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Nanotechnology is defined as a new technology for making applicable matters, systems and devices using nanosized

materials, as well as new phenomena and properties at the nanoscale (1–100 nanometers) [1]. Adding certain

Nanoparticles (NPs) to injection solutions can significantly benefit enhanced oil recovery (EOR), with advantages such as

wettability alternation, changes in fluid properties, improving the trapped oil mobility, enhancing the consolidation of sands

and decreasing the interfacial tension (IFT) 
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1. Introduction

Nanoparticles (NPs) are known as important nanomaterials for a broad range of commercial and research applications

owing to their physical characteristics and properties. Currently, the demand for NPs for use in enhanced oil recovery

(EOR) is very high. The use of NPs can drastically benefit EOR by changing the wettability of the rock, improving the

mobility of the oil drop and decreasing the interfacial tension (IFT) between oil/water.

 Nanomaterials are novel alternative methods to be applied as new EOR techniques and solve residual oil problems in

heavy and semi-heavy oil reservoirs in last decade . Figure 1 shows different EOR methods categorized into four

major groups . Nanoparticles and nanofluids, as interdisciplinary sciences, have great significance in the fields of

thermal engineering, materials and nanoscience come across. Over the last decade, they have developed greatly and

uncloaked their potential applications in EOR . There are many studies that have indicated improved EOR

processes by NPs and nanofluids in the past decade . In several works, nano- and microspheres have been

used for mobility control and have indicated excellent results in decreasing water cut, improving sweep efficiency and oil

recovery . In addition, micro and nanospheres can reduce the capillary force and water relative permeability and

finally change the water flow path in porous media . Moreover, NPs have suitable resistance to degradation at high

salinity and temperature in oil and gas reservoirs. Some studies also investigated surfactant solutions with NPs as

nanofluids for improving oil recovery in harsh reservoir conditions .
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Figure 1. Flow sheet of enhanced oil recovery methods, mechanisms and challenges.

Many researchers have used nanomaterials to reduce the viscosity of bitumen and heavy and semi-heavy oil. Based on

some experimental results, NP concentration, size and type are different parameters that affect the reduced viscosity

mechanism of heavy oil . In addition, much research has shown that wettability alteration and IFT

reduction between fluids and rocks are two main mechanisms that NPs have great potential to enable on micro- and

nanoscales (Figure 2) .

Figure 2. Mechanism of NPs EOR. (a) Changing wettability and (b) structural pressure by NPs .

2. Effects of Nanoparticles on Oil Recovery

A combination of surfactants and NPs causes the release of oil drops, which are trapped in thin throats and microchannels

of the reservoir rock. These phenomena are related to some agents that lead to an increase in oil recovery; these include

parameters such as the wettability alteration of reservoir rocks, spontaneous emulsion formation, changing IFT between

reservoir fluids and flow properties of porous media .

Over the years, various NPs were evaluated to improve oil recovery. For instance, Ehtesabi et al.  found that the TiO

NPs achieved an 80% increase in oil recovery in oil-wet sandstone. Shah  investigated the performance of oil recovery

with CuO nanoparticles. The results showed that CuO nanoparticles lead to a 71% increase in oil recovery. Kanj et al.
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studied the flooding performance of modified carbon nanoparticles. They found that carbon-based fluorescent NPs

increase the oil recovery factor in carbonate reservoir by more than 96%.

In order to investigate the emulsion stability and polymer solutions in reservoir conditions, several NP-modified polymers

have been developed by researchers. Wang et al.  focused on the effect of Na–montmorillonite (Na–Mt) particles and

hydrolyzed polyacrylamide (HPAM) on emulsion stability. They also studied the interfacial properties of water–oil,

dilatational viscoelasticity, IFT and zeta potentials. The results indicated that increasing NP concentrations cause a

decrease in the IFT and zeta potential of oil drops and increases the dilatational viscoelasticity. With increasing NP

concentrations, dilatational viscoelasticity and IFT were increased, while zeta potential became stable after 250 mg/L

concentration. Actually, in the heavy oil reservoir, polymer-coated nanoparticles can change the pH conditions of the

reservoir and cause recovery of heavy oil, which is shown in Figure 3.

