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Abstract
Despite the progress made on renewable energy, oil and gas remains the world’s primary energy source. Meanwhile, large 
amounts of oil deposits remain unrecovered after application of traditional oil recovery methods. Chemical enhanced oil 
recovery (EOR) has been adjudged as an efficient oil recovery technique to recover bypassed oil and residual oil trapped in 
the reservoir. This EOR method relies on the injection of chemicals to boost oil recovery. In this overview, an up-to-date 
synopsis of chemical EOR with detailed explanation of the chemicals used, and the mechanism governing their oil recovery 
application have been discussed. Challenges encountered in the application of the various conventional chemical EOR meth-
ods were highlighted, and solutions to overcome the challenges were proffered. Besides, the recent trend of incorporating 
nanotechnology and their synergistic effects on conventional chemicals stability and efficiency for EOR were also explored 
and analysed. Finally, laboratory results and field projects were outlined. The review of experimental studies shows that pore-
scale mechanisms of conventional chemical EOR is enhanced by incorporating nanotechnology, hence, resulted in higher 
efficiency. Moreover, the use of ionic liquid chemicals and novel alkaline–cosolvent–polymer technology shows good poten-
tials. This overview presents an extensive information about chemical EOR applications for sustainable energy production.
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Abbreviations
AA  Acrylic acid
AlCl3  Aluminium chloride
Al2O3  Alumina or aluminium oxide
AlOOH  Hydrophobic alumina
AM  Acrylamide
AMC12S 2  Acrylamido-dodecyl sulfonate
AMPS  2-Acrylamido-2-methyl-1-propanesulfonic 

acid
AOS  Alpha olefin sulphonate
API  American Petroleum Institute
APTES  (3-Aminopropyl)triethoxysilane
ATBS  Sodium acrylamido terbutyl sulfonate

CaCl2  Calcium chloride
cP  Centipoise
CTAB  Cetyltrimethylammonium bromide
EDA  Ethylene diamine
EOR  Enhanced oil recovery
FA  Fly ash
Fe2O3  Iron oxide
IONP  Iron oxide nanoparticle
FTIR  Fourier transform infrared microscopy
GLYMO  (3-Glycidyloxypropyl)trimethoxysilane
HAPAM  Hydrophobic associative polyacrylamide
HBAPAM  Hyperbranched associative polyacrylamide
HEC  Hydroxy ethyl cellulose
HLPN  Hydrophobic and lipophilic silicon 

nanoparticle
HPAM  Hydrolyzed polyacrylamide
IFT  Interfacial tension
IIT  Illinois Institute of Technology nanoparticle
LHPN  Lipophobic and hydrophilic polysilicon 

nanoparticle
MgCl2  Magnesium chloride
MgCl2  Magnesium oxide
MeDiC8AM  2-Methyl-N,N-dioctyl-acrylamide
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MWCNT  Multi-wall carbon nanotube
NaCaS  Sodium caseinate
NaCl  Sodium chloride
NaHCO3  Sodium hydrogen carbonate
NP  Nanoparticle
NWPN  Neutrally wet polysilicon nanoparticle
OOIP  Original oil in place
PAA  Polyacrylic acid
PA-S  Poly(AMPS) styrene
PAMAM  Polyamido amide
PAM  Polyacrylamide
PEG  Polyelectrolyte glycol
PECNP  Polyelectrolyte nanoparticle
PGN  Polymer grafted nanoparticle
PNS  Polymeric nanofluid suspension
PNRS  Petroza commercial surfactant
POEOMA  Poly(oligo(ethylene oxide) mono methyl 

ether methacrylate)
PSNP  Polysilicon nanoparticle
PG  Propyl gallate
PVA  Polyvinyl alcohol
PVP  Polyvinyl pyrrolidone
SiO2  Silica or silicon oxide
SC  Sodium cumenesulfonate
SDS  Sodium dodecyl sulphate
TiO2  Titanium oxide
TTFA  Thermally treated fly ash
TX-100  Triton X 100 surfactant
WA  Wettability alteration
WF  Waterflooding

Introduction

Oil and gas resources remain the world’s major contribu-
tor to energy supply even with the recent energy generation 
from renewable sources [1, 2]. As global energy demand 
increases in juxtaposition to dwindling energy resources, 
maximizing oil recovery from previously under-exploited 
reserves becomes crucial to meet the ever increasing energy 
demand [2]. The processes of oil recovery are majorly in 
three stages namely: primary, secondary and tertiary 
(EOR) stage. After the application of primary and second-
ary oil recovery techniques, two-third of the original oil in 
place (OOIP) remains in the reservoir [3, 4]. This is either 
because the oil is trapped by capillary forces (residual oil) or 
bypassed in some other way. The bypassed oil arises due to 
reservoir heterogeneities or because of unfavourable mobil-
ity ratio between the aqueous and oleic phase. On the other 
hand, the residual oil is made up of discrete ganglia that are 
produced when a finger-like protrusion of the oleic mass 
forms a narrow neck by the combined effects of local pres-
sure gradient and interfacial tension (IFT) [5].

To enhance the overall oil displacement efficiency, 
numerous EOR methods have been devised and utilized [4, 
6–9]. During oil recovery, the overall oil displacement effi-
ciency is a combination of macroscopic (volumetric sweep) 
and microscopic (pore scale) displacement efficiency. 
Macroscopic displacement efficiency is a measure of the 
effectiveness of the injected fluids in contacting the oil zone 
volumetrically with respect to the total reservoir volume 
while microscopic displacement efficiency is the efficiency 
related to the ability of the displacing fluid(s) to mobilize oil 
trapped at the pore scale when it contacts the oil. Summarily, 
any mechanism that can increase oil recovery efficiency at 
either the micro or macro-scale or both is beneficial for EOR 
[10]. The devised and utilized EOR methods are majorly 
categorized into thermal and non-thermal EOR methods 
[11]. Unfortunately, thermal EOR methods are unsuitable 
for reservoirs with great depth and thin pay zone. Thus, non-
thermal EOR has received prodigious attention for recover-
ing oil bypassed or trapped in the reservoir [12].

Amongst all the EOR techniques, chemical EOR method, 
a non-thermal EOR method, has been adjudged as the most 
promising because of its higher efficiency, technical and 
economic feasibilities and reasonable capital cost [13]. 
The application of this EOR method became popular in the 
1980s due to higher oil prices and technological advance-
ment that enables understanding their mechanism. Chemi-
cal EOR methods increase oil recovery by increasing the 
effectiveness of water injected into the reservoir to displace 
the oil. Dependent on the type of chemical EOR process, 
chemicals injected with the water slug alter the fluid–fluid 
and/or fluid–rock interaction in the reservoir. This includes 
lowering of the IFT between the imbibing fluid and oil or 
an increment in the viscosity of the injectant for improv-
ing mobility and conformance control. Besides, the injected 
chemicals results in wettability alteration of the rock to 
increase oil permeability [14].

The well-known traditional chemical EOR methods are 
polymer flooding, surfactant and alkaline flooding [15]. 
However, the conventional chemical EOR methods have 
their limitations. Polymers, whose main recovery mecha-
nism is to increase viscosity of injectants and consequently 
mobility, suffers viscosity loss in the presence of reservoir 
brines and elevated temperature conditions. Surfactant 
and alkali lose their efficiency during their flow in porous 
media due to adsorption phenomena. Subsequently, different 
modes of chemical flood injections were devised, studied 
and applied for EOR processes. These include the binary 
mix of alkali–surfactant (AS), surfactant/polymer (SP), 
alkaline/polymer (AP), and alkaline/surfactant/polymer 
(ASP) slug (see Fig. 1). The synergy of the combined con-
ventional chemicals recorded an improved efficiency dur-
ing their applications in oil wells. Recently, the use of foam 
enhanced by surfactants and polymers, for improved stability 
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and mobility control have been studied and found to improve 
oil recovery [16–19].

More recently, the evolution of nanotechnology and their 
applications to improve the efficiency of various processes in 
the fields of metallurgy, electronics, medicine, aeronautics, 
catalysis, and fuel cells have prompted its use and applica-
tion in the oil and gas industry [20–23]. The field of nanosci-
ence and nanotechnology describes the creation and exploi-
tation of materials with structural features having at least 
one of its dimensions in the nanometre range (1–100 nm). 
The “engineered nano-material” is called nanoparticle. The 
resultant improvement in the functional properties of a pro-
cess generated due to addition of nanoparticles is attribut-
able to their scalable and quantum effects. The application 
of this functional materials requires a base fluid such as gas, 
oil, water, or any other suitable liquid substance, hence, they 
are termed nanofluid. The application of nanotechnology has 
proffered solutions to various oil and gas problems ranging 
from drilling operations, petroleum exploration, inhibiting 
asphaltene depositions and gas hydrate formations, hydraulic 
fracturing jobs and EOR [24–27].

