavy oil, solutions of polyacryla-
mide and DSNP with different salinities are used as injectant during the flooding 
experiments. Viscosity measurements were performed to analyse the results of the 
polymer flooding tests and the oil recovery values were measured at different salini-
ties via analysis of the continuously captured images during the displacement tests. 
The results of the experiment showed that viscosity of silica nanosuspension in pol-
yacrylamide was higher than that of polyacrylamide solution at the same salinity 
and the increase in viscosity becomes more noticeable by increasing the silica nan-
oparticles concentration. In addition, oil recovery decreases by increasing the salt 
concentration during polyacrylamide flooding, whereas, in the case of flooding with 
suspension of silica nanoparticles in polyacrylamide, a higher oil recovery factor 
was observed [112].

Fig. 11  Schematic illustration of MMT crystal structure [133]
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Rezaei et al. [133] conducted an experimental investigation of the effect of Sur-
face Modified Clay Nanoparticles (SMCN) on rheological behaviour of HPAM 
solution, its resistance against increase in temperature and salinity and its ability in 
improving polymer flooding. In this research, surface of certain clay nanoparticles 
specifically montmorillonite (MMT) nanoclay were modified by specific tetrahedral 
redundant located between polymer chains to prevent deformation of polymers. The 
MMT crystal structure used is made up of a layer of aluminium hydroxide octahe-
dral sheet sandwiched between two layers of silicon oxide tetrahedral sheets (see 
Fig. 11).

Tetraethylammonium chloride was chosen by the authors to modify the surface of 
the nanoscale MMT plates through ion-exchange reaction. This is to ensure MMT 
compatibility with HPAM, and to increase dispersal of nanoplates through the solu-
tion, and consequently to improve solution stability. A concentration of 0.1 wt% was 
found to be the optimum concentration of SMCN which results in an excellent rheo-
logical behaviour and stable solution. The location of the clay nanoparticles between 
the polymer chains was found to cause an increase in the viscosity of the solution 
and enhance the polymer solution resistance against temperature, salinity, shear 
stress and mechanical degradation. Results of the core flooding test confirm that the 
SMCN particles could improve HPAM flooding and increase oil recovery factor by 
33% more than ordinary HPAM flooding (see Fig. 12).

Using experimental and numerical simulations, Khalilinezhad et al. [134] inves-
tigated the effects of nanoparticles on flow behaviour of polymer solution in porous 
media. They performed core scale simulation of polymer flood, nanoparticle-assisted 
polymer (NAP) flood, and sensitivity analysis of NAP flood with respect to diva-
lent cations concentration. The nanoparticles used in the study were clay and silica 
nanoparticles. The simulation model was validated against well-controlled labora-
tory experiment to have reliable predictions of the full-field implementations. The 
results showed that the amount of polymer adsorption is lower, and the rheology 

Fig. 12  Oil recovery versus pore volume injected for water flooding, polymer flooding and nanoparticle-
induced polymer flooding [133]
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and viscosity of the polymer solution were improved when clay or silica nanopar-
ticles is present in the injectant. The result of sensitivity analysis demonstrates that 
polymer molecules are more degradable during polymer flooding compared to NAP 
flooding. Based on the validated model, three-dimensional simulations of NAP 
field pilot were performed and the results revealed that the cumulative oil recovery, 
water cut and breakthrough time improved when the injectant has some dispersed 
nanoparticles.

Hu et  al. [113] developed a novel aqueous hydrolysed polyacrylamide-based 
 SiO2 nanocomposites for enhanced oil recovery, and their rheological properties 
were investigated under different salinities, temperature, and ageing times. Results 
from their experiment show that the inclusion of silica nanoparticles significantly 
increased the viscosity properties of acrylamide-based polymer especially under 
high temperature and high salinities (see Fig. 13). Also, it was found that the hybrid 
suspension showed an impressive thermal stability compared to ordinary polymer 
solution. Oscillation test of the experiment indicated that seeding the polymer solu-
tion with nanoparticles remarkably facilitated cross-links among polymer molecules 
and made the hybrid solution formed more elastically dominant. Details of these 
researches and others are summarised in Table 2.

