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ABSTRACT 
 
The nanotechnology has been widely used in several other industries, and the interest in oil industry is 
increasing. Nanotechnology has the potential to profoundly change enhanced oil recovery (EOR) and 
improve the mechanism of recovery, and it is chosen as an alternative method to unlock the remaining oil 
resources and applied as a new enhanced oil recovery method in the last decade. EOR processes aims to 
recover trapped oil left in reservoirs after primary and secondary recovery method. Chemical flooding is of 
increasing interest and importance due to high oil prices and the need to increase oil production. Nano-
chemical flooding is an immature method from an application point of view. With the decline in oil 
discoveries during the last decades it is believed that EOR technologies will play a key role to meet the 
energy demand in years to come. New materials and additives are needed to make EOR economical in 
challenging reservoirs or harsh environments. Nanoparticles have been widely studied for EOR, but 
nanoparticles with polymer chain grafted to the surface - known as polymer- coated nanoparticles (PNPs) - 
are an emerging class of materials that may be superior to nanoparticles for EOR due to improved solubility 
and stability, greater stabilization of foams and emulsions, and more facile transport through porous media. 
This paper therefore focuses on the reviews of the application of nanotechnology in chemical flooding 
process in oil recovery and reviews the applications of nanomaterials for improving oil recovery that have 
been proposed to explain oil displacement by polymer flooding within oil reservoirs, and also this paper 
highlights a related class of materials comprised of surfactant and nanoparticle blends and studies of PNPs 
for improving mobility control, altering surface wettability, and for investigating their transport through porous 
media in EOR applications. 
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INTRODUCTION 
 
The October 1973 Arab Oil embargo was not the first 
warning of impending energy storages - nor was it the 
first embargo, farsighted individuals had previously called 
attention to the inevitability of an "energy crunch". The 
October 1973 embargo did, however, bring the problem 
"front and centre". 
Since the countries, administration, industries and 
consumers have increasingly realized that the new 

sources of energy, new attitudes and discipline must be 
developed and adopted. Clearly, a comprehensive 
energy program is complex- a unified and complete 
program must encompass the consideration of all 
options. The potential of each needs to be explored. Most 
of the oil fields around the world have reached or will 
reach soon the phase where the production rate is 
nearing     the     decline     period.    Nowadays,    energy  
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consumption worldwide is excepted to increase by 50% 
relative to current levels by the end of 2030 (Ghauri, 
1976). This growth is unlikely to be met by renewable 
resources, and thus there is a strong and growing 
demand for oil as a predominant energy resource. 
Hence, the current main challenge is how to delay the 
abandonment by extracting more oil economically. 
Primary and secondary oil recovery methods typically 
produce only 15 to 30% of the original in place, 
depending on the compressibility of fluids and initial 
pressure of the reservoir (Goolsby, 1965). This leaves 
large amount of trapped oil in reservoirs, which in some 
cases is amenable to tertiary or enhanced oil recovery 
(EOR) processes. 

One such option is to produce more oil- to enhance the 
recovery from domestic oil fields when considered by 
itself, enhanced oil recovery (EOR) is one of the "building 
blocks" and an overall energy structure. Increasing 
production from existing fields may well be a good source 
of future domestic energy supply. The term "enhanced oil 
recovery" refers, in the broadest sense, to any method 
used to recover more oil from a petroleum reservoir than 
would be obtained by primary recovery. 
 
 
CHEMICAL WATER FLOODING 
 
Oil production has three different stages; primary 
(production by natural reservoir energy), secondary (on 
the supply of external energy into the reservoir in the 
form of injecting fluid to increase reservoir pressure) and 
tertiary production (enhanced oil recovery methods 
increase the mobility of the oil in order to increase 
production). 

In primary recovery, naturally occurring forces, 
expansion or influx of water from aquifers, are utilized to 
produce oil. Chemical EOR processes a variety 
mechanisms including a reduction in the oil-water 
interfacial tension (IFT) (Hirasaki et al., 2011; Shah, 
1977; Rosen et al., 2005), surface wettability alteration 
(Downs and Hoover, 1989; Buckley et al., 1998; Buckley 
and Liu, 1998; Hirasaki and Zhang, 2004; Morrow, 1990), 
the use of high viscosity agents for mobility control (Stahl 
and Schulz, 1988; Taber, 1981; Pope, 1980; Taylor and 
Nasr-El-Din, 1998), application of thermal methods 
whereby the viscosity of oil is increased by increasing the 
temperature inside the reservoir (Schmidt and Chevron, 
1988; Boberg, 1988; Stahl et al., 1987), and the use of 
microbes for recovery of depleted reservoirs (Li et al., 
2002; Donaldson et al., 1989; Lazar et al., 2007; Brown, 
2010). EOR processes can include one or more of these 
mechanisms, and to be successful the approach must be 
economical, scalable, and reliable. The petroleum 
industry has conducted extensive research on enhanced 
oil recovery since 1930

’
s. As a result, several potential 

processes have been developed and field tested. Some 
of these processes are designed to recover the oil left in  
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reservoir after water flooding or following other 
conventional secondary recovery processes. The EOR 
processes-usually the third type of recovery method 
employed in the reservoir- has been called "tertiary" 
recovery methods. Because some of the enhanced 
recovery by processes may be used as an alternative to 
water-flooding or other conventional secondary recovery 
processes, the term "enhanced oil recovery" is 
considered to have a broader meaning than "tertiary" oil 
recovery. Conventional secondary recovery methods, 
such as water floods, are considered to be "enhanced 
recovery" methods under the broader definition. Water 
flooding of reservoirs, in which water is injected to 
supplement original reservoirs forces and drive more oil 
to producing wells. For this study, "enhanced oil 
recovery", or "EOR", is considered in a more narrow 
sense, and it is defined as the additional recovery of oil 
from petroleum reservoirs over that which can be 
economically recovered by conventional primary and 
secondary methods. Water flooding is the most widely 
used fluid injection process in the world today. It has 
been recognized (Talash and Strange, 1982) since 1880 
that injecting water into an oil-bearing formation has the 
potential to improve oil recovery. However, water flooding 
did not experience injection projects were initiated 
(Barnes and Tinker, 1985; Holbert and Zeito, 1960), and 
it was not until the early 1950’s that the current boom in 
the water flooding began. Water flooding is responsible 
for a significant fraction of the oil currently produced. 
Many complex and sophisticated enhanced recovery 
processes have been developed through the years in an 
effort to recover the enormous oil reserves left behind by 
inefficient primary recovery mechanisms. Many of these 
processes have the potential to recover more oil than 
water flooding in a particular reservoir. However, no 
process has been discovered which enjoys the 
widespread applicability of water flooding. 

The primary reasons why water flooding is the most 
successful and most widely used oil recovery process 
(Criag, 1971, 1973): 
 
i. general availability of water. 
ii. low cost relative to other injection fluids. 
iii. ease of injecting water into a formation. 
iv. high efficiency with which water displaces oil. 
 
 
Factors controlling water flood recovery 
 
Oil recovery to water flooding can be determined at any 
time in the life of water flood project if the following four 
factors are known. 
 
 
Oil-in-place at the start of water flooding 
 
The  oil-in-place  at  the  time  of initial water injection is a  



 
 
 
 
function of the floodable pore volume and the oil 
saturation. Floodable pore volume is highly dependent on 
the selection and application of net pay discriminators 
such as permeability (and porosity) cutoffs. A successful 
flood requires that sufficient oil be present to form an oil 
bank as water mores through the formation. 

An accurate prediction of water flood performance or 
the interpretation of historical water flood behavior can 
only be made if a reliable estimate of oil-in-place at the 
start of water flooding is available. 
 
 
A real sweep efficiency 
 
This is the fraction of the reservoir area that the water will 
contact. It depends primarily upon the relative flow 
properties of oil and water the injection-production well 
pattern use to flood the reservoir, pressure distribution 
between the injection and production wells, and 
directional permeability. 
 
 
Vertical sweep efficiency 
 
Vertical sweep refers to the fraction of a formation in the 
vertical plane which water will contact. This will depend 
primarily upon the degree of vertical stratification existing 
in the reservoir. 
 
 
Displacement sweep efficiency 
 
This represents fraction of oil which water will displace in 
the portion of the reservoir invaded by water. 

Water flood recovery can be computed at any time in 
the life of a water flood project from the following general 
equation: 
 
Np = N * EA* Ev * ED                                                                                           (1) 
 
N = The oil in place in the floodable pore volume of the 
start of water injection, STB. 
EA = The fraction of the floodable pore volume area 
swept by the injected water. 
Ev = The fraction of the floodable pore in the vertical 
plane swept by the injected water. 
ED = is equal to the fraction of oil saturation at the start of 
water injection which is displaced by water in that portion 
of reservoir invaded by water. 
 
Water flood recovery is dependent on a number of 
variables. The variables which usually have the greatest 
impact on water behavior are listed as follows: 
 
- Oil saturation at the start of water flooding, S0. 
- Residual oil saturation to water flooding, Sor (Sorw). 
- Connate water saturation, Swc. 
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- Free gas saturation at the start of water injection, Sy. 
- Water floodable pore volume, VP, BBLS (This takes into 
account the permeability or porosity net pay 
discriminator). 
- Oil and water viscosity, μ0 and μw. 
- Effective permeability to oil measured at the immobile 
connate water saturation, (K0) Swir. 
- Relative permeability to water and oil, krw and kro. 
- Reservoir stratification, (Dykstra-Parsons coefficient, V). 
- Water flood Pattern (Symmetrical or irregular). 
- Pressure distribution between injector and producer. 
- Injection rate, BWPD. 
- Oil formation volume factor, B0. 
- Economics. 
 
 
Water flooding versus maintenance 
 
Maximum combined primary and secondary oil recovery 
occurs when water flooding is initiated at or near the 
initial bubble point pressure. 

When water injection commences at a time in the life of 
a reservoir when the reservoir pressure is at a high level, 
the injection is frequently referred to as a pressure 
maintenance project. 

On the other hand, if water injection commences at a 
time when reservoir pressure has declined to a low level 
due to primary depletion, the injection process is usually 
referred to as a water flood. 