For EOR processes, nanofluid flooding has been evalu-
ated and explored as a chemical EOR process with field 
application reported in Colombia [28]. The mechanism of 
the improved oil recovery were identified as structural dis-
joining pressure, wettability alteration, IFT reduction and 
improved viscosity of injectant [29]. More recently, the 
addition of nanoparticles to conventional EOR chemicals 
have been studied and reported to yield novel materials with 
excellent and fascinating properties. For example, poly-
meric nanofluids, a synergistic combination of nanoparticle 
and polymers were found to possess improved rheological 
properties and stability for application in the presence of 

high-temperature and high-salinity conditions [30]. Fur-
thermore, the synergistic application of nanoparticles with 
surfactant lowers their adsorption via competitive adsorption 
mechanism, while their applications with foams generate 
stable foams with longer half-life [31].

This overview is a fundamental study that presents the 
current scenario of available research on chemical EOR. 
First, a survey of conventional chemical EOR method was 
carried out. The conventional EOR chemical types were 
identified and the mechanism of their EOR applications are 
discussed, and their limitations are highlighted. Thereafter, 
the binary application of conventional chemical EOR meth-
ods were also defined and analysed. Afterwards, the recent 
trend of incorporating nanotechnology for chemical EOR 
was also explored. The various nanofluid types, mechanism 
of their application and laboratory studies were outlined. 
Finally, the challenges associated with chemical EOR meth-
ods were enumerated and recommendations for future works 
were proffered.

Conventional chemical EOR methods

The notable conventional EOR chemicals are polymers, 
alkali, and surfactants. The injection of polymers with 
waterfloods increases the viscosity of the aqueous phase, 
and consequently mobility as they move from the injec-
tion well towards the producer. Additionally, the polymer 
solution increases oil recovery by reducing permeability to 
water in the reservoir [32]. Surfactant solutions reduce the 
IFT between water and crude oil by reacting with certain 
crude oil constituents, thereby, solubilizing interfacial films, 
and causing emulsification [33]. The IFT reduction causes 
lowering of the capillary forces of trapped and residual oil. 
Besides, surfactant adsorb on reservoir rocks to change rock 
wettability, hence, an increased oil recovery. Alkali flooding 
operates with a mechanism in similitude to surfactant solu-
tions though with a different injectant [34]. Foam flooding 
ensures diversion of injected fluid from thief zones to low 
permeable regions of the reservoir [35]. Meanwhile, AP, AS, 
and ASP flooding are borne out of the basis to incorporate 
the different strengths and efficiency of alkali, surfactant 
and/or polymer solutions to improve the pore scale and 
sweep efficiency of the OOIP [36].

Polymer flooding

When waterflooding of an oil reservoir proves inadequate 
due to viscous fingering phenomena culminating in early 
water breakthrough, polymer flooding may be introduced/
incorporated. The process of polymer flooding involves the 
injection of high molecular weight water-soluble polymers 
along with the water slug to increase the viscosity of the 

Fig. 1  Classification of EOR technologies
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injectant [37, 38]. The incremental viscosity of the inject-
ant improves the mobility and conformance control of the 
injected slug and eradicates viscous fingering phenomena. 
Consequently, early water breakthrough normally encoun-
tered in waterflooding process is suppressed and an incre-
mental oil recovery factor is achieved. Polymer flooding has 
been successfully implemented in many oilfields either on 
a pilot scale or commercial scale for several decades. This 
includes the Daqing oilfield in China, East Bodo Reservoir 
and Pelican Lake field in Canada, Marmul field in Oman, 
and Tambaredjo field, Suriname, to mention just a few [39]. 
In addition, polymer flooding has maintained its increasing 
importance to the current energy market. The most notable 
contribution is the reported incremental oil production of 
up to 300,000 bbl/day from Daqing oil field in China [33].

Mechanism of polymer flooding

Polymer flooding improves oil recovery through a combined 
mechanism of mobility control, disproportionate permeabil-
ity reduction and viscoelastic nature of the polymers.

Mobility control Mobility ratio is defined as the ratio of the 
mobility of the injectant (water) to the mobility of the dis-
placed fluid (oil). Equation (1) depicts the mobility ratio of 
a waterflood as:

where M is the mobility ratio, µo is oil viscosity (cP), �w is 
water viscosity (cP), Ko is permeability to oil (mD), and Kw 
is permeability to water (mD). Mobility ratio dictates the 
stability of the oil displacement process.

If M > 1, this is an indication that the water is more 
mobile than the oil. This depicts unfavourable condition 
as water fingers through the oil zone leading to an early 
breakthrough and a lower oil displacement efficiency (see 
Fig. 2a). To ensure a high macroscopic sweep efficiency, it 

(1)M = Kw�o

/

Ko�w
,

is always required that M ≤ 1. Figure 2b illustrates the way 
polymer floods influences oil recovery through the reduction 
of mobility ratio. The presence of polymer in the displacing 
phase causes an increase in the viscosity of the injectant. 
Consequently, this results in a stable front of the displacing 
phase totally denuded of viscous fingers and/channels within 
the reservoir, thereby, resulting in a higher oil recovery [5, 
16, 40].

Disproportionate permeability reduction (DPR) In addition 
to the concept of mobility ratio, polymer floods improve 
sweep efficiency through disproportionate permeability 
reduction. Due to the heterogeneous nature of some reser-
voirs, they possess an uneven distribution of permeability 
(having a different permeability in different layers). This 
results in channelling of excessive water production through 
high permeability layers, leading to large amount of mova-
ble oil and gas remaining trapped in low permeability zones 
thereby causing poor recovery in primary and secondary 
stages of production [41]. During polymer flooding, the 
polymer solutions injected into the heterogeneous reservoir 
builds up flow resistance to water in the portions of the res-
ervoir it penetrates, thus, lowering the water relative perme-
ability ( Krw ) while ensuring little or no reduction in the oil 
relative permeability ( Kro ). This mechanism is termed dis-
proportionate permeability reduction (DPR). The increased 
resistance of the polymer to water diverts subsequently 
injected water into unswept or poorly swept (low perme-
able) regions of the reservoir through segregation of flow 
pathways and layer formation on pore wall by the adsorbed 
polymer, thereby, resulting in a higher oil recovery [42].

Viscoelasticity of  polymeric molecules Polymer viscoelas-
ticity is the third mechanism posited to be responsible for 
improved macroscopic efficiency during polymer flood-
ing. Unlike Newtonian fluids, polymers undergo a series of 
expansion and contraction (stretching and recoiling) during 
their flow in porous media [43]. This helps the polymeric 

Fig. 2  Typical mobility ratio 
of a waterflooding process 
(M > 1.0), b polymer flooding 
process (M ≤ 1.0) [5]
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molecules to generate additional “elastic viscosity” which 
improves macroscopic and microscopic displacement effi-
ciency. Urbissinova et  al. [44] and Veerabhadrappa [45] 
investigated the effect of viscoelastic properties of polymer 
on macroscopic sweep efficiency. The elastic difference of 
the polymer solution with the same shear viscosity was gen-
erated using polymer of similar average molecular weight 
but different molecular weight distribution (MWD). The 
result of their individual experiment indicated that high 
elastic polymer solution exhibited a considerably higher 
resistance to flow through porous media and stability of the 
propagating front thereby minimizing fingers. This cumu-
lated in a higher sweep efficiency, lower residual oil satura-
tion and an improved oil recovery.

Types of EOR polymers

Generally, two major classifications exist for polymers 
used during polymer flooding recovery operations, namely, 
synthetic polymers and biopolymers. Typical examples of 
synthetic polymers are polyacrylamides and it derivatives 
such as partially hydrolysed polyacrylamide (HPAM), 
hydrophobically associating polyacrylamide (HAPAM), and 
copolymers of acrylamide. On the other hand, biopolymers 
include xanthan gum, scleroglucan, hydroxyethylcellulose, 
carboxymethylcellulose, welan gum, guar gum, schizophyl-
lan, mushroom polysaccharide, cellulose, and lignin (see 
Table 1). It is noteworthy that field application of HPAM 
and xanthan gum are the most widely reported and will 

be discussed further. For additional information of other 
polymer types, Taylor et al. [46] provided a comprehen-
sive review of water-soluble of HAPAM, and Kamal et al. 
[47] described the state-of-the-art review of copolymers of 
acrylamide polymers for EOR. Additionally, Pu et al. [48] 
published a detailed review of polysaccharide biopolymer 
for EOR. Finally, Wever et al. [49] chronicled a general 
review of polymers for EOR.