Figure 3. Schematic of (a) the use of polymer-coated NP additives to recover heavy oil trapped in porous media, (b) the

demulsification of oil-in-water emulsions with changes in solution pH, (c) wettability alteration by polymer-coated NPs 

and (d) schematic of oil–water microemulsion phases with polymer-coated NP additives .

A comprehensive laboratory study on hydrophilic silica dioxide NPs for EOR objectives was carried out at various

wettability levels and temperatures of reservoirs (oil-wet, intermediate-wet and water-wet) by Hendraningrat et al. .

Relationships between the temperature, initial wettability and additional oil recovery and the nanofluid flooding (nano-

EOR) process were investigated. Experimental results have shown that NPs have stable conditions at high temperatures

and avoid the aggregation of particles in porous media. Collectively, their results reviewed nanofluid properties for EOR

purposes in a wide range of reservoir conditions.

Recently, some researchers have conducted systematic research about the performance of NPs on surfactant flooding.

Zargartalebi et al.  studied surfactant flooding with nanoparticles. The results indicated that NPs could improve oil

recovery and surfactant flooding in equal NP and surfactant concentrations. In addition, hydrophobic NP-modified

surfactants were more efficient than hydrophilic NP-modified surfactants.

In another work, a novel polymer nanocomposite was synthesized by nano-SiO2 and free radical polymerization for use in

a polymer flooding system. Oil displacement efficiency, mobility control ability, salt tolerance, temperature tolerance,

viscoelasticity and rheological properties were checked under various conditions. The experimental results showed that

polymer nanocomposite as a chemical agent has excellent performance for mobility control ability, temperature tolerance

and rheological properties for polymer flooding .

Hendraningrat  also showed that polymeric nanospheres have great potential to recover trapped residual oil from

porous media. His study showed that NPs could reduce water permeability and mobility ratio, so polymer solutions move

to bypassed oil zones (unswept areas) and cause improved oil recovery. In addition, NPs play a key role in changing oil

displacement mechanisms and wettability alteration. The results of flooding with NPs indicated that higher concentrations

of NPs increase the recovery of oil more than normal polymer flooding (Figure 5a–d) . However, high concentrations

of NPs have a low effect on the viscosity and IFT, as well having a negative effect on reservoir permeability due to the

blocking of porous media (Figure 4c,d).
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Figure 4. SEM images of sand samples with (a) 0.45 wt.% and (b) 0.90 wt.% clay NPs after polymer (c) Core sample

before surfactant–polymer NP flooding, (d) deposition of NPs on the core sample after surfactant–polymer NP flooding

; (e,f) SEM images of core plug after flooding with NPs .

Some works indicated that hydrophilic silica nanoparticles were distributed through reservoir porous media. According to

some research, the concentration of silica NPs should not be more than 0.1 wt.%. This is because the subject can have

different effects on EOR. In addition, a high concentration of NPs necessarily result in high oil recovery. However, even a

high concentration can decrease residual oil saturation by 2–13% . In a research study, the performance of nano

hydrophilic metal oxide was investigated as a polymeric nanofluid for oil recovery by adding polyvinylpyrrolidone. Between

NPs, TiO  has better performance in polymer flooding and wettability alteration in comparison to silica-based nanofluid

.

Silica NPs distribute into water-wet porous media but do not move with oil in sandstone channels. Silica NPs with 600

ppm HPAM can, in this system, decrease residual oil saturation by around 20% . Furthermore, propanol and SiO  NPs

are suitable combinations for oil recovery of around 88% by changing wettability and reducing IFT . Therefore, this

subject indicates that NPs can significantly reduce trapped oil if NPs are injected into porous media .

The results show that NPs with a 0.1 wt.% concentration cause improved rheological properties in the polymer at a low

shear rate (pseudo-plasticity behavior). NPs also cause more enhanced viscosity in nanosuspensions than polymer

solutions. In fact, nanosuspensions are a suitable option as they can be applied instead of polymeric solutions to EOR .
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