In both instances, the injected water displaces oil and is 
a dynamic displacement process. Nevertheless, there are 
important differences in the displacement process which 
occurs in depleted low pressure reservoirs. Wettability 
concepts and the location of oil and connate water in the 
layer pores can be illustrated with a simple diagram. 
Consider the "large" pore in Figure 1. However, all rocks 
exhibit a range of pore sizes which causes a variation in 
capillary pressure with fluid saturation. In general, the 
slope of the capillary pressure curve will increase with 
increasing pore size heterogeneity. This is illustrated by 
curves 2, 3, and 4 on Figure 2 which represent a 
homogeneous, moderately heterogeneous, and very 
heterogeneous reservoir, respectively. 
 
 
NANOTECHNOLOGY IN PETROLEUM INDUSTRY 
 
Since, the past decade, rapid development in 
nanotechnology has produced several aspects for the 
scientists and technologies to look into (Mishra et al., 
2014). Nanoparticles are particles with the dimensions in 
the order of 1 to 100 nm. They possess unique properties 
due to their small sizes and greater surface area per unit 
volume (Singh and Ahmed, 2010). Various nanofluids 
can be designed by the addition of nanoparticles to 
different base fluids. The stability or dispersion of 
nanoparticles  in   solutions   relies   on   the  functionality  
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Figure 1. Plane view, cross-section view, and fluid distribution in a 

hypothetical water-wet, oil-wet, and fractional-wet pore.  
 

 
 

(or surface activity) of the nanoparticles. To this end, the 
surfaces of nanoparticles are usually treated or 
functionalized, thereby putting shields around them. 
These shields hinder particle-particle interaction, and the 
possibility of nanoparticle aggregation is reduced. 
Nanoparticles have been explored for use in remarkable 
range of applications (Matteo et al., 2012), including 
polymer composites (Kumar et al., 2013), drug delivery 
(Soppimath et al., 2001; Kumari et al., 2010; Qian et al., 
2006; Zhang and Misra, 2007; Liong et al., 2008; 
Torchilin and Trubetskoy, 1995), sollar cells (Zhang et al., 
2006; Wang et al., 2003; Saunders and Turner, 2008; 
Briseno et al., 2010), lipase immobilization (Yong et al., 
2008), metal ion removal (Takafuji et al., 2004), imaging 
(Liong et al., 2008; Lu et al., 2007; Li and Ruckenstein, 
2004) and EOR (Matteo et al., 2012). Nanotechnology in 
petroleum industry has gained enormous interest in the 
recent years, which is reflected in the amount literature 
available (Engese, 2012).  
 
 
NPs for EOR processes 
 
Nanoparticles   for   EOR   purposes   seem  gradually  to  

become the cutting-edge technology (Engese, 2012). 
They can be interfacially active and used to modify 
surface properties. Nanoparticles have been shown to 
stabilize foams and emulsions or change the wettability of 
rock, but their successful implementation for EOR 
processes require considerations beyond interfacial 
properties. They must be able to migrate through 
enormous media and be desirable in water/brine, 
inexpensive, and inject able to a reservoir. Kanj et al. 
(2009) identified the usable size of nanoparticles in 
reservoir rocks through nano-fluid core flooding 
experiments. Adding nanoparticles to fluids may 
significantly benefit enhanced oil recovery and improve 
well drilling, such as changing the properties of the fluid, 
wettability alteration of rocks, advanced drag reduction 
strengthening and consolidation reducing the interfacial 
tension and increasing the mobility of the capillary-
trapped oil (Cheraghian et al., 2014). In the past decade, 
most investigations have shown that nanoparticles (NPs) 
our promise for future enhanced oil recovery (EOR) 
processes where silica-based NPs have been most 
commonly used  (Ju et al., 2006; Miranda et al., 2012; 
Roustaei et al., 2013; Cheraghian and Tardasti, 2012; 
Hendraningrat et al., 2013). Although the oil displacement  
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Figure 2. Effect of reservoir heterogeneity on capillary pressure curves. 
 

 
 

mechanism via NPs is not yet clearly understood (Wasan 
and Nikolov, 2003; Wasan et al., 2011; Chengara et al., 
2004), the nanotechnology is now chosen as an 
alternative method to unlock the remaining oil resources 
and applied as a new enhanced oil recovery (EOR) 
method in last decade (Hendraningrat et al., 2013; 
Miranda et al., 2012; Roustaei et al., 2013; Ju et al., 
2006; Ogolo et al., 2012; Hendraningrat and Torsaeter, 
2014; Torsaeter and Hendraningrat, 2013). Polymeric 
micro-spheres and nanospheres have been applied as 
water mobility control both as a pilot and full-yield, and 
showed fantastic results in reducing water cut, increasing 
sweep efficiency and improving oil recovery (Yuan et al., 
2010; Li et al., 2012; Tian et al., 2012). Also, Tian et al. 
(2012) reported that polymeric microspheres and 
nanospheres can swell when meet with water and then 
reduce water permeability due to its ability of reducing the 
capillary force and change water upon path. 
Consequently water goes into bypassed area and 
enhances displacement efficiency. They also reported 
that polymeric microspheres and nanospheres have 
some advantages such as no degradation at high 
temperature and salinity. Table 1 shows nanoparticles 
utilized for enhanced oil recovery in IFT process. 

PNPs for EOR processes 
 
One approach to improve the dispersibility of 
nanoparticles and tailor their properties for a particular 
application is to covalently attach polymers to the 
nanoparticle surface, resulting an polymer- coated 
nanoparticles (PNPs). PNPs have received significant 
interest as additives and interfacially active materials, and 
more recently they have been investigated for EOR 
applications. PNPs are versatile materials that can be 
tailored for a particular application, such as EOR. Some 
papers also address experiments where combinations of 
nanoparticles and surfactant solutions are tested. Li et al. 
studied synergistic blends of SiO2 nanoparticles and 
surfactants for EOR in high temperature reservoirs. While 
less work has been carried out with PNPs for EOR, 
recent work suggests they may be superior to unmodified 
nanoparticles for EOR. The aim of this particle to review 
work related to PNPs for EOR, including their use as 
mobility control agents and for wettability alteration 
(Figures 3 and 4). The author focused only on the studies 
related to the use of PNPs for EOR. Other oilfield 
applications, such as hydrocarbon detection and 
estimation    (Hwang    et    al.,   2012),   tracing,  imaging  
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Table 1. List of studies carried out on EOR via nanofluids. 

 

References NP type NP conc. Dispersion medium Porous media 

Onyekonwu and Ogolo (2010) 
Hydrophilic, neutralized and 
hydrophobic silica 

0.2-0.3 wt% Ethanol and water Sandstone cores 

     

Suleimanov et al. (2011) Hydrophobic silica 0.001 wt% 
Sulfanol alkyl aryl 

Sodium sulfonate 
Quartz sand 

     

Shahrabadi et al. (2012) Zirconium oxide 0.1-0.4 wt% Ethanol Sandstone cores 
     

Karimi et al. (2012) Hydrophilic silica 5-10 wt% 
Mixture of nonionic surfactant (Tween 80 
+ Span 85 + glycerin) and DIW 

Carbonate cores 

     

Hendraningrat et al. (2013)  0.01, 0.05 and 0.1 % wt Brine (NaCl 3 wt%) Berea sand stone cores 
     

Ziad et al. (2013) 
Zinc oxide and aluminium 
oxide 

0.05 % wt 
Mixture of sodium dodecyl sulfate and 
DIW 

Glass bead 

     

Koustaei et al. (2013) Hydrophobic silica 0.1 - 0.4 % wt Ethanol Standstone cores 

Ehtesabi et al. (2014) Titanium dioxide 0.01% and 1% wt Brine (NaCl 0.5 wt%) Standstone cores 
     

Hendraningrat and Torsaeter (2014) 
Aluminim oxide, Titanium 
dioxide, and silica 

0.05 % wt Brine (NaCl 3 wt%) Standstone cores 

 

Source: Zhang et al. (2006). 
 
 
 

 
 

 Figure 3. A conceptual model of thin water film formed between oil / brine and brine solid interface.  
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Figure 4. Schematic for the application of PNPs in EOR through mobility control and wettability alteration.  

 
 

 

(Xiangling and Ohadi, 2010), etc. are beyond the scope 
of this study. A significant amount of work has been 
carried out on polymeric composite based on PNPs 
(Akcora et al., 2009; Maillard et al., 2012; Kumar et al., 
2013; Kim and Green, 2010; Maillard et al., 2011). For 
additional information, the reader is referred to recent 
reviews on polymer nanocomposites (Kumar et al., 
2013), on simulation responsive PNPs (Cayre et al., 
2011), and on the synthesis of PNPs (Quaroni and 
Chumanov, 1999; Mandal et al., 2002; Rungta et al., 
2012). Hamedi shokrlu and Babadagli (2010) investigated 
effects on nano metals on viscosity reduction of heavy oil 
and bitumen for thermal oil recovery applications. Based 
on their obtained results, various parameters such as 
nanoparticle types, size and concentration could effect on 
the mechanism of the viscosity reduction of heavy 
oil/bitumen. In addition to various applications of 
nanotechnology in petroleum upstreams, enormous 
researches have been made on the title of implementing 
of nano-particles on the enhanced oil recovery (EOR) 
from petroleum reservoirs (Hendraningrat et al., 2012). 
Hence, in some studies the applications of nanoparticles 
in oil industry have been reported and classified based on 
priority. So, researchers have concluded that 
nanotechnology has the greatest usage in chemical EOR 
methods (Pourafshary et al., 2009). Therefore, in some 
studies the role of nanoparticles in EOR operations has 
been reported (Skauge et al., 2010; Cheraghian et al., 
2014; Cheraghian et al., 2014). Subsurface applications 
of nanotechnology seem to be promising in modifying 
and monitoring reservoir properties, such as wettability 
and interfacial tension between rock and fluids. For 
instance the capability of SiO2 nanoparticles to alter the 
wettability of reservoir rock and reduce the interfacial 
tension between crude oil and brine phases has recently 
been actively investigated to find implementation in 

enhanced oil recovery (EOR) (Le et al., 2011). The 
objective of this paper is to investigate the potential of 
nanoparticles in chemical flooding for oil recovery. This 
reviewed and assessed some of the recent advances. 
Specifically, it aims to explain the contributions of 
application nano in the polymer and surfactant flooding 
on the wettability process. Figures 3 and 4 
 
 
Polymer 
 
Polymer flood is the most widely used chemical EOR 
method. By adding polymers to water, the water-oil 
mobility is lowered. Such a change can lead to better 
sweep efficiency. It is generally believed that polymer 
flooding cannot reduce the residual oil saturation, but it 
can help to reach the residual oil saturation in shorter 
time (Du and Guan, 2004). Polymer flood was proved 
technically and economically successful in many EOR 
projects worldwide (Wang and Dong, 2009; Sheng, 
2011). In field applications, polymer fluids increased 
recovery by 12 to 15% (Wang et al., 2002). The field 
experience in China showed that polymer fluid was 
cheaper than water fluid, due to increased oil output and 
reduced costs in water injection and treatment (Wang et 
al., 2003). Currently, polymer flooding is considered as 
one of the most promising technologies in EOR process 
because of its technical and commercial feasibility. 
Particularly, the interest on polymer flooding application 
worldwide has been simulated by the outstanding results 
reported from the large- scale polymer flooding 
application in the Daqing oil field in China, with 
incremental oil production of up to 300,000 barrels per 
day (Wang et al., 2001). 