Partially hydrolysed polyacrylamide (HPAM) Hydrolysed 
polyacrylamide (HPAM) is water-soluble, synthetic straight-
chain polymers used in EOR applications. It is a copolymer 
of polyacrylamide and polyacrylic acid obtained by the par-
tial hydrolysis of PAM or by copolymerization of sodium 
acrylate with acrylamide [10]. They are widely regarded 
as the most used polymer for EOR [50]. HPAM is mostly 
preferred during field applications because it is resistant 
to bacterial attack, it has good water solubility, mobility 
control and it is a low-cost polymer [32, 48]. When used 
during polymer flooding, the polymer molecule undergo 
partial hydrolysis which converts some of the amide groups 
(–CONH2) to carboxyl groups (–COO–), as illustrated in 
Fig. 3. Typical degree of hydrolysis (DOH) for this polymer 
is 15–35% of the acrylamide (AM) monomers. Hence, they 
are negatively charged. The DOH accounts for many of the 
physical and rheological properties of the polymer solution 
such as adsorption, viscosity and water solubility. Nonethe-
less, HPAM is very sensitive to external factors such as pH, 
temperature, salinity, shear forces and hardness. In reser-

Table 1  Merits and demerits of biopolymers

Polymer type Merits Demerits

Xanthan gum High resistance to salinity, temperature and shear
Possess long-term stability

High susceptibility to biodegradation and oxidation
High risk of plugging of rock pores

Carboxymethylcellulose The biopolymer is environmental friendly
It has good solubility in water

It suffers from oxidative decomposition and thermal 
degradation

Schizophyllan Good resistance to temperature and salinity
High thickening efficiency
Low adsorption of its molecule on rock surface
It is a non-toxic material

Highly susceptible to biodegradation

Hydroxyethylcellulose High solubility in water
Good tolerance to temperature and mechanical shearing
Excellent viscosifying effect

Biodegradation problem

Welan gum Possess long-term stability
Excellent viscoelastic effect

Performance dependent on inorganic cations present in 
reservoir

Scleroglucan Good resistance to shear and temperature effect
Excellent viscosifying effect

High risk of biodegradation and oxidation
Poor filterability of the material in rock pores

Guar gum It is an environmental friendly material
Excellent hydration properties and good compatibility to 

salts over a wide range of pH

High risk of plugging in porous media
It suffers from poor thermal stability and weak elasticity

Lignin It is an environmentally friendly material
Readily available at a low cost

Insoluble in water
Biodegradation and oxidation effects

Cellulose Good resistance to temperature and mechanical shearing Water-insolubility and heterogeneous swelling
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voirs characterized by extreme conditions of this factors, 
HPAM molecule loses its viscosity enhancement property 
and consequently its efficiency [47, 51]. Field applications 
of HPAM as polymer for EOR have been reported in litera-
ture [47, 52].

Xanthan gum Xanthan gum polymer is a polysaccharide 
obtained via fermentation of glucose and its isomer fruc-
tose by different bacteria. Xanthomonas campestris bacte-
rium is widely regarded as the most efficient producer of 
xanthan gum [53]. Figure 4 depicts the chemical structure 
of xanthan gum displaying the presence of carbohydrates: 
glucose, mannose and glucuronic units. The biopolymer is 
characterized with rigid polysaccharide chains which make 
it resistant to degradation in the presence of salinity, tem-
perature and shear forces [54]. The polymer is also regarded 
as a polyelectrolyte due to the presence of charged moieties 
(i.e., acetate and pyruvate groups) on the side chain of the 
biopolymer. Due to its high molecular weight which ranges 
from 2 to 50 ×106 g/mol, xanthan gum demonstrates high 
thickening capability required for mobility control in res-
ervoirs [10, 49]. Compared to synthetic acrylamide poly-
mer such as HPAM, xanthan gum has a more rigid struc-
ture. Modelling the rheological behaviour of xanthan gum 
with available theoretical model (such as Herschel–Bulkley 
and Ostwald’s models) shows the polymer exhibits shear 

thinning behaviour which corresponds with an appropriate 
injectivity for field operations [48].

Relative to HPAM, xanthan gum is less sensitive to 
mechanical shear, elevated salinity and/or divalent ion con-
centration, and displays good resistance to high tempera-
tures. For a given temperature, the viscosity of xanthan solu-
tion display resistance to increasing temperature conditions 
when the ionic strength is high. This is because xanthan gum 
undergoes a cooperative conformational transition from a 
disordered conformation to a more rigid and ordered struc-
ture upon the addition of salt, hence, their improved stability 
[55]. Conversely, the viscosity of xanthan solution decreases 
strongly with increasing temperature at low ionic strength 
[48, 49, 55]. The major drawback of the application of this 
polymer for numerous field operations is the potential plug-
ging risk caused by the cell debris and bacterial sensitiv-
ity. Researchers have shown that salt-tolerant aerobic and 
anaerobic microorganisms degrade xanthan gum resulting 
in high loss of its solution viscosity [48]. Albeit, biocides 
such as formaldehyde can be used to suppress the growth 
of xanthan gum degrading microorganisms, however, their 
use render the environmental impact of the polymer obsolete 
and make the overall polymer flooding process expensive. 
Field application of xanthan gum flooding was reported in 
ShengLi Gudong oilfield in China where successful pilot 
test was conducted and field trials were implemented with 
a favourable response to water cut and oil production rate.

Challenges of polymer flooding

The main objective of the addition of polymers to displace-
ment fluids is to viscosify the injected brine. However, sig-
nificant interactions such as electrostatic interactions and 
London dispersion forces occur between the transported 
polymer molecules and rock surface in the reservoir [5]. 
These causes retention of polymer molecules and results to 
the formation of a bank of injection fluid wholly or partially 

Fig. 3  Structure of partially hydrolysed polyacrylamide (HPAM)

Fig. 4  Structure of xanthan gum 
biopolymer [54]
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denuded of polymer depending on the degree of retention of 
the transported polymer molecules. Hence, the final viscos-
ity of the injectant in the reservoir is lower than the target 
viscosity required, thus, resulting in a reduction of the effec-
tiveness and efficiency of the polymer flood [56]. Factors 
that influence the retention of polymers in porous medium 
include polymer type and concentration, molecular weight, 
rock permeability, flow rate, salinity, temperature and the 
presence of clay minerals. Overall, polymer retention is 
an important factor that governs the economic viability of 
a polymer flooding process as they have an impact on the 
rock permeability, the viscosity of the injected polymer solu-
tion, and consequently the oil recovery process. The three 
main polymer retention mechanisms in porous media are 
hydrodynamic retention, mechanical entrapment and poly-
mer adsorption. Figure 5 illustrates the polymer retention 
mechanisms. Further details of these mechanisms have been 
reviewed in our previous article [57].

Surfactant flooding

Surfactant flooding is a proven EOR technique used for 
mobilizing residual oil trapped in the reservoir [58]. The 
aim of surfactant injection into reservoir for improving 
oil recovery factor is to alter the fluid/fluid interaction by 
reducing IFT between the oil and brine, and fluid/rock 
properties via wettability alteration of the porous medium. 
A surfactant, otherwise known as surface-active agent 
molecule is amphiphilic in nature. This means surfactants 
are characterized with two functional groups within their 
organic shell. These are the hydrophilic group which is 
usually water-soluble and hydrophobic or non-polar group 
which is often oil-soluble. The lipophilic hydrophobic 
group is usually a long-chain hydrocarbon, fluorocarbon, 
a siloxane chain, or a short-polymer chain, which may or 
may not be branched. On the other hand, the lipophobic 
hydrophilic group is formed by moieties with their clas-
sification depending on the inherent organic compound. 

The moieties include quaternary ammonium salts, car-
boxylates, alcohols, sulfonates, polyoxyethylenated chains 
and sulphates. Various laboratory and field applications of 
surfactants have been reported in literature [59].

Mechanism of surfactant flooding

Surfactant flooding improves pore-scale displacement 
efficiency through the mechanism of interfacial tension 
reduction, or wettability alteration, or a combination of 
both mechanisms.

Interfacial tension reduction During secondary recovery 
via waterflooding, it is practically impossible for water to 
displace all the oil in the pore scale due to trapping of oil 
by capillary forces. This capillary force is measured by a 
dimensionless capillary number ( Nc ) defined in Eq. (2) as:

where � is the displacing fluid viscosity, v is the displac-
ing Darcy velocity, � is the contact angle, and � is the IFT 
between the displacing fluid (water) and the displaced fluid 
(oil).

Nc is closely related to residual oil saturation and oil 
recovery and increases as residual oil saturation decreases. 
Consequently, a higher Nc will result in a higher oil recov-
ery. A typical brine flooding has a Nc in the range of 10−7 
to 10−6 . Increasing Nc from this value to a range of 10−2 
reduces the residual oil saturation to the barest minimum 
and result in an increase of the oil recovery factor. From 
Eq. (2), this can be achieved in three ways: (1) increasing 
the displacing fluid viscosity ( � ); (2) increasing the injec-
tion fluid velocity ( v ); (3) reducing the IFT ( � ). Increasing 
the injection fluid velocity may cause the injection pres-
sure to be greater than the fracture pressure of the reser-
voir, thereby, fracturing the reservoir rock. Meanwhile, 
increasing the displacing fluid viscosity using polymer 
solutions increases the capillary number by less than 100 
times [42]. Practically, only the method of reducing IFT 
can be used to increase Nc by 1000 times. This is achieved 
with the aid of surfactants.