Our research group appraised the impact of  Al2O3 and  TiO2 nanoparticles on the 
rheological and core flooding properties of HPAM. The rheological properties of the 
 Al2O3–HPAM and  TiO2–HPAM hybrid dispersions in different electrolyte solutions 
characteristic of monovalent and divalent ions was examined at low and medium 
shear rates. Thereafter, core flooding experiment in glassbead pack was conducted 
study the oil displacement. 0.1 wt% was determined as the optimal nanoparticles 
concentration that yielded the highest viscosity of the hybrid dispersion on rheo-
logical characterisation. Moreover, the presence of the nanoparticles in the hybrid 
dispersion shielded the polymer and minimised their degradation in the presence of 
synthetic reservoir brines. A higher oil recovery of 10% and 5% was recorded for 

Fig. 13  Viscosity versus a temperature and b salinity concentration, for polymer and nanoparticle-
induced polymer [113]
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the hybrid dispersions of  Al2O3–HPAM and  TiO2–HPAM, respectively, compared 
to conventional HPAM molecules [135].

Cheraghian et  al. [136] evaluated the role of  TiO2 nanoparticles on polymer 
viscosity and the consequent oil displacement efficiency of the hybrid dispersion 
in synthetic field brine of 20,000 ppm containing varying proportions of monova-
lent and divalent ions. The  TiO2–HPAM nanopolymer was reported to exhibit an 
outstanding flow behaviour at 0.001–100  s−1 shear rates considered. Additionally, 
a 4% incremental recovery of heavy oil compared to base polymer was recorded 
after one pore volume injection of fluid in medium-permeability sandstone cores. 
Furthermore, Kumar et al. [137] used  TiO2 nanoparticles to reduce homoaggrega-
tion and rate of sedimentation of synthesised oilfield nanocomposite. Results from 
scanning electron microscopy (SEM), electrical conductivity and ultraviolet visible 
spectroscopy (UV–vis) confirmed that the presence of  TiO2 nanoparticles enhanced 
the dispersion stability for more than 10 weeks and led to an improved rheological 
behaviour of the nanocomposite. Hence,  TiO2 was proffered for application in EOR.

Lima et al. [138] examined the effect of carbon black (CB) nanoparticle on rhe-
ological properties of HPAM under high salinity and high-temperature conditions 
because of the excellent chemical and thermal stability of the nanoparticle addi-
tive. Due to its poor dispersibility in polar solvents, the CB surfaces were sequen-
tially modified with ethylenediamine. Transmission electron microscopy (TEM) and 
atomic force microscopy (AFM) confirmed the formation of oligomers on the CB, 
ethylenediamine and acrylamide surfaces. At 0.6  mol/L ionic strength and 70  °C 
temperature, the nanopolymer formulated exhibited 50% higher viscosity than the 
conventional polymer itself. Besides, the hybrid dispersion was more stable under 
static conditions, thereby showing strong potentials for EOR. Similarly, Kadhum 
et al. [139] formulated an excellent nanopolymer using multi-walled carbon nano-
tube dispersions which demonstrated a high stability in standard API brines and 
high-temperature condition (80 °C).

To avoid the time consumption and high expense involved in the selection and 
synthesis of appropriate structural polymer for EOR, Nguyen et  al. [140] investi-
gated the effect of graphene oxide (GO) nanoparticles as an additive for viscosity 
stabilisation of HPAM polymer for high-temperature applications. Field electron 
scanning electron microscopy (FESEM) images of the samples showed good distri-
bution of the GO’s in the polymer network resulting from the integration of hydro-
philic polymer chains and the functional group in the GO’s surfaces. The addition 
of the GO additives resulted in improved stability of diluted polymer/seawater solu-
tions aged at reservoir conditions for 31 days.