In practice, two commercial polymers, hydrolyzed 
polyacrylamides    (HPAM)    and   xanthan   gums,   are  



 
 
 
 
commonly used in oil field applications. HPAM is a water 
soluble polyelectrolyte with negative charges on the 
polymer chains. Xanthan gums, which are 
polysaccharides, show excellent viscosifying ability, high 
tolerance to salinity, and temperature (Guo et al., 1999). 
However, the current widely used polymers, 
polyacrylamide (PAM) and partially hydrolyzed 
polyacrylamide (HPAM), cannot completely the 
requirements due to the hydrolysis, degradation, and 
others under high temperature or high salinity (Ye et al., 
2013). Furthermore, PAM and HPAM have poor shear 
resistance (Shiran and Skauge, 2013; Zhong et al., 2007; 
Ye et al., 2013; Shiran and Skauge, 2013). Polymer 
molecular chains will be cut out when polymer solution 
passes through the pump, pipeline perforation, and 
porous medium at high speed, so the viscosity of polymer 
solution will be greatly reduced (Chang and Chung, 1991; 
Xue et al., 2005). Polymer viscosity was seriously 
affected by salinity. The effect of shearing on polymer 
viscosity and oil recovery was significant. Thus, high 
concentration of polymer was utilized to maintain high 
viscosity (Wu et al., 2014). 
 
 
Surfactant 
 
The surfactant-based chemical flooding processes are 
normally employed to recover the trapped, residual oil 
after the water flooding. Numerous patents exist on 
evaluating different factors, which may affect the 
performance of these processes (Yadali et al., 2009). 
Surfactant flooding is one of the main mechanisms of 
reducing interfacial tension between oil and water for the 
purpose of enhancing oil recovery. Essentially, two 
different approaches have been developed for using 
surfactant to enhance oil recovery. In the first approach, a 
solution containing a low concentration of surfactant is 
injected. The surfactant is dissolved in either water or oil 
and in equilibrium with aggregates of the surfactant 
known as micelles. 

Large pore volumes (about 15 to 60% or more) of the 
solution are injected into the reservoir to reduce 
interfacial tension between oil and water, and thereby, 
increase oil recovery. Oil may be banked with surfactant 
solution process, but residual oil saturation at a given 
position in the reservoir will only approach zero after 
passage of large volumes of surfactant solution. In the 
second approach, a relatively small pore volume (about 3 
to 20%) of a higher surfactant concentration solution is 
injected into the reservoir. The high surfactant 
concentration allows the amount of the dispersed phase 
in the micro emulsion to be high as compared with the 
low value in the dispersed phase of the micelles in the 
low concentration surfactant solutions. The infected slug 
is injected with three or more components. The initial 
components hydrocarbon; surfactant and water are 
sufficient  to  form  the  micellar solutions. A co-surfactant  
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as the fourth component (usually alcohol) can be added. 
Electrolytes, normally inorganic salts, form a fifth 
component that may be used in preparing the micellar 
solutions or micro emulsions. The high concentration 
surfactant solutions displace both oil and water. As the 
high concentration slug moves through the reservoir, it is 
diluted by the formation’s fluids and the process reverts 
to a low-concentration flood. There are numerous 
mathematical modeling and experimental studies of 
various aspects of surfactant flooding in the literature 
(Raterman et al., 1988; Sanz and Pope, 1995; Yang and 
Wadleigh, 2000; Sanele and Yortsos, 1986; Hornof and 
Morrow, 1987; Hematpour et al., 2012; Esmaeilzadeh et 
al., 2014). Le and his colleagues performed experiments 
blending different types of surfactants with SiO2 
nanoparticles. Some of the blends showed great potential 
for EOR application because of their resistance to 
adsorption onto the rock surface, and thermo stability at 
91°C (Le et al., 2011). Suleimanov et al. (2011) carried 
out experiments which showed how dispersed 
nanoparticles in an aqueous phase could modify the 
interfacial properties of a liquid/liquid system, if their 
surface were modified by the presence of an ionic 
surfactant. The application of nano-suspension in their 
study permitted significant increase in the efficiency of oil 
displacement flow rate. 

In homogeneous pore media, oil recovery before water 
breakthrough was increased by 51 and 17% for 
surfactant aqueous solution with nanoparticle addition 
respectively to water and surfactant aqueous solution 
(Suleimanov et al., 2011). 
 
 
Surfactant-polymer 
 
Surfactant-polymer (SP) flooding processes involve the 
injection of a surfactant. Polymer slug followed by a 
polymer buffer and chase water injection. If designed 
correctly, the surfactant increases the capillary number, 
which is crucial for the mobilization and recovery of 
tertiary oil. Polymer increases the sweep efficiency by 
lowering the mobility ratio. If the reservoir crude oil has 
sufficient saponifiable components, soap (surfactant) is 
generated in situ by the reaction of these components 
with the injected alkali, thus adding more surfactant to the 
flood (Lake, 1989). Surfactant-polymer interactions in 
solution are important with regard to the flow behavior in 
the porous media and the potential to displace the oil 
(Austad et al., 1994; Taugbel et al., 1995). Furthermore, 
the surfactant polymer interaction at the solid/liquid 
interface is extremely important with respect to the loss of 
chemicals by adsorption onto the minerals of the rock 
material. The loss of surfactant by adsorption is one of 
the main factors prohibiting, on economic grounds, the 
use of surfactants in field applications. In recent years, 
much attention, both experimental and theoretical, has 
been    focused   on   surfactant-polymer   interactions   in  



 
 
 
 
solution, and several reviews have been published 
(Breuer and Robb, 1972; Goddard, 1986; Piculell and 
Lindman, 1992; Lindman et al., 1993). Alkali free SP 
flooding avoids the drawbacks associated with alkali. 
Surfactants with concentrations higher than the critical 
micelle concentration (CMC) can achieve ultra-low IFT. 
However, such surfactants are expensive. The use of a 
hydrophilic surfactant mixed with a relatively lipophilic 
surfactant or a new surfactant was also investigated 
(Aoudia et al., 2006; Cui et al., 2012; Rosen et al., 2005). 
However, studies on SP flooding only focused on the 
screening and evaluation of the polymer and surfactant 
and their interaction. Reduction in mobility ratio and IFT is 
influenced by reservoir brine salinity, reservoir 
temperature, concentration of chemical ingredients an oil 
components, and others (Ferdous et al., 2012; Gong et 
al., 2009; Cao et al., 2012; Zhang et al., 2012). 
 
 
Wettability 
 
Wettability is defined as the tendency of one fluid to 
spread on, or adhere to, a solid surface in the presence 
of other immiscible fluids. This is a major factor 
controlling the location, flow, and distribution of fluids in a 
reservoir. Many investigations of wettability and its effects 
on oil recovery have come to the conclusion that there is 
a favorable reservoir wettability for operators to recover 
maximum crude oil from a given subterranean reservoir 
(Morrow et al., 1984; Morrow, 1990; Anderson, 1987; 
Rao et al., 1992; Jadhunandan and Morrow, 1995; Zhou 
et al., 2000; Dwarakanath et al., 2002; Hatiboglu and 
Babadagli, 2006; Johannesen and Graue, 2007; Yefei et 
al., 2011). Also, wetting properties are fundamental for 
the understanding of multiphase flow in all aspects of oil 
formation and production, and can affect the production 
characteristics greatly during water flooding. Due to this 
importance, many reviews of wettability and its effect on 
oil recovery have been published (Morrow et al., 1986; 
Cuiec, 1990). The wetting properties of a reservoir are 
determined by the interactions between rocks and fluids. 
The type of minerals, pore size distribution and pore 
surface area are believed to be important, as well as fluid 
composition and temperature. The wettability can vary 
from strongly water-wet to strongly oil-wet (Kowalewski et 
al., 2002). 
 