When surfactant solutions are injected along with brine 
into oil reservoirs, the hydrophilic head reacts with water 
while the hydrophobic tail interacts with the components 
of the crude oil. As illustrated in Fig. 6, an adsorbed film 
occurs as a result of the interaction between the oil and alkyl 
tail of the surfactant, hence, lowering the IFT at the oil/water 
interface. Reduction of IFT at the oil/water interface weak-
ens the capillary forces withholding the trapped oil, thereby, 
causing oil droplets to flow with ease from the pore throats 
of the rock to form an oil bank downstream.

(2)Nc =
� ⋅ v

� ⋅ cos �
,

Fig. 5  Polymer retention mechanisms in porous medium [5]



178 International Nano Letters (2019) 9:171–202

1 3

Wettability alteration The propensity or inclination of a 
solid surface for a particular type of fluid in the presence 
of other immiscible fluids is termed wettability [60, 61]. In 
a reservoir rock system, the wettability of the rock surface 
dictates and controls the location, distribution and flow of 
fluids within the particular reservoir [62]. This petrophysi-
cal property is of particular importance because it influ-
ences oil recovery parameters such as capillary pressure and 
relative permeability. The wettability of most oil reservoirs 
is categorized into oil-wet, water-wet and mixed wet state 
[63]. This property of reservoir rock system can be meas-
ured by either of the following methods: surface imaging 
test, zeta potential measurements, spontaneous imbibition 
and contact angle measurements. Most studies of wettability 
alteration measurements are carried out using contact angle, 
which is defined by the point where the interface of the oil 
and water meets at the rock surface. Surface with contact 
angle � > 90° is considered oil-wet while � < 90° is consid-
ered water-wet. Altering the wettability of a surface from 
oil-wet to water-wet diminishes the adhesive force of capil-
larity and increase the oil permeability of the reservoir, as 
depicted in Fig. 7. Thus, it can be deduced that oil recovery 

is more easily achieved in water-wet compared to oil-wet 
reservoir.

The use of surfactant for wettability alteration has been 
exclusively studied for both conventional and unconventional 
reservoir rock system [59, 61, 64]. For unconventional (shale 
and tight) reservoirs characterized by low and/or ultra-low 
permeability, addition of surfactants at appropriate concen-
tration into frac fluids were reported to improve the perfor-
mance of hydraulic fracture treatment by altering the matrix 
wettability, and consequently the fluid flow behaviour [65, 
66]. Accordingly, spontaneous imbibition occurs, hence, the 
aqueous phase penetrates into the matrix by overcoming the 
capillary forces trapping the oil in place, thereby, resulting 
in a higher oil recovery. Similarly, surfactants are used as 
active agents to recover oil from conventional sandstone and 
carbonate reservoirs [67–69]. The mechanism of wettability 
alteration of conventional rock pores by surfactant is termed 
a cleaning mechanism whereby the surfactant desorbs the 
oil-wet layer. Desorption of the oil-wet layer by surfactant 
alters the wettability of the surface and changes it to a more 
water-wet state.

Carbonate reservoirs are preferentially treated with cati-
onic surfactants while sandstone reservoirs are treated with 
anionic surfactants because of the likeness of their charge 
which makes them more efficient for the respective reser-
voir rock system [70]. In carbonate reservoirs, the negatively 
charged organic components of crude oil adsorb on the posi-
tively charged mineral surfaces of the rock pores. When cati-
onic surfactants are added, ion-pair formation interactions 
occur between the monomer of the surfactant and anionic 
components of oil (mostly carboxylate) adsorbed on the rock 
surfaces from the crude oil [67, 71]. Thereafter, adsorbed 
material at the rock surface is desorbed from the rock. Sub-
sequently, water imbibition occurs and oil is ejected out of 
the core material [72]. Desorption of the oleic phase from 
the surface of the rock changes the wettability of the rock 
to water-wet [71, 73]. Thus, more oil can be expelled, as 
illustrated in Fig. 8a.

On the contrary, anionic surfactants are unable to des-
orb the carboxylate group inherent in the oleic phase from 
the pore surface due to the likeness/similarity of their 

Fig. 6  Adsorption of surfactant at oil/water interface [10]

Fig. 7  Improved permeability 
due to wettability alteration of 
rock from oil-wet to water-wet. 
Adapted from [125]
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surface charges. Instead, they induce and create weak 
capillary forces through hydrophobic interaction between 
the hydrophobic tail of the surfactants and the oleic phase 
(see Fig. 8b) [74]. Albeit, the interaction also displaces 
the oil, it is not as efficient as the ion-pair interaction and 
changes oil-wet to neutral wet condition. Meanwhile, non-
ionic surfactants adsorb on rock surfaces by polarization 
of � electrons and ion exchange [67]. Overall, cationic 
surfactants are more efficient wettability agents compared 
to other surfactant types. The mechanism of wettability 
alteration by surfactants of oil-wet carbonate surface is 
deemed suitable for explaining wettability alteration of 
oil-wet sandstone surfaces containing clay minerals where 
oil is adsorbed on the negatively charged sandstone surface 
by polar interactions, surface precipitation and acid/base 
interactions [75].

Surfactant types and their structure

Laboratory testing and field studies of surfactant EOR have 
appraised and assessed numerous surfactants for their suit-
ability in oil recovery. They are majorly classified into ani-
onic surfactants, non-ionic surfactants, cationic surfactants 
and zwitterionic surfactants (see Fig. 9) depending on the 
nature of the hydrophilic head group. Table 2 depicts the 
structures of these classes of surfactants. More recently, 
due to the deficiency of conventional surfactants in flood-
ing operations, new sets of surfactants are being developed 
and tested for EOR applications. This includes polymeric 
surfactants, viscoelastic surfactants, Gemini surfactants, and 
biosurfactants. More details of the properties and efficiency 

of this new class of surfactants have been reviewed by Raffa 
et al. [32], Kamal et al. [9], and Pal et al. [76].

Anionic surfactant Anionic surfactants are the most com-
monly used surfactants. This is largely due to the fact 
that most of the EOR works of surfactant flooding have 
focussed on sandstone reservoirs. The surface-active por-
tion of this class of surfactant bears a negative charge such 
as carboxylate ( COO− ), sulphate ( SO2−

4
 ), or sulphonate 

( SO−

3
 ), though in association with a cation usually an alka-

line metal  (Na+ or  K+). The sulphonate class of anionic 
surfactants is stable in higher temperatures, but suscep-
tible to high salinity and precipitates in the presence of 
divalent cations. On the other hand, the sulphate class has 
greater tolerance salinity (both monovalent and divalent 
cations), but decompose at high temperatures [76].

Cationic surfactant Cationic surfactants are surfactants 
whose hydrophilic head bears a positive charge, though in 
conjunction with a halide group. They dissociate in water 
to form an amphiphilic cation and an anion. This class of 
surfactants is easily attracted to negatively charged sur-
faces of clays and is very efficient in altering reservoir 
rock wettability. Cationic surfactants have been identi-
fied to hold the key for unlocking the vast and abundant 
hydrocarbons trapped in carbonate reservoirs due to simil-
itude of their surface charges. Nonetheless, they are more 
expensive than anionic surfactants because of the high-
pressure hydrogenation reaction required during their syn-
thesis [77].