Other researchers such as Cheraghian et  al. [119], Zheng et  al. [130] and Zhu 
et al. [114, 115] also discussed the improvement in rheological behaviours of pol-
ymeric solutions through the addition of nanoparticles. Nevertheless, a critical 
assessment of the viscoelastic properties of the nanopolymer suspension formed 
has not been investigated. This is necessary to ascertain the effect (if any) of the 
nanoparticles on the viscous and elastic modulus of the polymer solution. This is of 
paramount importance because viscoelasticity of polymer solution is a major mech-
anism proposed for the microscopic displacement of efficiency of polymers for EOR 
[141–143].
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Shear stability

To address the problem regarding poor shear resistance of commonly employed 
polymers for oil displacement, Lai et al. [78] performed copolymerisation of nano-
SiO2 with acrylic acid (AA) and acrylamide (AM) polymer to obtain hydrolysed 
polyacrylamide nano-SiO2 (HPMNS) suspension. After shearing with Mixing Speed 
Governor and porous media shear model, the formulated HPMNS was found to have 
a good shear resistance and a higher oil recovery compared to HPAM.

Zhu et al. [114, 115] formed nanopolymer hybrid suspension by introducing sil-
ica nanoparticles into hydrophobically associating polyacrylamide (HAPAM) solu-
tion. They investigated the effect of the silica nanoparticles on the shear resistance 
and rheological behaviour at high temperature (85 °C) and high salinity conditions 
(33,000  ppm). They observed that the shear viscosity of the hybrid nanopolymer 
suspension increases with the addition of silica nanoparticles and they exhibited a 
better shear resistance than the corresponding HAPAM solution. Moreover, the rhe-
ological properties of the nanoparticle-induced polymer were observed to be higher 
and an incremental oil recovery factor of almost 50% was recorded.

Rezaei et al. (2016) studied the shear degradation of nanopolymer suspension at 
typical reservoir shear rates and the experimental data was validated with power law 
model. The results show that by adding clay nanoparticles to polymer solution, the 
pseudoplasticity and shear-thinning behaviour of the polymer was improved, espe-
cially a low shear rates. They concluded that in addition to preventing the shear deg-
radation of polymers, the presence of the clay nanoparticle in the nanopolymer sus-
pension enhances the resistance of the polymer solution to mechanical degradation.

Major challenges of application of hybrid suspension of polymer 
and nanoparticles

Stability of nanoparticles

Though the numerous researches of the application of nanopolymer suspension for 
EOR were quick to point out an increase in the viscosity of the polymer caused by 
the presence of NPs, most of the researches toned down on the strong tendency for 
the NPs to agglomerate and aggregate at HTHS typical of reservoir conditions due 
to electrostatic and other interaction forces, thereby limiting the optimisation of the 
NPs efficiency for the polymer flooding process [101, 148, 149]. Agglomeration is 
the sharing of a plane or side between two particles, while aggregation indicates 
one-point linking of particles. The strong tendency to agglomerate and aggregate 
is caused by the great differences in the properties of polymer and NPs, especially 
the incompatibility of the NPs with the organic medium, thereby leading to phase 
separation at HTHS conditions. The phase separation means that the so-called NP 
filled polymer will contain a number of loosened clusters of particles and they are 
likely to exhibit properties worse than the conventional polymer system [150]. In 
fact, Zeyghami et al. (2014) questioned the applicability of nanoparticles as an addi-
tive for solutions of high molecular weight polymer at HTHS. It is noteworthy that 
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the interfacial interaction between the two phases (NP and polymer) present in the 
hybrid solution formed is the most decisive factor affecting the properties of the 
resulting materials. Thus, the dispersion of the nanometre-sized particles in the pol-
ymer matrix has a significant impact on the properties of the nanopolymer solution 
[149]. Zheng et al. [130] achieved the stability of  SiO2 NP dispersion for 25 days 
only by using modifiers. However, offshore oil recovery operations often require 
longer periods. Thus, the stability of nanoparticles remains a challenge of nanopoly-
mer application that must be tackled.