 
Effects of nanoparticles on wettability 
 
In recent years, there has been an increasing interest in 
application of nanotechnology in petroleum industry. 
Reservoir engineering, however, have received the most 
attention for nanotechnology applications. Nanoparticles 
have been implemented in different enhanced oil 
recovery processes. Wettability alteration effects and 
considerable oil recovery  were  observed  for  hydrophilic  
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poly-silicon nanoparticles (Ju and Fan, 2009). Yu et al. 
(2010) introduced iron-oxide cored particles with 
paramagnetic properties as potential EOR agents of 
which the behavior can be controlled by imposing an 
external magnetic field. Onyekonwu and Ogolo (2010) 
studied capability of three different polysilicon 
nanoparticles as an agent for wettability alteration and oil 
recovery purposes. Skauge et al. investigated the oil 
mobilization properties of nano-sized silica particles and 
discussed the underlying mechanism of microscopic 
flowdiversion by colloidal dispersion gels. Surface-coated 
silica nanoparticles have been used to stabilize both 
water-in-oil and oil-in-water emulsions. Hendraningrat 
performed several experimental studies to investigate oil 
recovery using hydrophilic silica nanoparticle injection. 
Both secondary and tertiary processes were evaluated. 
Also Hendraningrat et al. determined the optimum 
nanoparticle concentration range for enhanced oil 
recovery purpose in low permeability sandstone 
reservoirs. Polysilicon nanoparticles (PSNP) have been 
considered as an EOR agent by Onyekonwu and Ogolo. 
One important characteristic of polysilicon nanoparticles 
is its ability to change rock wettability. Onyekonwu and 
Ogolo discuss three different PSNP which alter the rock 
wettability in different manners. Their results showed that 
silane treated NWPN, and hydrophobic and lipophilic 
polysilicon nanoparticle (HLPN) which is treated by a 
single layer organic compound, had an improvement of 
over 50%after primary and secondary recovery on a 
water-wet rock (Onyekonwu and Ogolo, 2010). Ju and 
Fan (2009) address the challenges relating to the 
application of nano-powder in oil fields to enhance water 
injection by the effect of changing wettability through 
adsorption on porous walls of sandstone. Their result 
revealed that wettability of surface sandstone can be 
changed from oil-wet to water-wet by adsorption of 
untreated polysilicon nanoparticle, lipophobic and 
hydrophilic polysilicon nanoparticle (LHPN). Furthermore, 
the sandstones effective permeability of water was 
improved, while a decrease in absolute permeability was 
observed (Ju and Fan, 2009). In Roustaei and 
Bagherzadeh (2015) work, the impact of SiO2 

nanoparticles on the wettability of a carbonate reservoir 
rock was experimentally studied. Accordingly, SiO2 

nanoparticles are wettability modifiers for carbonate 
systems, and they can change the wettability of 
carbonate rocks from strongly oil wet to strongly water-
wet condition. Safari (2014) investigated the effect of 
different concentration of lipophobic-hydrophilic 
polysilicon nanoparticles (LHPN) on rock surface. He 
used carbonate rocks in the experiments. The contact 
angle between oil droplet and rock surface was 
measured. Finally, results showed that the hydrophilicity 
and wettability will be increased with increasing 
nanoparticle concentration and also cores saturated with 
oil and water was initially mixed-wet, and nanoparticles 
injection    made    them    water-wet.   Water    wettability  
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Figure 5. (a) SEM images of carbonate cores nanoparticles suspension. (b) SEM images of carbonate 

cores after injecting before injecting nanoparticles suspension. Source: Safari (2014). 
 

 
 

increases at higher concentrations. The SEM image of 
the carbonate core after and before injecting with 
nanoparticles is shown in Figure 5a and b. The pictures 
are taken with 10000 magnifications. Nanoparticles have 
properties that are potentially useful for certain oil 
recovery processes, as they are solid and two orders of 
magnitude smaller than colloidal particles. The 
nanoparticle stabilized emulsions droplets are small 
enough to pass typical pores, and flow through the 
reservoir rock without much retention. Spherical fumed 
silica particles with a diameter in the range of several to 
tens of nanometers are the most commonly used. Their 
wettability is controlled by the coating extent of silanol 
groups on the surface, and are considered to be 
hydrophilic if over 90% of the surface is covered by 
silanol groups. With these hydrophilic properties, they will 
consequently form a stable oil-in-water emulsion. 
Conversely, if the silica particles are coated with only 
10% of silanol groups on the surface, they are 
hydrophobic, and will form a water-in-oil emulsion (Zhang 
et al., 2010).  

The wettability of a formation can be changed by 
nanoparticles. The use of nanoparticles to alter rock 
wettability and its following effect on oil recovery has 
been published by several authors (Ju and Fan, 2009; 
Onyekonwu and Ogolo, 2010; Bishan et al., 2005). Ju et 
al. (2001) reported nanometer polysilicon materials that 
could change the wettability of porous surfaces. 

Polysilicon, of which SiO2 is the main component, is 
obtained by adding an additive activated by X-ray to form 
a kind of modified ultra-fine powder with particle size 
ranging from 10 to 500 nm. A reason for fluid flow 
behavior during nano-surfactant flooding is the adsorption 
of ZrO2 nanoparticles onto medium surface and their 
ability to change the surface wettability from oil-wet to 
water wet. It is obvious that, among the many features 
affecting the fluid distribution and oil recovery in porous 
media, wettability is proven to be a crucial factor (Van 
Oss and Giese, 1995; Wu and Firoozabadi, 2010). 
Because of wettability alteration from oil-wet to water-wet 
by silica nanoparticles, oil recovery after dispersed silica 
nanoparticles in polyacrylamide solution flooding caused 
more of the pore space to become saturated with the 
dispersed silica nanoparticles in polyacrylamide solution 
resulting in 10% higher oil recovery than after polymer 
flooding. In polymer flooding, adding silica nanoparticles 
to polymer solution can be an acceptable method to 
enhance oil recovery because besides increasing sweep 
efficiency by means of polymer, nanoparticles which are 
present in polymer solution can alter the surface 
wettability. The fluid behavior in porous media, especially 
in the wall of pores and throats shows medium wettability 
of the surface by the dispersed silica nanoparticles in 
polyacrylamide solution. In parts, the polymer phase has 
been trapped and oil on the wall of pores and throats has 
remained and the surface remains oil wet. In some parts,  
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Figure 6. (a and c) XRD Patterns of SiO2 nanoparticles and MWCNT- SiO2 nanohybrid respectively (b 
and d) FE-SEM images of SiO2nanoparticles and MWCNT- SiO2 nanohybrid respectively. Source: 

Ershadi et al. (2015). 
 
 
 

where the polymer phase existed on the wall of pores 
and throats, no significant oil is existent in pores and 
throats, and water-wet wettability is dominant (Maghzi et 
al., 2011). 

Multi walled carbon nanotube (MWCNT)-Silica 
nanohybrid structures are very suitable material for 
enhanced oil recovery in order to their excellent 
interfacial activity. In the O/W interface, they could 
change the oil properties to mobilize the oil in the 
reservoir. The effect of nanofluid includes MWCNT. Silica 
nanohybrid on the wettability of carbonate and sandstone 
rocks was investigated by Ershadi et al. (2015). Results 

were shown that the nanofluid can significantly change 
the wettability of the rock from oil-wet to water-wet 
condition. 

Figure 6a and b show the XRD pattern and FE-SEM 
image of SiO2 nanoparticles respectively and Figure 6c 
and d show the XRD pattern and SEM image of MWCNT 
SiO2 nanohybrid respectively (Ershadi et al., 2015). 

Modified silica nanofluid improved oil recovery through 
major mechanisms of interfacial tension reduction and 
wettability alteration toward oil-wet condition. Based on 
contact angle and interfacial experiments, the 
concentration  of  3 g/L  showed  a  significant   share   of  



 
 
 
 
interfacial tension reduction and high capability in the 
transformation of wettability toward oil-wet condition. It 
was considered as the optimum concentration and was 
employed in core flood experiments for both light and 
intermediate oil systems. Modified silica nanoparticles are 
more capable in the reduction of interfacial tension and 
the alteration of wettability in the case of light oil reservoir 
(Roustaei et al., 2013). 

Experimental unsteady state displacement tests of 
water/water saturated by dispersed nanoparticles-light 
crude oil systems were performed on a sandstone core 
sample and relative permeability curves of both water 
and oil phases were determined for two successive 
cycles of both imbibitions and drainage processes. 

Based on the results nanoparticles additives have more 
effect on changing the non-wetting phase relative 
permeability curves than the wetting-phase 
(Parvazdavani et al., 2012; Cheraghian and Khalili 
Nezhad, 2015; Cheraghian, 2015). 

The nanofluids change the rock wettability from water-
wet to neutral wet state and decrease oil-water interfacial 
tension (Joonaki and Ghanaatian, 2014). Ɣ-Al2O3 
nanoparticles (Figure 7) can be considered as an 
effective agent in the changing the wettability of 
carbonate rock surface from oil-wet to water-wet. Figure 
5 shows the construction of nanostructures on the rock 
surface, which changes the wettability to water-wet 
conditions (Mohammadi et al., 2014). 
 
 
PNPs for mobility control 
 
In the terminology of fluid flow in porous media, mobility 
of a fluid is defined as the ratio of relative permeability of 
the corresponding fluid to its viscosity. In EOR, mobility 
ratio is the mobility of the injected displacing fluid to that 
of the oil being displaced. Good mobility control is 
obtained when the viscosity of the injected fluid is higher 
than the viscosity of the oil in the reservoir and can lead 
to a piston-like displacement of the oil from the injection 
well to the production well, as shown schematically in 
Figure 4. However, poor mobility control due to a lower 
viscosity of the injected fluid can result in low recoveries 
due to viscous fingering (Rossen and Gauglitz, 1990; 
Pope, 1980). For instance, the viscous fingering effect 
may be observed if CO2 is injected as an oil miscible 
solvent. Injected CO2 may find the path of less resistance 
to the production well and bypass most of the oil, leaving 
a huge portion of the oil in the reservoir behind (Bondor, 
1992; Heller, 1994; Lake, 1989; Orr and Taber, 1984). 
Achieving good mobility control in combination with other 
mechanisms including low interfacial tension or wettability 
alteration is therefore essential for successful chemical 
EOR (Ghauri, 1976; Lake, 1989). A method for achieving 
high viscosities of the injected phases and good mobility 
control is through generation of foams and emulsions, 
which   can   form   in   the   presence  of   surfactants   or  

Afr J Eng Res            46 
 
 
 
nanoparticles. Foams and emulsions are dispersions of 
one fluid in a second immiscible fluid, and they typically 
exhibit high viscosities and shear thinning rheological 
behaviors (Sani and Mohanty,  2009; Blanco et al., 2013). 
The high viscosity of the injected phase can lead to 
improved mobility control. In addition, the shear thinning 
behavior of the injected foam or emulsion is 
advantageous for achieving high injection rates into the 
reservoir. Similar to surfactants, nanoparticles can be 
used to generate foams and emulsions to increase the 
viscosity of the injected phase. The stabilization of foams 
and emulsions using micron sized particles was reported 
roughly 100 years ago by Ramsden (1903) and later by 
Pickering (1907). Such emulsions are commonly known 
as Pickering emulsions. Unlike surfactants, nanoparticles 
have the advantage that they can irreversibly adsorb to a 
liquid-liquid or gas-liquid interface, forming very stable 
foams and emulsions. However, bare nanoparticles may 
be too hydrophobic or hydrophilic for stabilizing an 
interface. PNPs can be tailored for a specific interface 
and application. Below, we discuss the fundamental 
mechanisms involved in stabilization of foams and 
emulsions using PNPs and then discuss recent examples 
of their application for EOR. We begin by discussing 
surfactant coated nanoparticles, which are closely related 
to PNPs and have been widely studied for EOR 
applications. 
 