Non‑ionic surfactant Unlike cationic and anionic sur-
factants, non-ionic surfactants do not ionize in aqueous 
solution. The hydrophilic group consists of non-dissociable 
functional groups such as alcohol, phenol, ether, ester, or 
amide. Meanwhile, the lipophilic group consists of the alkyl 
or alkylbenzene group. Although the hydrophilic group 
lacks ionic charge, they are soluble in water because of their 
inherent polarity caused by the presence of hydrogen bond 

Fig. 8  Wettability alteration by a cationic surfactant [68], b anionic 
surfactant [74]

Fig. 9  Structure of the different class of surfactants
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Table 2  Surfactant types and classification [10, 59]

Surfactant type Examples Structures

Anionic Sodium dodecylbenzene sulfonate CH3(CH2)11C6H4SO−

3
Na+

Sodium dodecyl sulphate (SDS) CH3(CH2)11SO−

4
Na+

Sodium stearate CH3(CH2)16COO−Na+

N-Ethoxy sulfonate H(OCH2CH2)n–O–SO2–R
Alcohol propoxy sulphate (APS) ROH–[CH2–CHO–CH3]x–SO

−

3
Na+

R = 16–17, x = 7
Alpha-Olefin sulfonate (AOS) R–CH=CH–(CH2)n–SO3Na

R = C10–C20
n = 10–20

Alkyl polyalkoxy alkyl sulfonate or alkyl aryl polyalkoxy
alkyl sulfonate

RO(R′O)n R″SO3
−  M+

R = C8–C24
R′ = ethyl or a mixture of ethyl and propyl
R″ = Ethyl, propyl, hydroxypropyl, or butyl
n = integer from 1 to 20, preferably from 2 to 8
M+ = monovalent cation such as  NH4+,  Na+,  K+

Branched alkyl benzene sulfonate

Docusate sodium C20H37NaO7S
Guerbet alkoxy sulphate CnH2n+1O–POx–EOy–SO

o−

3

n = is an integer between 12 and 44
x = is an integer between 0 and 50
y = is an integer between 0 and 100

Sulfonated, ethoxylated alcohol or alkyl phenol RO(CH2)(CH2)xCH2CH2SO−

3
M+

M+ = monovalent cation such as  NH4+,  Na+, and  K+

Alkyl alcohol propoxylated sulphate R–(OHCH2CH2CH2)nO SOo−

3
M+

M+ = monovalent cation such as  NH4+,  Na+, and  K+

Nonionic Polyoxyethylene alcohol CnH2n+1(OCH2CH2)m OH, where n = 8–18; m = 3–15
Alkylphenol ethoxylate C19H19C6H4–(OCH2CH2)n OH

n = 5–10
NEODOL RO(CH2CH2O)x  CH2COO−M+

R = C8–C18
x = 1–15 
M = alkali or alkaline earth metal

NEODOL ethoxylate 91-8 RO–(CH2CH2O)n–H
R = blend of C9, C10, and C11 alcohol
n = integer from 1 to 20, an average number of 8

NEODOL 67 propoxylated sulphate (N67-7POS) RO–(OHCH2CH2CH2)n–O–SOo−

3
M+, where R = blend 

of C16 and C17 alcohols
n = integer from 1 to 20 with an average number of 7

Synperonic PE/F68 HO–(C2H4O)m–(C3H6O)n–H, where n = integer from 1 
to 20 and preferably 2 to 8

M+ = monovalent cation such as  NH4+,  Na+, and  K+

Cationic Cetyl trimethyl ammonium bromide (CTAB) CH3(CH2)15N+(CH3)3Br −

Laurylamine hydrochloride CH3(CH2)11NH3
+Cl−

Dodecyl trimethyl ammonium bromide (DTAB) C12H25N+(CH3)3Br−

Zwitterionic Dodecyl betaine C12H25N+(CH3)2CH2COO−

Lauramidopropyl betaine C11H25CONH(CH2)3N+(CH3)2CH2COO−

Cocoamido-2-hydroxypropyl sulfo betaine CnH2n+1CONH(CH2)3N+(CH3)2CH2CH(OH)CH2SO3
−
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and van der Waals interaction. As compared to ionic sur-
factants, non-ionic surfactants have a higher salinity toler-
ance, but a lower IFT reduction ability [78].

Zwitterionic surfactant Zwitterionic surfactants are char-
acterized by the presence of anionic and cationic surface 
charges on their hydrophilic head. They exhibit both ani-
onic and cationic properties upon dissociation. Besides, 
they possess good tolerance to high salinity and temperature 
conditions. Typical examples of this class of surfactants are 
the betaine and sulfo betaine [79].

Challenges of surfactant flooding

Like polymers, the major challenge of surfactant flooding 
process is surfactant retention. Surfactant retention may be 
due to phase trapping, precipitation or adsorption. The domi-
nant surfactant retention mechanism is the surfactant adsorp-
tion process. Surfactant adsorption on rock pores results 
in loss and decrease in surfactant concentration, thereby, 
reducing the quantity of surfactant molecules available for 
the IFT reduction of oil–water interface, and consequently 
reduces the economic feasibility of the EOR method [80]. 
The adsorption process occurs when the interface is ener-
getically favoured by the surfactant in comparison to the 
bulk phase. Thus, the adsorption at the solid–liquid interface 
takes place by the transfer of the molecule of the surfactant 
to the solid–liquid interface from the bulk solution phase 
[81]. The interaction of the chemicals and rock surfaces by 
electrostatic interaction, van der Waals interaction, chemi-
cal and lateral interaction, hydrogen bonding, hydrophobic 
bonding and solvation of various species resulting in polari-
zation of � electrons are responsible for surfactant adsorp-
tion on rock pores.

Surfactant adsorption is higher when opposite charges 
exist between the surfactant molecules and rock surfaces. 
Hence, it can be deduced that surfactant adsorption in res-
ervoir is dependent on the nature of surfactant itself (i.e., 
its chemical structure) and the nature of the rock surface. 
Additionally, electrolyte concentration (salinity), tempera-
ture, pH, composition of reservoir fluids and the condition 
of solution are other factors that dictate surfactant adsorption 
process in reservoirs rocks.

High-salinity conditions are found to result in high sur-
factant adsorption irrespective of surfactant concentration 
[82]. Contrariwise, surfactant adsorption is decreased with 
an increase in temperature due to the onset of higher kinetic 
energy. Meanwhile, the amount of surfactant adsorption at 
different pH depends on its resultant charge which will react 
with charges available at the surface. For instance, increas-
ing the pH of a sandstone surface leads to the surface being 
negatively charged, and would lead to a reduction of ani-
onic surfactant. Meanwhile, adsorption of anionic surfactant 

will increase if the pH is lowered. To prevent the chemical 
adsorption at the solid–liquid interface, it is important to 
bind the chemical molecules of the surfactant at the liq-
uid–liquid or liquid–air interface. To this end, studies have 
suggested surfactant screening and selection by surface 
charge to be matched to specific reservoir rock as a means of 
reducing surfactant adsorption in reservoirs. More recently, 
the use of low-cost sacrificial agent (such as polyelectrolytes 
and ionic liquids) evolved, has been prodigiously researched, 
and is being exploited for reducing surfactant adsorption in 
reservoirs [8, 83].

Alkali flooding

Alkali flooding is an EOR technique that utilizes an alkali 
(a basic compound, ionic salt of an alkali metal or alkaline 
earth metal) to improve oil recovery factor. The method is 
distinct from other EOR methods on the basis that the chem-
icals that aid the oil recovery are generated in situ during the 
EOR process by saponification reaction [84]. Saponification 
reaction is defined as the reaction between an organic acid 
and caustic alkali to form soap indicated by the reaction 
in Eq. (3). Figure 10 illustrates the chemical model for the 
alkali–oil chemistry in reservoir rock. The organic acid is 
obtained from the acidic component of the crude oil. The 
generated soap acts as an in situ surfactant to lower IFT and 
emulsify the crude oil, thereby, improving oil recovery [85].

Along with the aforementioned low IFT and emulsifica-
tion processes, different mechanisms have been postulated 
to be responsible for higher oil recovery by alkali flood-
ing. Other mechanisms posited for EOR by alkali flooding 

(3)HA + OH
−
↔ A

− + H2O.

Fig. 10  Schematic of alkali flooding [36]
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includes: oil-phase swelling, wettability alteration, and dis-
ruption of rigid films [86]. The existence of divergent mech-
anisms is due to the dissimilar chemical character of the 
crude oil and the reservoir rock under distinct environments 
such as temperature, salinity, pH, and hardness concentra-
tion. The different crude oil in different reservoirs exhibit 
widely disparate behaviours when they come in contact with 
alkali. Depending on the mineralogy of the rock, the alkali 
interacts with the rock in numerous ways such as surface 
exchange and hydrolysis, congruent and incongruent dis-
solution reactions, and insoluble salt formation by reaction 
with hardness ions in the fluid and those exchanges from 
rock surface.

Several alkalis have been screened for application in 
alkali flooding. These include sodium metaborate  (NaBO2), 
sodium carbonate  (Na2CO3), sodium hydroxide (NaOH), and 
sodium bicarbonate  (NaHCO3). The selection of alkali to be 
used is dependent on the type of formation, clay and min-
eral content, and the presence of divalent cations. NaOH are 
less preferred because at elevated temperature, they interact 
strongly with the sandstone surface, thus, causing increased 
porosity and consequently sandstone weight loss. Moreo-
ver, caustic consumption resulting from the dissolution of 
the caustic alkali in silicate minerals pose detrimental factor 
during field application [87].  Na2CO3 is the most preferred 
alkali due to its low-cost and better transport properties in 
porous media. Nonetheless, the presence of calcium and 
other divalent cations cause precipitation of alkalis such as 
 Na2CO3 unless soft brine is used.  NaBO2 have better toler-
ance for divalent ions and have been suggested as replace-
ment for  Na2CO3 [88]. Meanwhile,  NaHCO3 is preferred in 
reservoirs containing clay minerals. Finally, due to precipita-
tion of alkali in carbonate reservoirs due to the presence of 
anhydrite  (CaSO4) and gypsum  (CaSO4.2H2O), sandstone 
reservoirs are the preferred formation for alkali flooding.