Scaling‑up of nanoparticles for real field application

Laboratory results presented in several studies have shown that hybrid suspension 
of polymer and nanoparticles increases the recovery of oil with viscosities rang-
ing from light to medium and heavy crude oil. Despite the large number of publi-
cations on the evaluation of nanoparticles for chemical EOR, the scale-up of nan-
oparticles for real field applications remains a challenge and constitute a major 
obstacle for field trials. Another challenge of the application of this method as an 
EOR technique lies in developing cost-effective and cost-efficient techniques for 
the large-scale production of nanoparticles for field application.

Technical solutions

• To optimise the efficiency of nanoparticle in polymer solution especially at 
HTHS, there is the need to keep the nanoparticles dispersed in the polymer 
medium. This can be achieved by surface modification of the nanoparticles 
during their application for the polymer flooding process [150, 151]. Two 
methods exist to achieve the surface modification of nanoparticles in the liter-
ature, namely the modification by chemical interaction and physical modifica-
tion process. The chemical treatment method involves modification with either 
modifier agents such as the silane coupling agents which possess hydrolys-
able and organofunctional ends, while the surface modification of NPs based 
on physical interaction is usually implemented by adsorption of surfactants or 
macromolecules onto the surface of NPs [150].

• More technological research into efficient ways for large-scale application of 
nanoparticles should be devised. Moreover, future research should focus on 
investigating the use of nanoparticles from cheaply available resources such as 
nanoclay.

Conclusion and recommendations

This paper presents the new trend of nanotechnology application for improving 
polymer flooding defects and oil recovery. Hybrid suspension of polymer and 
nanoparticles indubitably holds promising features for EOR processes. The mech-
anism involved in the formation, opportunities offered and major challenge likely 
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to be encountered by the hybrid suspension of the nanoparticle-induced poly-
mer suspension were reviewed. In nearly all the experimental researches, it was 
observed that the addition of nanoparticles resulted in an improved rheological 
behaviour, wettability alteration of rock system, lower adsorption on rock surface, 
and an improved shear stability of the polymer. Consequently, this resulted in a 
higher oil recovery of nanoparticle-induced polymer flood compared to ordinary 
polymer flooding in all the scenarios considered. But more studies are required to 
better understand and optimise the potentials of the nanopolymer suspension for 
EOR. To actualise the eventual field implementation of nanopolymer suspension 
for EOR, we highlight the areas of emphasis that needs to be addressed below.

• Firstly, the transport behaviour of nanopolymer suspension is lacking in studies 
and needs to be investigated. This is necessary to understand the propagation of 
the suspension in reservoirs of different porosity and permeability. Moreover, an 
understanding of their transport mechanism will help prevent physical filtration, 
a phenomenon where the particles are larger than some of the pores in the porous 
media.

• Secondly, a comprehensive understanding of the adsorption behaviour of the 
nanopolymer suspensions in the presence of clay mineral content is required. 
Most oil reservoirs contain specific amount of clay mineral content and types 
ranging from montmorillonite to kaolinite and illite. This clay materials and con-
tents are known to adsorb macromolecules which can lead to a reduction of the 
efficiency of injected chemicals and consequently increase the overall cost of the 
EOR process.

• Thirdly, the flooding application of nanopolymer suspension in reservoir rock 
system other than sandstone has neither been investigated nor presented in stud-
ies. An evaluation of their suitability and applications in carbonate rocks, dolo-
mite, and other reservoir rock system containing oil deposits will prove benefi-
cial for EOR.

• An accurate modelling of the hybrid suspension of nanoparticle and polymer is 
needed for their large-scale full-field implementation. This will help operators in 
the design and execution of field projects and stand as a guideline for extending 
polymer flooding technology.

• Finally, the possibility of tuning the morphology of the nanoscale materials to 
nanofibrils for EOR applications should be considered for future research.
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