 
Foam and emulsion stabilization using surfactant and 
PNPs 
 
Surfactant-coated nanoparticles are closely related to 
PNPs and are prepared by blending surfactants and 
nanoparticles. Driven primarily by electrostatic 
interactions, the surfactant can form a monolayer on the 
nanoparticle surface, resulting in more hydrophobic 
particles. Figure 8 shows a schematic representation of 
surfactant adsorption onto a nanoparticle and examples 
of foams and emulsions stabilized by surfactant-coated 
nanoparticles. 

A number of studies have confirmed surfactant 
adsorption onto nanoparticles through contact angle 
measurements, adsorption isotherms of surfactants on 
nanoparticles, zeta potential measurements and 
dispersion stability measurements as a function of 
concentration of surfactant and nanoparticles (Limage et 
al., 2010; Cui et al., 2010; Binks et al., 2008). Surfactant-
coated nanoparticles generate stable foams and 
emulsions in some cases where precursor nanoparticles 
or surfactants separately do not (Limage et al., 2010; 
Worthen et al., 2013; Dong et al., 2010; Siripurapu et al., 
2005). The properties of surfactant-coated nanoparticles 
are dependent on the relative concentrations of 
surfactant and nanoparticle. If the concentration ratio of 
surfactant to nanoparticle is low, only a fraction of 
nanoparticle surface is coated with surfactant. 
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Figure 7. SEM images Ɣ-Al2O3 nanoparticles adsorption on calcite surface with a magnification of (a) 1000 and (b) 5000. Source: 

Mohammadi et al. (2014). 
 
 
 

 
 

Figure 8. (a) Foam as a viscous fluid is a dispersion of air in water and each air droplet is surrounded by 
surfactant-coated nanoparticles; (b) Cryo-SEM image of a foam with nanoparticles closed packed; (c) 

schematic representation of the effect of concentration ratio of nanoparticle and surfactant.  
 
 

 

However, at much greater concentration ratios, the 
surfactant can form a double layer on the nanoparticle 
surface, resulting in a hydrophilic nanoparticle surface. 
Stable foams and emulsions are formed at a 
concentration ratio that results in maximum nanoparticle 
flocculation (Binks and Rodrigues, 2007). The most 
flocculated nanoparticle in this case corresponds to a 
low-charge, optimally hydrophobic nanoparticle, 
containing a monolayer of surfactant on the surface 
(Limage et al., 2010; Cui et al., 2010; Binks et al., 2008). 
Further, single chain surfactants are believed to be a 
better choice for foam formation when mixed with 

nanoparticles since double chain surfactants may lead to 
formation of double layer adsorption on nanoparticle at 
concentrations lower than that of single chain surfactants 
(Cui et al., 2010). The rheology of foams and emulsions 
formed by surfactant coated nanoparticles is also 
influenced by the surfactant to nanoparticle concentration 
ratio (Limage et al., 2010). Viscoelastic behavior of the 
bulk is observed only over a range of concentration 
ratios. For instance, in a study of silica nanoparticles with 
a cationic surfactant (cetyl tri-methyl ammonium 
bromide), Limage et al. (2010) found that if the molar 
concentration  of  CTAB  to  silica  nanoparticles  is about  



 
 
 
 
0.03, viscoelastic behavior is observed. They also try to 
find a correlation between bulk rheology of nanoparticle 
and surfactant mixtures and that of the foam. Their 
rheological measurements are correlated with the 
structures forming at the interface using cryo-SEM 
imaging of the generated emulsions and foams. Another 
role of the surfactant in this process is to lower the 
interfacial tension and form an initial dispersion of 
air/water or oil/water in case of foam or emulsion, 
respectively. Once this dispersion is formed due to shear 
and a decreased amount of interfacial tension, the 
stability of foam/emulsion is augmented by adsorption of 
nanoparticles at the interface (Worthen et al., 2013). 
Gonzenbach et al. (2006) provide a series of conditions 
which can result in formation of ultra-stable foams by 
means of surfactant-coated nanoparticles. Apart from 
reporting the condition of optimal ratio between 
concentration of surfactant and nanoparticle, they find 
that a lower particle size or higher concentration of 
nanoparticle and surfactant leads to generation of more 
foam. Also, by comparing long-term stability of the foams 
treated with different length of surfactants, they find that 
long term stable foams can be made by using surfactants 
with a short chain length (n = 2 to 8) rather than long 
chain length. Similar to surfactant-coated nanoparticles, 
PNPs can be used to stabilize foams and emulsions. 
PNPs can decrease the interfacial tension of oil and 
water or water and air, which can lead to more stable 
emulsions. For example, in 2005 Saleh et al. reported the 
use of silica nanoparticles coated with a polyelectrolyte to 
stabilize oil-in-water emulsions (Saleh et al., 2005). More 
recently, Saigal et al. (2010) reported stable oil-in-water 
emulsions using silica nanoparticles coated with a pH 
responsive polymer, and they found that the most stable 
emulsions were formed at lower polymer chain grafting 
densities. Related studies on star polymers (Saigal et al., 
2013), bottlebrush polymers (Li et al., 2014), and 
paramagnetic particles with adsorbed amphiphilic 
polymers found stable emulsions and reductions in the 
oil-water interfacial tension at relatively low (0.1 wt%) 
particle contents (Alvarez et al., 2012). Alvarez et al. 
(2012) evaluated the dynamic reduction in interfacial 
tension of air and water in the presence of PNPs while 
changing the grafting density of the polymer brushes and 
showed that the polymer coating is a key factor in 
reducing the interfacial tension of air and water using 
PNPs (Alvarez et al., 2012). PNPs with stimuli-responsive 
polymer chains have also been reported. PNPs can 
respond to temperature, pH, and light through a change 
in surface properties. Stimuli-responsive PNPs can 
potentially be used to design injectable fluids that 
respond to environmental changes before and after 
injection or in the presence of oil. It should be noted that 
the reduction in interfacial tension by PNPs and star 
polymers is at most by one order of magnitude (from 
roughly 25 to 1 mN/m) (Saigal et al., 2010, 2013; Li et al., 
2014). By comparison,  surfactant  additives  can  lead  to  
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much greater reductions in oil-water interfacial tension, 
down to 0.001 mN/m

2
 and below. Thus, irreversible PNP 

adsorption to the oil-water interface still plays a 
predominant role in emulsion stability with added PNPs, 
but the reduction in oil-water interfacial tension is modest 
compared with suitably chosen surfactant additives. In 
addition to surface energy, entropy is important to the 
interfacial properties of PNPs. Polymers can exhibit 
conformational changes that influence the 
thermodynamics of PNP adsorption at the fluid-fluid 
interface (Du et al., 2010; Isa et al., 2011; Udayana et al., 
2010; Garbin et al., 2012). However, there are only a 
handful of studies on the effect of polymer entropy on 
nanoparticle adsorption, although this has been studied 
more carefully in polymer-polymer blends (Sun et al., 
2007) and in polymer nanocomposites (Kumar et al., 
2013). Surfactant- and PNPs for mobility control prior 
studies and field tests have relied on the mechanisms 
explained above to increase the viscosity of the 
displacing fluid and the recovery of oil (Aminzadeh-
goharrizi et al., 2012; Nguyen et al., 2012; Yu et al., 
2012; Mo et al., 2012, 2013). Foams and/or emulsion 
formation in oil-rich porous media after injection of 
surfactant- or PNPs has been validated through CT-
scans, an increased pressure drop across the core, and 
effluent analysis (Espinoza et al., 2010; Aminzadeh-
goharrizi et al., 2012; Zhang et al., 2011). Figure 9 shows 
the CT-scan of different cross sections of a Boise 
sandstone core after flooding with brine and CO2, both 
with and without PEG-coated silica nanoparticles. The 
difference in these two experiments is only the presence 
or absence of PNP, and the same core has been 
scanned at the same injected pore volume of CO2. The 
CT-scan results show greater sweep efficiency in the 
presence of PNP (Figure 9b), while with no PNP added, 
large regions of the core are by-passed due to viscous 
fingering (Figure 9a). One practical challenge in the 
application of foam and emulsions from PNPs is the 
energy needed for foam and emulsion formation (Limage 
et al., 2010; Cui et al., 2010). There is a threshold shear 
rate needed for nanoparticles to start generating foams 
and emulsions (DiCarlo et al., 2011). This threshold 
injection flow may be much greater than the practical 
injection rates in reservoirs. In addition, the pregeneration 
of foams and emulsions outside the reservoir before 
injection increases the cost and difficulty of injection into 
the reservoir. It is noteworthy to mention that a type of 
polymeric nanoparticle with commercial name Bright 
Water was the first successfully field-tested nanoparticle 
to increase the sweep efficiency in an actual oil reservoir 
(Salema field, Campos Basin, Brazil) (Roussennac and 
Toschi, 2010). Recently, other tests have confirmed the 
successful application of these nanoparticles in other 
reservoirs (Towns et al., 2013). Bright Water is a 
polymeric nanoparticle that hydrolyzes at a specific 
temperature and expands to many times its original 
volume.  By  blocking  the  pores  in the high permeability  
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Figure 9. CT-scan of the cross section of a core flooded with CO2 and (a) 2% NaBr brine and (b) 2% NaBr 
brine and 5% PEG-coated silica nanoparticles; pure brine and CO2 are illustrated with red and blue, 
respectively. The scan is taken after 0.25 pore volume of CO2 injected and each slice is 1 cm apart 

longitudinally.  
 

 
 

 
 
Figure 10. Schematic and SEM image of Bright Water polymeric nanoparticles. The particles expand at elevated 

temperatures, diverting flow to low permeability regions.  
 
 

 

regions of a reservoir, the injected flow will be directed 
toward low-permeability zones of the reservoir, which 
may have been previously untouched. 