Foam flooding

Due to the limitations of gas injection methods which 
includes viscous fingering and gravity override, foam, a dis-
persion of gas in liquid, such that the liquid phase is continu-
ous and some part of the gas phase is made discontinuous 
by a thin liquid film called lamellae emerged as a promising 
solution for improving oil recovery efficiency [89]. Foam 
controls oil recovery by displaying two favourable mecha-
nisms that are beneficial to the EOR process. Firstly, foams 
increase the apparent viscosity of the injectant, thereby, pro-
moting a more favourable mobility ratio. Lastly, the bubbles 
of the foam expand in porous media, hence, exhibiting selec-
tive fluid diversion from thief zones to lower permeability 
regions or unswept zones in the reservoir [90]. This makes 
the foam flooding process more efficient than water flooding, 

gas injection and water-alternating-gas injection process. 
Hitherto, foams are classified as a gas injection method. 
Examples of traditional foam flooding methods include  CO2 
foams, nitrogen foams, and air foams. Latterly, chemicals 
such as surfactants, protein and polymers have been used to 
synthesize stable foams with longer half-life [19, 82].

Challenges of foam flooding

For effective foam applications in EOR, the foam used in the 
flooding operation for oil recovery is expected to remain sta-
ble and propagate in the reservoir in the presence of resident 
reservoir oil and brines, at the prevailing reservoir tempera-
ture and salinity conditions [35, 91]. Generally, conventional 
foams generated using surface-active agents (e.g., surfactant) 
help to lower surface tension and improve foam stability 
by their adsorption at the gas–liquid interface of the foam 
[92]. Nonetheless, chemical foams depend on the constant 
regeneration of foam lamellae for successful propagation in 
porous media [93, 94]. The major challenge associated with 
the use of surfactant-stabilized foam and polymer-enhanced 
foam is the stability of their lamellae especially in porous 
media as the foam contacts the resident reservoir brines and 
crude oil [95]. This is because their adsorption on the rock 
surfaces in the presence of electrolytes can be very high 
[96]. Hence, their foams are thermodynamically unstable, 
with high rate of coalescence and coarsening. The major 
mechanisms of foam lamellae destruction and ageing pro-
cess are liquid drainage, coalescence, and coarsening [97, 
98].

Binary combination of conventional 
chemical EOR

Recently, binary combination of chemicals evolved and has 
been tested on pilot and field scale to further improve oil 
recovery. This method of EOR developed from the need 
to exploit the synergy of the individual chemicals and to 
complement each other weakness during flooding process. 
The binary combination led to the formation of alkali–sur-
factant, alkali–polymer, surfactant–polymer, and alkali–sur-
factant–polymer flooding process.

Alkali–surfactant (AS) flooding

During AS flooding, slug of alkaline solution is first injected 
and followed by slug of surfactant. The efficiency of the 
process is higher than the individual alkaline or surfactant 
flooding process. As earlier stated, the alkali reacts with 
naphthenic contents of the crude oil to generate in situ soap. 
The addition of surfactant to the alkaline solution further 
reduces IFT and creates emulsions with higher interfacial 
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resistance. Furthermore, the presence of alkaline decreases 
the adsorption of expensive surfactant chemicals on clay 
mineral contents (such as montmorillonite, kaolinite and 
illite) of the rock pores because the charges of the mineral 
surfaces becomes more negative. The lower adsorption of 
the surfactant increases the amount of surfactant available 
in the reservoir to recover residual and capillary trapped oil 
in rock pores, hence, a higher oil recovery [99].

Alkali–polymer (AP) flooding

The shortcoming of alkaline flooding is that it lacks the 
required mobility control required to push oil in the reservoir 
due to a lower mobility of the displacing phase to the dis-
placed phase. Simultaneous injection of polymer slug with 
alkali improves mobility control of injectant and comple-
ment the efficiency of alkali flooding. Also, the presence of 
alkali lowers the adsorption of polymer on rock pores [100]. 
However, an optimum concentration of alkali and polymer 
required for formulation of AP slug must be determined. 
This is because the presence of high concentration of alka-
line may cause hydrolysis of the polymer molecules and 
impair its viscosity. Jung et al. reported a 30% incremental 
recovery of heavy oil by AP flood [101].

Surfactant–polymer (SP) flooding

Depending on the ultimate aim of the flooding process, 
either chemical can be injected as the first slug during 
SP flooding. If the aim of the flooding process is to lower 
adsorption, polymer slugs are injected first as sacrificial 
agent and for conformance control. Conversely, polymer 
slug are injected behind surfactant slug when the aim of the 
flooding process is to avoid fingering of chase water in the 
surfactant slug. Whichever injection mode is adopted, there 
is strong tendency for high efficiency of the mixture of both 
chemicals at their interface due to diffusion and dispersion 
in the reservoir. Besides, inaccessible pore volume phenom-
enon may aid the mixing of the chemicals when polymer 
slug is injected behind the surfactant. The synergy of both 
chemicals leads to a higher oil recovery [102].

Alkali–surfactant–polymer (ASP) flooding

ASP flooding technique involves the injection of alkali, 
surfactant and polymer solutions to achieve EOR. Due to 
the integrated synergy of the individual component of the 
injected slug, this method is widely regarded as the most 
promising chemical EOR process [103]. The combined 
chemicals improve both pore scale and volumetric sweep 
efficiency. The first slug comprises of alkali and surfactant 
which mobilizes residual oil trapped in the pore spaces. 

Subsequently, polymer slug is injected to improve the mobil-
ity ratio and consequently the volumetric sweep efficiency 
[104]. Finally, a freshwater and drive water slug is injected 
to optimize the chemical recovery, as shown in Fig. 11.

The synergy of alkali and surfactant reduces IFT to ultra-
low values [102]. Besides, there is competition for adsorp-
tion of both chemicals on rock pores which ultimately results 
in lower adsorption of the surfactant. An additional mecha-
nism of this EOR process is the synergy between the injected 
synthetic surfactant and the in situ generated soap caused 
by the presence of alkali [100, 105]. The optimum salinity 
for the generated soap is very low. Due to this, the injected 
alkali is lower than the amount required for consumption 
and cannot be propagated in the reservoir. Meanwhile, the 
optimum salinity of surfactant is high. Thus, the addition of 
synthetic surfactant complement the deficiency of the alkali 
such that when the soap and the surfactant mixes, the opti-
mum salinity range in which IFT reaches its low values is 
increased and widened [76, 99, 105]. Finally, the polymer 
content improves the mobility of the injected chemicals 
and aid a higher conformance control and sweep efficiency 
[104].

Like other EOR process, ASP flooding has its own chal-
lenges. This include surfactant precipitation and scaling 
issues, difficulty in treatment of produced emulsions and 
pitfall of produced water disposal to conform with set limit.

a. Surfactant precipitation and scaling issues Surfactant 
precipitation occurs as a result of the reaction between 
alkali and divalent metal cations present in formation 
brines. The precipitated material deposit scales on 
wellbore equipment, thereby, fouling it. For this reason, 
ASP is deemed unsuitable in carbonate rock formations 
[106].

b. Treatment of produced emulsions As the injected chemi-
cals of ASP slug breakthrough in production well, the 

Fig. 11  Diagrammatic representation of ASP flooding [10]
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strong synergetic interaction between the chemicals 
attracts them to the oil/water interface, thus, inducing 
a stable emulsion. Unlike conventional emulsion, the 
produced emulsions are thermodynamically stable and 
not easy to demulsify as they remain concentrated at the 
oil–water interfaces. The enhanced emulsion stability is 
caused by electrostatic and steric effects of the injected 
surfactants, soaps, and polymers. The presence of stable 
emulsions in the produced fluid from oil wells poses dif-
ficulty for the separation and processing in the separator 
[107].

c. ASP produced water disposal treatment The presence 
of stable emulsion in the produced water from ASP 
flooding process is a cause of concern during the treat-
ment of produced water to meet disposal requirement. 
This is because the emulsified water exhibits a high oily 
and suspended solids content, which is difficult to dis-
pose due to the adsorption of injected chemicals on the 
surface of the oil droplets. The necessity to meet the 
specified standard for disposal of produced water aboard 
makes the overall process strenuous [10, 107].

Recent trends in chemical EOR

The new trends in chemical EOR includes the application of 
nanotechnology, the trial of new chemical substance such as 
ionic liquids, and the development of improved technology 
from previously known chemical EOR methods.