Figure 10 illustrates the basic idea behind the 
application of these polymeric nanoparticles, which can 
lead to significant increase in oil recovery. Although 
Bright Water is not a PNP, its successful implementation 
provides guidelines for the design of PNPs and 
demonstrates that PNPs do have potential for use in 
EOR. 

PNPS FOR SURFACE WETABILITY ALTERATION 
 
Oil can more easily be extracted from water-wet rock 
than from oil-wet rock (Ju et al., 2006) and one approach 
to improve oil recovery is through changing the wettability 
of the reservoir rock from oil-wet towards water-wet. A 
surface is called water-wet if the water contact angle is 
<90° and oil-wet if the water contact angle is >90°. Figure 
11 demonstrates oil and water spreading on different 
surfaces.  Below,  we  discuss   how   nanoparticles   and  
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Figure 11. Contact angle on a rock (a) oil/air/rock before treatment, (b) oil/air/rock after treatment with 

silica nanoparticles, (c) water/air/rock before treatment, (d) water/air/rock after treatment with silica 
nanoparticles. 

 
 
 

PNPs can alter the wettability of surfaces and then 
discuss their potential use for wettability alteration in EOR 
applications. 
 
 
Mechanisms of surface wettability alteration by PNPs 
 
Surface and interfacial energies determine whether a 
surface is water- or oil-wet. A spreading coefficient S of 
water on a solid in contact with both oil and water can be 
defined in terms of the interfacial tensions between each 
phase in equation 2 : 
 
S=ƔO/S - ƔW/S - ƔO/W                                                                                       (2) 
 
where ƔO/S, ƔW/S, and ƔO/W are the interfacial energies 
between oil/solid, water/solid, and oil/water. The contact 
angle formed results from a force balance at these 
interfaces (Kao et al., 1989). Reducing the oil-water 
interfacial tension results in an increase in S and a more 
water-wet surface. “Rollup” is a well-known mechanism 
for removal of oily soils from solid surfaces by wettability 
alteration using surfactants (Salehi et al., 2008). If the 
initial contact angle is <90°, it can be decreased to make 
the surface more water-wet by a reduction in oil-water 
interfacial tension alone. However, adsorption of 
surfactant to decrease water/solid interfacial energy is 

needed to convert an initially oil-wet surface to a water-
wet state (Salehi et al., 2008; Dillan et al., 1979). 
However, in a fluid containing nanoparticles or spherical 
surfactant micelles, phenomena are observed that may 
not be fully explained through the previously known 
mechanisms. Kao et al. were the first to observe that in 
the case of an oil droplet on a surface immersed in a 
solution of nanoparticles, there are two contact lines 
instead of one (Wasan et al., 2011). Also, traditional 
mechanisms cannot accurately account for the faster 
spreading of a nanoparticle solution on a surface for 
higher nanoparticle concentrations and higher viscosities 
(Giraldo et al., 2013). It is observed that the inner and 
outer contact lines move with a constant spreading 
velocity, which is a function of salt concentration, bulk 
volume fraction of nanoparticles, size, and polydispersity 
of nanoparticles, as well as interfacial tension between 
the drop and the spreading phase (Kao et al., 1989; 
Kondiparty et al., 2012; Chengara et al., 2004; Tata et al., 
2000). The underlying mechanism that can account for 
this unusual interfacial behavior is related to the size of 
nanoparticles. Adjacent to the wedge-shape inner contact 
line, the nanoparticles can form ordered structures, as 
shown in Figure 12 (Chengara et al., 2004; Tata et al., 
2000; Wasan and Nikolov, 2003). Chengara et al. (2004) 
claimed that the ordering is a consequence of increase in 
entropy   of    the    system.    These   ordered,   solid-like  
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Figure 12. The inner and outer contact line due to ordering of nanoparticles; (a) the oscillatory disjoining pressure profile due to 

ordering of the nanoparticles near the wedge-like inner contact line; (b) visual and schematic pictures of inner and outer contact 
lines. 

 

 
 

structures near the contact line lead to very high 
disjoining pressures that caused a wedge-like spreading 
of the nanoparticle solution, resulting in two contact lines 
(Figure 12). This structural disjoining pressure is 
oscillatory (Wasan and Nikolov, 2003), and both period of 
oscillation and decay factor is dependent to the effective 
diameter of the nanoparticle (Trokhymchuk et al., 2001). 
Wasan and Nikolov (2003) showed that the structural 
disjoining pressure exponentially increases with a 
decrease in film thickness or number of nanoparticle 
layers between the solid and oil, as seen in Figure 12 
(left). It is the high structural disjoining pressure that 
enhances the spreading of the phase containing 
nanoparticles and can lead to wettability alteration of an 
oil-wet surface to more water-wet states. Matar et al. 
(2007) showed this theoretically by applying the mass 
and momentum conservation equations under the 
lubrication approximation. It is noteworthy that structural 
disjoining pressure which is discussed in these studies is 
just one of the components affecting disjoining pressure. 
Van der Waals, electrostatic, and solvation forces are 
other components that can affect the disjoining pressure. 
In particular, electrostatics can be very effective in 
increasing wettability alteration properties of 
nanoparticles. If the nanoparticle is coated by a 
polyelectrolyte, electrostatic repulsive forces can increase 
the disjoining pressure and may cause significant 
increase in spreading of the phase with dispersed 
nanoparticles. In some of the studies that investigate 
wettability alteration through so called “nanofluids”, a 
mixture of nanoparticle and surfactant is used (Liu et al., 
2012; Karimi et al., 2012). However, it is well-known that 
surfactants of different types are able to change the 

wettability of the rocks (Standnes and Austad, 2003). 
Therefore, such studies may not present conclusive 
evidence on wettability alteration using nanoparticles, 
especially when control experiments are lacking. In spite 
of this, there is conclusive evidence that shows 
nanoparticles can change the contact angle of an at least 
slightly oil-wet rock to more water wet conditions (Girald 
 
 
Nanoparticle EOR processes through wettability 
alteration 
 
A number of studies have reported the application of 
nanoparticles in EOR through wettability alteration (Liu et 
al., 2012; Karimi et al., 2012; Torsaeter et al., 2013; 
Mcelfresh et al., 2012), yet studies of the effect of PNPs 
on wettability is in the early stages. Here, we briefly 
review the current state of research on the effect of 
nanoparticles on wettability alteration and emphasize 
how a polymer coating in PNPs can potentially change 
the contact angle of the nanoparticles, increase 
electrostatic repulsion, and improve wettability alteration 
of nanoparticles. 

Several studies measured the contact angle of oil-wet 
surfaces before and after treatment with nanoparticles, 
and it was found that nanoparticles can decrease the 
contact angle of various surfaces. Addition of 
nanoparticles to brine can also lead to spontaneous 
imbibitions of the nanoparticle dispersion with resulting oil 
displacement from different rocks (Figure 13) (Torsaeter 
et al., 2013; Mcelfresh et al., 2012; Ogolo et al., 2012). 
Relative permeability curves of oil and water also change 
after  contact  with  nanoparticles;   that   is,   the   relative  
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Figure 13. Oil displacement process. 
 

 
 

permeability of oil and water increases and decreases, 
respectively (Liu et al., 2012). Actual core flooding 
experiments where nanoparticles were injected in real 
cores found that recovery of oil can increase from 5 up to 
about 20% in some cases (Liu et al., 2012; Karimi et al., 
2012; Ogolo et al., 2012; Ju and Fan, 2009). 

Ju et al. (2006) developed simulations to analyze 
wettability alterations caused by nanoparticles. They 
analyzed the effect of different physical and chemical 
properties of the nanoparticles, such as polymer coating, 
contact angle, and size in terms of empirical coefficients 
(Ju and Fan, 2009; Ju et al., 2006). They report that both 
permeability and porosity of the core decrease with 
injection of nanoparticles, and the decrease in 
permeability is more significant than porosity. However, 
the relative permeability of oil increases due to wettability 
alteration. Based on their simulations, oil recovery can be 
improved through wettability alteration by up to 20% 
when a high concentration of nanoparticle is injected. At 
the same time, increasing nanoparticle concentration 
leads to greater reductions in permeability. Therefore, 
they suggest an optimum concentration of nanoparticle (2 
to 3%) for injection into the core. 
 
 
TRANSPORT OF PNPS INPOROUS MEDIA 
 
The sections above focused on the properties of PNPs 
that can improve oil recovery. However, nanoparticles 
must also be able to propagate deep into the reservoir to 
assist oil displacement. Previous studies have reported 
challenges in the transport of nanoparticles through 
porous media (Zhan et al., 2008; Liu et al., 2005; Phenrat 
et al., 2008; Yang et al., 2007; Schrick et al., 2004). 
Nanoparticles coated with various polymers including 
polyacrylic acid (Kanel et al., 2008; Saleh et al., 2007; 
Phenrat et al., 2009; Hydutsky et al., 2007; Schrick et al., 
2004; Ditsch et al., 2005; Saleh et al., 2005), cellulose 
(He et al., 2007), starch (He and Zhao, 2005), and 

surfactants (Quinn et al., 2005; Alessi and Li, 2001; Kanel 
et al., 2007) have been studied. In this section, a critical 
review of the mechanisms affecting transport of 
nanoparticles through porous media and current 
challenges are presented. 
 
 
Mechanisms of nanoparticle transport through 
porous media 
 
Three mechanisms primarily affect propagation of 
nanoparticles in porous media: physical filtration, solution 
chemical stability, and adsorption on the rock/porous 
media surface. Each of these is discussed separately 
below. 
 
 
Physical filtration 
 
Physical filtration occurs when the particles are larger 
than some of the pores in the porous media. This may 
even occur for well-dispersed (non-aggregated) 
nanoparticles in case of injection in low-permeability 
rocks, such as tight sandstones. 

For non-aggregated nanoparticles, the size, shape and 
aspect ratio of the particle are relevant parameters that 
can affect filtration. The particle size-distribution is also 
important since filtration may be initiated with the larger 
particles. This can, in turn, cause further filtration due to 
decrease in the size of the pores after initial filtration 
(Baez et al., 2012). In the case of PNPs, both 
nanoparticles and polymeric coatings can be poly-
disperse. 
 
 
Solution and chemical stability of PNPs 
 
By solution and chemical solution stability, we refer to the 
solubility    and   dispersibility   of   nanoparticles.   In   the  



 
 
 
 
presence of high salinity and hardness (which is often the 
case in oil reservoirs), poor chemical stability can lead to 
aggregation or precipitation of nanoparticles. From the 
molecular viewpoint, both Van der Waals and 
hydrophobic attractions can result in precipitation and 
aggregation. Polymeric coatings on nanoparticles can 
potentially inhibit aggregation by providing electrostatic or 
steric repulsions (Hamedi Shokrlu and Babadagli, 2011). 
Different polyelectrolytes, such as poly(acrylic acid), 
poly(vinyl pyrrodine), poly(styrene sulfonate), and 
bilayers of ionic surfactants have been used to provide 
electrostatic repulsion between nanoparticles (Ersenkal 
et al., 2011; Yang et al., 2007; Yu et al.,  2010; Bagaria et 
al., 2013). The challenge with these types of coatings is 
that they are usually highly pH-dependent. Salinity and 
the presence of divalent ions can also affect the stability 
of PNPs. Some of these polymers [e.g., poly(vinyl 
pyrrodine)] can actually stabilize the nanoparticles in high 
salinity brines; however, they may cause the 
nanoparticles to readily adsorb to the rock surfaces. Yan 
et al. (2012) studied the effect of salinity (based on KCl) 
on stability of a polyelectrolyte-coated PNP, and Bagaria 
et al. (2013) conducted a comprehensive study on the 
effects of salinity (based on NaCl) and Ca

+2 
concentration 

on nanoparticles coated with different polyelectrolytes. 
Also, Kim et al. (2012) studied the effect of pH and clay 
minerals on the stability of nanoparticles coated with both 
low molecular weight and high molecular weight 
polyelectrolytes (with negative charges). The stability of 
PNPs with polyelectrolyte polymer coatings is found to 
depend on the pH, and to be adversely affected by 
increases in salinity and divalent ion concentrations. 

Ionic surfactants have also been used to stabilize 
nanoparticles (Quinn et al., 2005; Alessi and Li, 2001; 
Kanel et al., 2007). However, as discussed above, 
stabilization of nanoparticles using surfactants is 
sensitive to the concentration ratio of surfactant to 
nanoparticle. At low concentration ratios of surfactant to 
nanoparticle, a monolayer of surfactant is adsorbed on 
the nanoparticle surface, making it hydrophobic, but if a 
bilayer of surfactant adsorbs to the nanoparticle, it can 
lead to more chemical stabilization due to electrostatic 
repulsion. 

Some researchers have used long-chain polymers 
such as cellulose, starch, or polyacrylamide, as a coating 
on the surface of nanoparticles to stabilize them in the 
solution (He et al., 2007; He and Zhao, 2005; Hamedi 
and Babadagli, 2011; Cirtiu et al., 2011). This type of 
polymer coating leads to repulsion between nanoparticles 
based on steric inhibition and entropic effects. However, 
they have not been successfully shown to stabilize the 
nanoparticles at high salinities present in many reservoirs 
due to the poor solubility of the polymers under these 
conditions. Nanoparticles can also be coated with a 
combination of polymers to provide both providing steric 
inhibition and electrostatic repulsion to optimize the 
stabilization and adsorption (Baez et al., 2012). 
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Cirtiu et al. (2011) compared the stability of PNPs with 
the polymeric layer either post-grafted to a premade 
nanoparticle or through pre-grafting, in which 
nanoparticle was synthesized while grafting polymers to 
the surface. They found that in most of the cases 
pregrafted samples led to a more stable PNP than the 
case of post-grafted PNPs. 

Another factor to consider is that PNPs may behave 
differently and even have different sizes under static and 
dynamic conditions (Ersenkal et al., 2011). Ersenkal et al. 
(2011) investigated the size of poly(acrylic acid)-coated 
iron nanoparticles in static (in solution) and dynamic 
conditions (passed through a porous medium). They 
found that the nanoparticle size appeared to depend on 
nanoparticle solution concentration in dynamic tests but 
not static measurements. In dynamic tests, they found 
retardation in nanoparticle propagation for initial 
nanoparticle concentrations lower than 600 mg/L (Figure 
14). They hypothesized that these results reflect forces 
and torques acting on nanoparticles in a dynamic test 
that are absent in a static one and that these forces are 
most significant in the areas of flow convergence in 
porous media that favor nanoparticle filtration or particle 
aggregation (Bradford and Torkzaban, 2008). This result 
highlights the complexity of the effects of dynamic factors 
(such as flow rate, permeability, etc.) on effective size of 
the nanoparticles and questions the validity of static 
measurements to determine the chemical stability of 
nanoparticles under dynamic conditions. Hamedi Shokrlu 
and Babadagli have examined the effects of various 
dynamic parameters (Hamedi and Babadagli, 2011) on 
the transport of nanoparticles through porous media and 
found that for the system of their study, higher injection 
rates can lead to lower retardation of nanoparticles. More 
studies are needed in this area. 
 
 
Adsorption on the porous media 
 
Even for nanoparticles of appropriate size and shape and 
good stability in solution, adsorption onto solid surfaces 
may impede nanoparticle transport. Low adsorption of the 
injected chemicals on rock also improves the economics 
of the oil recovery process (ShamsiJazeyi et al., 2014). 
Prior work has shown that many of the polymer coatings 
which can stabilize nanoparticles in solution can also 
result in high adsorption and retardation of nanoparticles 
once injected into the porous media (Baez et al., 2012; 
Yang et al., 2007; Yu et al.,  2010; Bagaria et al., 2013; 
Kim et al., 2012). 

Electrostatic repulsions and reduced hydrophobic-
hydrophobic interactions between PNPs and the rock 
surface can reduce nanoparticle adsorption. PNPs with a 
surface charge that matches that of the rock surface 
(Ersenkal et al., 2011; Bagaria et al., 2013; Kim et al., 
2012) or that are less hydrophobic (Bagaria et al., 2013) 
may    exhibit    reduced    adsorption.   However,   this  is  
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Figure 14. (a) The retardation of the poly(acrylic acid) coated iron nanoparticles in dynamic test; (b) the change in 

the effective size of nanoparticles as a function of injected pore volume; (c) ESEM images the size of nanoparticle 
before propagation through porous media; (d) the size of nanoparticle after propagation through porous media.  

 
 

 

challenging considering the different salinities, divalent 
ion concentrations, and pH values that must be 
considered. Further, adsorption should be reduced while 
maintaining the nanoparticle properties favorable to EOR. 
As an example, in the case of surfactant-coated 
nanoparticles, monolayer adsorption of surfactant can 
improve foam stability but also result in higher adsorption. 
 
 
INTERFACIAL TENSION MEASUREMENT 
 
The IFT between the equilibrated brine and oil phases 
was measured with the help of a spinning drop 
tensiometer. In cases where third phase micro-emulsion 
was found to exist, oil phase was taken near the middle 
phase for accurate measurement of the IFT. Optimal 
salinity was taken as the salinity of the system which 
gave the least IFT between the oil and the aqueous 
phase. It was always near the salinity where the middle 
phase microemulsion was present in the phase behavior 
studies. The subsequent wettability experiments were 
performed at the optimal salinity obtained from these 
measurements (Adibhatla and Mohanty, 2006). 

Effects of nanoparticles on IFT reduction 
 
Role of the surfactant is to lower the interfacial tension 
and to form an initial dispersion of air/water or oil/water in 
case of foam or emulsion, respectively. Once this 
dispersion is formed due to shear and a decreased 
amount of interfacial tension, the stability of 
foam/emulsion is augmented by adsorption of 
nanoparticles at the interface (Worthen et al., 2013). For 
example, usage of silica nanoparticles coated with a 
polyelectrolyte to stabilize oil-in-water emulsions has 
been reported. More recently, Saigal et al. (2010) 
reported stable oil-in-water emulsions using silica 
nanoparticles coated with a pH responsive polymer, and 
they found that the most stable emulsions were formed at 
lower polymer chain grafting densities. In addition, some 
researchers investigated about the effects of 
nanoparticles on IFT reduction on surfactant solutions 
(Al-Raoush and Willson, 2005). They claimed that the 
presence of nanoparticles changes rheological properties 
and increases the effect of surfactant solution on oil 
recovery processes. First of all, it changes interfacial 
tension  value  of  surfactant/oil  interface more effectively  
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 Table 2. Nano-particles effect on IFT reduction. 
 

Concentration (ppm) 

IFT (10-3 N/m) 

Concentration (ppm) 

IFT (10-3 N/m) Sodium dodecyl 
sulfate (SDS) 

Nanoparticles 
Dodecyl trimethylammonium 

bromide (C12TAB) 
Nanoparticles 

2000 0 16 3000 0 18.4 

2000 100 3.1 3000 100 5.4 
 

 Source: Mohajeri et al. (2015). 
 
 

 

(Munshi et al., 2008). Observed reduction of interfacial 
tension is the result of nanoparticles presence at the 
interfacial layers. In low concentrations of nanoparticles, 
they are attached to the liquid surface and due to 
absorption process surface tension decreases. However, 
in high concentrations, the nanoparticles nearly 
completely remove the surfactant from the bulk aqueous 
phase and there is no free surfactant available in the 
bulk. Thus, for nanoparticles in low concentrations the 
interfacial tension of the dispersion is determined by a 
mixed layer composed of attached nanoparticles and 
surfactant adsorbed at the liquid interface (Ravera et al., 
2006). Accordingly, the interfacial tensions values were 
determined in different states. All reported interfacial 
tension values were measured by a drop shape 
tensiometer DSA30 of Kruss company. Pendant drop-
method based on the Laplace equation which describes 
relationship between the difference in pressure and 
interfacial tension was selected for our purpose. The 
results are shown in Table 2. As can be seen, 
nanoparticles decreased surface tension by 70% when 
used with a SDS concentration of 2000 ppm, while the 
figure for C12TAB was about 81%. 