Application of nanotechnology

The application of nanotechnology has proffered solutions to 
some of the issues ravaging the oil and gas industry ranging 
from petroleum exploration, drilling and completion, flow 
assurance problems, hydraulic fracturing and EOR. Nano-
particles have recently found application in chemical EOR 
due to their ability to react with amphiphilic and macromo-
lecular components of EOR chemicals. They form polymeric 
nanofluids, nanosurfactants, and nano-stabilized foam when 
reacted with polymers, surfactants and foams, respectively. 
The newly formed suspension (or composite materials as 
the case maybe) exhibit sterling and fascinating properties 
different from the individual component of the material. In 
polymer molecules, the presence of nanoparticles improves 
rheological behaviour and prevents degradation of the poly-
mer molecules. Nanoparticle-stabilized foams are found to 
have a longer half-life. Additionally, the lamellae bubbles 
are thicker, hence, thermodynamically stable. Nanosur-
factants have ultra-low IFT due the irreversible adsorption 
of nanoparticles at the interface. Overall, nano-chemicals 

have lower adsorption during the various tests conducted 
in porous media. Hence, they have been deemed more suit-
able and tagged as the next revolution for the application of 
chemical EOR methods [14, 108, 109].

Nanofluid flooding

Though most works are still in the laboratory and pilot scale, 
nanoparticles have been tested for their application in EOR. 
Different laboratory studies show that nanofluids (mixture of 
nanoparticles with aqueous solution) can recover trapped oil 
from reservoir efficiently. During its use for EOR purposes, 
nanoparticles are either used as nanodispersion (nanoparticle 
in aqueous water, alcohols or brine) or as nanofluids (nano-
particle in chemical base fluids, e.g., surfactant or polymer) 
to enhance their fluid property and make them more efficient 
for EOR application purposes. Recently, the field application 
of nanofluid flooding for EOR has been reported in Cupia-
gua Sur field, TN field, Castilla and Chichimene field of 
Colombia with a higher oil recovery for all field trials [28].

Mechanism of nanofluid flooding

When applied for EOR purposes, nanofluids operate in 
similitude to surfactants and improve oil production through 
the mechanisms of wettability alteration, IFT reduction and 
emulsion stabilization.

Wettability alteration Like surfactants, nanoparticles 
alter the wettability of porous media [110]. Wasan and 
Nikolov elucidated the mechanism of wettability altera-
tion by nanofluids and termed it structural disjoining pres-
sure, the ability of the fluids to spread on the rock sur-
face due to an imbalance of the interfacial forces among 
the aqueous, oleic and solid surface [111]. Initially, the 
nanoparticles are ordered within the fluid resulting in the 
formation of a wedge film between the solid and oil sub-

Fig. 12  Ordering of nanoparticle in the wedge film resulting in struc-
tural disjoining pressure gradient at the wedge vertex [112]
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strate (see Fig. 12) [114]. Thereafter, due to the nanoparti-
cle structuring in the wedge confinement, the film tension 
(structural disjoining pressure) near the vertex is high. As 
the structural disjoining pressure increases, it causes the 
nanofluid to spread at the wedge tip, thus, enhancing the 
spreading behaviour of the nanofluid [112]. McElfresh 
et al. [113] attributed the energies that drive this mecha-
nism in nanofluids to the inherent Brownian motion and 
electrostatic repulsion among the nanoparticles within the 
fluid gradient at the wedge vertex [114].

Onyekonwu et  al. studied the wettability alteration 
potential of three polysilicon nanoparticles (PSNP): 
lipophobic and hydrophilic PSNP (LHPN), hydrophobic 
and lipophilic PSNP (HLPN), and neutrally wet PSNP 
(NWPN), with the aim of improving oil recovery. LHPN 
changes the wettability of oil-wet to water-wet and made 
water-wet rocks strongly water-wet. Meanwhile, NWPN 
alters the wettability of the rock surface to a neutral state 
because of the presence of hydrophilic and hydrophobic 
moieties [115]. Hendraningrat et al. observed that the use 
of hydrophilic nanoparticles resulted in wettability altera-
tion of Berea core plugs and as the concentration of nano-
particles increases, the contact angle of the aqueous phase 
decreases further, and consequently an increase in water 
wetness of the core plug [116].

IFT reduction In addition to its wettability alteration mecha-
nism, nanoparticles can lower the IFT between oil and the 
displacing fluid. Using a glass micromodel, Torsater et al. 
observed a reduction in dynamic IFT in their experimental 
study of hydrophilic nanoparticles [117]. Likewise, Rous-
taei et al. conducted an experimental investigation of hydro-
phobic and lipophilic polysilicon (HLP) and naturally wet 
polysilicon (NWP) nanoparticles for EOR [118]. The result 
shows a decrease in oil–water IFT from 26.3 mN/m to 1.75 
mN/m and 2.55 mN/m after application of HLP and NWP 
nanofluids, respectively. Applying spinning drop method, Li 
et al. observed that IFT decreased between synthetic oil and 
brine/nanofluid after injecting nanofluid onto several water-
wet Berea sandstone core plugs [119]. The ability of nano-
particles to lower IFT means the frictional force between the 
water-phase and oil phase will decrease, capillary number 
will be greatly improved and consequently oil recovery.

Emulsion stabilization Addition of nanoparticles to oil–
water system influences phase behaviour of the system, 
thereby, inducing viscous emulsion which are very stable. 
As compared to emulsions stabilized by surfactant mole-
cules which can be dynamically adsorbed or desorbed from 
the interface, emulsions generated by solid nanoparticles 
have stronger tendency to irreversibly adsorb at the inter-
face (see Fig. 13). The irreversible adsorption at the inter-
face protects the emulsion droplet formed against floccula-

tion and coalescence, thus, inducing stability [30]. In porous 
media, due to their stable structure, nanoparticle-stabilized 
emulsions exhibit flow divergence by plugging pathways of 
fingers in waterflooded reservoir, hence, increasing vertical 
and areal sweep efficiency of the reservoir [120].

Types of nanofluid flooding

Polymeric nanofluids Polymeric nanofluid utilize the syner-
gistic combination of nanoparticles and polymer macromol-
ecules, hence, displaying sterling and fascinating properties 
for EOR purposes. Depending on the solution conditions, 
their combination interacts through several forces, namely 
electrostatic and van der Waals interaction, hydrogen bond-
ing, hydrophobic interaction, steric repulsion, and electros-
teric repulsion [121]. The newly formed novel materials 
exhibit improved thermal properties, salt-tolerant behav-
iour, improved rheological properties and high-performance 
characteristics that ease recovery of oil from the reservoir. 
The rheological properties of the polymer increase in the 
presence of nanoparticles. Besides, the nanoparticle stability 
also improved in the presence of the polymer solution [122]. 
Ion-shielding effect of the nanoparticle in polymeric nano-
fluid is responsible for their stability in high-salinity condi-
tions [123]. Meanwhile, thermal vibrations of the nanopar-
ticle in high temperature occurs which improves the solution 
conductivity [124]. Hence, the use of polymeric nanofluids 
are proffered and deemed more suitable for applications in 
high-salinity and high-temperature reservoirs [25]. Table 3 
lists the laboratory results for the application of polymeric 
nanofluids for EOR indicating their suitability for oilfield 
applications.

Fig. 13  Nanoparticle-stabilized emulsions [30]
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Surfactant nanofluid The combination of nanoparticle and 
surfactant has also been prodigiously investigated for EOR 
applications. Their mixture modifies the properties of the 
reservoir by inducing wettability change and adsorb at the 
oil–water interface through the surface-active groups inher-
ent in their component [109]. Hence, surfactant nanofluids, 
otherwise referred to as nanosurfactants, achieve ultra-low 
IFT and generate stable emulsions where precursor nano-
particles or surfactants separately do not [125]. Besides, 
adsorption interaction of the surfactant on the nanoparticles 
surface lowers the adsorption of surfactant on rock pores via 
competitive adsorption mechanism [126, 127]. Nonetheless, 
the relative concentration ratio between the nanoparticle and 
the surfactant is paramount and defines the properties of the 
system. A lower concentration ratio between the surfactant 
and the nanoparticle implies that only a small portion of sur-
factant is available to coat the nanoparticle surface. On the 
other hand, large concentration ratio will results in a bilayer 
of surfactant forming on the nanoparticle surface [109, 
125]. Table  4 summarizes the experimental results of the 
application of nanosurfactant for recovery of oil.