In addition, ZRSL3000 solution, which was chosen 
before as an optimum concentration, showed an IFT 
value of 17.1 (103 N/m). Seemingly, although this amount 
almost showed a same amount compared to both 
surfactants alone, it is by far more than 
nanoparticles/surfactant value. This means that 
nanoparticles along with surfactants can strongly 
decrease the interfacial tension of oil and water, which 
can lead to more stable emulsions and justify the 
enhancement of oil recovery. In this regard, SDS showed 
better performance than C12TAB when used either alone 
or with nanoparticles (Mohajeri et al., 2015). 
Nanoparticles form a mixed layer with surfactants at the 
interface between the injected fluid and oil. This results in 
increasing the interface consequently makes a 
considerable contribution to reducing IFT. This means 
that capillary forces considerably decrease and capillary 
number will strongly be increased (Rosen et al., 2005). In 
fact, both nanoparticles and surfactants help each other 
to remain stable and to contribute to keeping the formed 
emulsions stable. The presence of suspended 
nanoparticles in the solution increases sedimentation 
stability, because surface forces easily counterbalance 
the force of gravity. In addition, it is obvious that 

surfactants contribute to the stability of nanoparticles and 
emulsions to decrease IFT (Suleimanov et al., 2011; Qiu, 
2010). 

The influences of hydrophilic and slightly hydrophobic 
silica nanoparticles on sodium dodecyl sulfate anionic 
surfactant properties were investigated for enhancing oil 
recovery purpose. Surfactant interfacial and adsorption 
behaviors were investigated in the presence of 
nanoparticles. Considerably stable nanoparticle 
suspensions were obtained adding low amounts of 
sodium dodecyl sulfate. Opposing interfacial properties 
were observed for low to high surfactant concentrations 
for both hydrophilic and hydrophobic nanoparticle-
augmented solutions. The inclusion of nanoparticles had 
a negligible influence on the oil/water interfacial tension 
at very low surfactant concentrations. However, 
surfactant efficiency was rather significantly improved at 
higher sodium dodecyl sulfate concentrations up to about 
CMC after which the oil/water interfacial tension began to 
grow. The interfacial tension eventually reached a 
constant value greater than the one obtained by the sole 
surfactant solution of the same concentration. Table 3 
summarizes IFT of these surfactants with different nano 
concentration (Barati et al., 2014). 

The results showed consistency with a relatively low 
deviation. The contact angle and interfacial tension (IFT) 
were measured and analyzed to determine the possible 
displacement mechanism. It was observed that the 
nanofluid rendered the quartz plate more water-wet in 
both wettability systems, and the presence of hydrophilic 
nanoparticles at a 0.05 wt% concentration was effective 
in altering the wettability between 15 and 33%. The 
presence of NPs did not significantly reduce the IFT 
between the oleic- and aqueous-phase. Therefore, 
wettability alteration plays a more dominant role in the 
possible oil displacement mechanism using nano-EOR 
(Cheraghian, 2015). SiO2 nano-powder is a new type of 
augmented injection agent that has the ability of stronger 
hydrophobicity and lipophilicity, and can be absorbed on 
the rock surface leading to changes in the rock wettability 
level. It can be classified into two types: lipophobic and 
hydrophilic polysilicon nanoparticle (LHPN) and 
hydrophobic and lipophilic polysilicon nanoparticle 
(HLPN) (Ju and Fan, 2009; Suleimanov et al., 2011). On 
the other hand, it can reduce the interfacial tension (IFT) 
between two phases, enhance oil effective permeability 
and reduce injection pressure and augment injection rate  
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Table 3. IFT of these surfactants with different nano concentration. 
 

Concentration (ppm) 
 

Interfacial tension ( dyne/cm) 

Surfactant Nanoparticle Surfactant solution Nanoparticle- augmented surfactant solution 

500 1000  7.43 3.71 

500 2000  7.43 4.64 

1000 1000  3.53 2.59 

1000 2000  3.53 2.76 

2000 1000  2.60 1.87 

2000 2000  2.60 2.42 

4000 1000  2.90 3.64 

4000 2000  2.90 4.74 

6000 1000  2.85 4.26 

6000 2000  2.85 4.64 
 

Source. Barati et al. (2014). 
 
 

 

 
 
Figure 15. The SEM images of core plug after flooding with 0.01%. 

 
 
 

(Wang et al., 2010). Ehtesabi et al. (2015) researched 
about nano TiO2 on heavy oil recovery. Their results 
showed that TiO2 nanoparticles do not change 
significantly the viscosity and the interfacial tension. SEM 
images from the entrance side of the core plug after 
flooding test with 0.01% TiO2 nanoparticles confirm the 
coating of the rock surface with TiO2 nanoparticles 
(Figure 15). The capability of hydrophilic and slightly 

hydrophobic silica nanoparticles to improve surfactant 
performance was explored. Prior to flooding experiments, 
the effects of nanoparticle on surfactant properties were 
investigated. The results showed that interfacial tension 
between nanoparticle-augmented surfactant solution and 
oil starts with a rapid decrease in low surfactant 
concentration and follows an increase at higher 
concentrations.  Surfactant  adsorption  on  rock   surface  



 
 
 
 
was generally reduced in the presence of nanoparticle 
and this reduction was much more considerable for 
hydrophobic particles in all surfactant concentrations 
(Zargartalebi et al., 2015). A systematic study of 
hydrophilic metal oxide nanoparticles (NPs) for EOR 
purposes was performed, and the stability of metal oxide-
based nanofluids was successfully improved by adding 
polyvinylpyrrolidone at 1 wt%. The contact angle, 
interfacial tension (IFT) and effluent were measured and 
analysed in the displacement mechanism observations. It 
was observed that all nanofluids rendered the quartz 
plate more water-wet, and the TiO2-based nanofluid was 
the most effective wettability-altering fluid. This result is 
consistent with and proportional to the additional oil 
recovery from the core flood experiment. The particle 
adsorption during the transport process was identified 
from the effluent analysis. The presence of nanoparticles 
reduced the IFT between the oleic phase and aqueous 
phase as did the presence of polyvinylpyrrolidone as 
dispersant, but the degree of IFT reduction is not 
proportional to the additional oil recovery. The lowest IFT 
was achieved by metal oxide nanoparticles even though 
this material does not have the lowest pH. The additional 
oil recovery due to silica-based nanofluid is greater than 
that of brine with polyvinylpyrrolidone solution, even 
though the silica-based nanofluid has a higher IFT than 
the brine with polyvinylpyrrolidone solution 
(Hendraningrat and Zhang, 2015). A systematic study of 
hydrophilic metal oxide nanoparticles (NPs) for EOR 
purposes was performed, and the stability of metal oxide 
based nanofluids was successfully improved by adding 
polyvinylpyrrolidone at 1 wt%. Structure of PVP is shown 
in Figure 16. Hydrophilic metal oxide nanoparticles 
(Figure 17). 
 
 
CONCLUSION 
 
Nano particles can enhance the function ability of the 
stimulation fluids due to easy access of the nanos into 
the oil–water interface to reduce the IFT between the oil 
and the water and enhance the oil production (Amanullah 
and Al-Tahini, 2009). 

Nanotechnology has the potential to have a positive 
effect on the chemical EOR process. The aims of this 
paper were firstly to compile an up-to-date data base for 
implemented nano chemical injection projects reported in 
the literature over the last 15 years. Altogether, 
nanotechnology can be an effective enhancement option 
for an oil recovery method in an oil reservoir which is 
technically sensitive to the chemical recovery method. 
Although the future of nanotechnology is completely 
uncharted territory, certainly nanotechnology will 
revolutionize the oil industry in several important ways. 

A review of the effect of NPs and PNPs on wettability 
for enhanced oil recovery processes has been presented. 
Several   cases   as   well   as   laboratory   studies   were  
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Figure 16. Chemical structure of PVP 

(Folttmann and Quadir, 2008) nanoparticles a 10 
nm scale and b 200 nm scale and c 100 nm 
scale (Ehtesabi et al., 2015). 

 
 
 

discussed. 
 
 
SUMMARY OF CHALLENGES AND DIRECTIONS FOR 
FUTURE RESEARCH 
 
Nanoparticle-based technologies are promising for EOR 
processes and, in the case of bright water polymeric 
nanoparticles, have been field-tested for improving oil 
recovery. Polymer coatings can potentially offer 
significant advantages in terms of tuning nanoparticle 
surface properties, stability, and responsiveness, but 
more studies are needed to understand the potential of 
NPs and PNPs for EOR. Below, we prioritize areas of 
emphasis that need to be addressed for the eventual 
implementation of PNPs in EOR processes. 
First, for the use of PNPs to improve mobility control, the 
energy required to stabilize a foam or emulsion should be 
commensurate with the energy required for injection into 
cores, with typical flow rates on the order of 10 ft/day. 
The role of different types and functionalities of polymers 
should be investigated to reduce the energy required for 
adsorption of nanoparticles at the fluid-fluid interface as 
well as for foam/emulsion stability. 
Second, the thermodynamics of polymer rearrangement 
on the surface of PNPs located at an interface remains 
poorly understood. Thermodynamic models that consider 
the effects of rearrangement of polymers at the interface 
on the energy and entropy of the foam and emulsion 
systems should be further explored. 

Third, studies are lacking on the effect of different types 
of polymers as coatings on nanoparticles for wettability 
alteration. Polymers can have different effects on energy 
and entropy of the system (structural, electrostatic, 
hydrophobic, and other effects), which change the 
disjoining pressure near the inner contact line and 
change the rate of wettability alteration caused by such 
PNPs. 

Polymer coatings that can facilitate NP and PNP 
propagation through a reservoir under harsh conditions, 
such as high salinity and high temperatures, are needed.  
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 Figure 17. Morphology and elemental analysis of a TiO2 and b SiO2 NPs from SEM (Hendraningrat and Zhang, 2015). 
 

 
 

A proper stabilizing polymer coating is one that not only 
stabilizes the nanoparticle in both static and dynamic 
conditions, but also has maximum long-term chemical 
stability and minimum adsorption on the rock. Addressing 
these challenges may eventually lead to an optimized 
PNP polymer coating that minimizes the undesirable 
effects (adsorption, aggregation, etc.) and maximizes 
desirable effects such as increased viscosity, emulsion 
generation, and reduced interfacial tension under a 
variety of environmental conditions. 
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