Nanoparticle/nanoparticle–surfactant foam Foam stabil-
ity in porous media largely depends on the stability of its 
lamellae [128]. Nanoparticles, either by their addition into 
the foaming surfactant solution or through their surface wet-
tability modifications has recently provided an alternative 
to generate stable foam at harsh reservoir conditions [129]. 
Nanoparticles performed similar roles in nanoparticles-
stabilized foams and foams stabilized by nanoparticles–sur-
factant mixtures. Most of the limitations of surfactant-sta-
bilized foams can be circumvented using nanoparticles as 
the stabilizing components of the foam. Nanoparticles are 
solids and the foams they stabilize are expected to be highly 
resistant to unfavourable reservoir conditions of high salin-
ity and temperatures [130]. The stability of nanoparticle-
stabilized foam does not depend on the modification of the 
polymer chain or surfactant chemical structure like conven-
tional chemical-stabilized foams [131].

Three major mechanisms of foam stabilization by nano-
particles have been identified as: (1) particle detachment 
energy; (2) maximum capillary pressure of coalescence; 
(3) the kinetic of film drainage. Nanoparticles can adsorb at 

Table 3  Laboratory results of oil recovery applications by polymeric nanofluid [30]

*Heavy oil

References NP type Polymer/copolymer 
type

PNF conc. (ppm) Brine/conc. Temp (°C) Porous media type Incremental oil 
recovery (%)

[161] SiO2 PEOMA 10,000 1.0 wt% NaCl 30 Berea sandstone 19.5
[162] SiO2 PAMAM 1500 10 wt% NaCl, 0.15 

wt%  MgCl2 0.10 wt% 
 CaCl2

90 Berea sandstone 16.3

[163] SiO2 Prop-2-enamide/AM 8000 – 80 Quartz sand 21.0
[164] SiO2 AMPS 50,000 – 80 Quartz sand 23.22
[165] SiO2 PEG 10,000 – 80 Glass micromodel 20.0
[166] SiO2 MeDiC8AM 1500 12 wt% (NaCl and 

 CaCl2)
82.3 Sandstone 20.0

[167] SiO2 AMC12S 1100 18 wt% 110 Sandstone 24.0
[168] SiO2 AA/AM 2000 2 wt% NaCl, 0.18 wt% 

 CaCl2
65 Sandstone 20.1

[169] SiO2 PA–S 3000 5 wt% NaCl, 2 wt% 
 CaCl2

25 – 12.77

[170] SiO2 AM/AA 1500 – – – 18.84
[171] SiO2 HPAM 1000 2.4 wt% (NaCl,  CaCl2, 

 MgCl2)
25 Glass micromodel 10.0

[22] SiO2 HPAM 800 3 wt% NaCl – Glass micromodel 10.0
[172] TiO2 HPAM – 2 wt% (NaCl,  CaCl2, 

 MgCl2·6H2O, 
 Na2HCO3)

– Sandstone 4.0*

[173] MMT Clay HPAM 1000 10 wt% (NaCl,  CaCl2, 
 MgCl2)

90 Quartz sand 33.0

[12]. SiO2
Clay

HPAM 1500 2.0 wt% (NaCl,  CaCl2, 
 MgCl2·6H2O)

NS Sandstone 13.0

[174] SiO2 HPAM 600 6.0 wt% (NaCl,  CaCl2, 
 MgCl2·6H2O  Na2SO4 
 Na2HCO3)

80 Quartz sand 10.54
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the gas–liquid interface of foam with very strong adhesion 
energy that makes their attachment irreversible. This attach-
ment energy has been reported to be many times larger than 
that of a surfactant molecule [132–134]. The relationship 
between the energy required to remove the particle from 
the interface Wr, (also known as adsorption or detachment 
energy), the radius of the particle, R, the interface surface 
tension ��� and the particle contact angle at the interface, 
θ, is given as:

Equation  (4) shows that, at favourable intermediate 
contact angles (between 60° and 90°), the detachment 
energy will be very large. The particles will be strongly 

(4)Wr = �R2���(1 ± cos �)2.

and irreversibly adsorbed on the gas–liquid interface mak-
ing them to form more stable foam than the surfactants 
which possess less adsorption energy due to their smaller 
sizes and less energetic participation at the fluid–fluid inter-
face [135–137]. However, very low detachment energy 
will be obtained at extremely low and high contact angles 
(i.e.,  ≤ 30° and  ≥ 150°) which will make the particles to 
be either highly hydrophilic or highly hydrophobic, thus 
making them unable to generate and stabilize strong foams 
[94]. The stability of the nanoparticles-stabilized foams is 
improved by the steric barrier provided to foam thinning by 
the adsorption of nanoparticles on bubble surfaces which 
increases the maximum capillary pressure the foam lamellae 
can experience without rupturing (see Fig. 14).

Table 4  Laboratory results of oil recovery applications by nanosurfactant

Nanoparticle Surfactant NP conc. Surfactant 
conc.

Base fluid Oil type Porous 
media type

Mechanism 
of recovery

RF References

SiO2 SDS 0.1–0.5 wt% 0.2 wt% Deionized 
water

Crude oil Quartz sand IFT, com-
petitive 
adsorption

4.68% IO [126]

SiO2 Alfoterra, 
Soloterra

0.1–0.8 wt% 0.005–0.2 
wt%

Brine Crude oil Dolomite, 
limestone

IFT, WA 37–45% 
OOIP

[175]

SiO2 TX-100 0.1 wt% 0.1 wt% Brine Crude 
oil + kero-
sene

Sandstone IFT, WA 8% IO [176]

SiO2 CTAB 0.05–0.5 
wt%

0.1 wt% Brine Heavy oil Micromodel ES 17.4–38% 
OOIP

[177]

SiO2 SDS 0.25 wt% 1 wt% Brine Heavy oil Mircomodel IFT, ES 5% IO [178]
SiO2 Non-ionic 

Tween 20
2–4 wt% 0.74 wt% Deionized 

water
Heavy oil Micromodel IFT, ES 18–39% [179]

SiO2 CTAB 0–5 wt% 0.09 mM Distilled 
water

Heptane – IFT – [180]

SiO2 Lecithin
NaCAS
Tween 60

– 0.01–1.4 
wt%

– Vegetable oil – IFT, WA – [181]

Hydrophilic 
and hydro-
phobic 
 SiO2

SDS 0.1 wt% 0.01–0.6 
wt%

Deionized 
water

– Sandstone IFT, adsorp-
tion reduc-
tion

– [182]

Non-ferrous 
metal

Sulphanole 0.001 wt% 0.0078–0.05 
wt%

– Heavy oil – IFT, WA 12–22% IO [183]

Al2O3 PRNS 0.001–1 wt% Distilled 
water

Heavy oil Sandstone WA 33% IO [184]

Fumed  SiO2
Hydrophobic 

SiO2

Ziziphus 
spina-
christi

0.05–0.2 
wt%

0.1–8 wt% Deionized 
water

– Shale sand-
stone

Adsorption 
reduction

– [185]

ZrO2 SDS, CTAB 0.01 wt% 0.1–0.4 wt% Distilled 
water

Heavy oil Micromodel IFT, WA – [186]

ZrO2, NiO TX-100, 
CTAB

0.004–0.05 
wt%

0.1–3.2 wt% Deionized 
water

– Limestone WA – [129]

SiO2 SDS, PAM 0.5–2.0 wt% 0.14 wt% Deionized 
water

Medium oil Sandstone IFT, WA 60% OOIP [187]

ZrO2 Non-ionic 
Tween and 
Span

0.05–0.1 
wt%

– Distilled 
water

Heavy oil Carbonate WA – [188]
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Foam stability is enhanced by a three-dimensional 
network structure formed by the stratification of the non-
adsorbing nanoparticles in the intervening thin film sepa-
rating the dispersed phase. Sun et al. studied the influence 
of nanoparticles on generation, propagation and stability of 
 SiO2/SDS-stabilized foam in micromodels and sandpack 
porous media [134]. From the results of their studies, the 
mechanism of  SiO2/SDS foam stabilization by silica nano-
particles in the presence of oil is explained with Fig. 15. In 
the case of SDS-stabilized foam, the shape of the oil drop-
let could not be changed by the foam because the micro-
force acting on the oil droplet was small. This subsequently 
leads to bubble ruptures and coalescence leaving substantial 
amount of oil trapped in the porous media. In the case of 
 SiO2/SDS foam, large amount of oil was displaced by the 
foam due to the higher microforce acting on the oil drop-
let. The higher microforce was attributed to the enhanced 
viscoelasticity of the bubble surface by the attached nano-
particles. Table 5 summarizes laboratory and experimental 
results of nanoparticles-stabilized and nanoparticle-sur-
factant-stabilized foams.

Smart nano‑waterflooding The injection of nanoparticles 
dispersed in water, brine, and/or alcohol (nanodispersion) is 
referred to as smart nano-waterflooding [138]. This process 

relies on the large surface area and other inherent properties 
of the injected nanoparticle to boost oil recovery. For exam-
ple,  SiO2 nanoparticles is very efficient for IFT reduction at 
the oil–water interface. Meanwhile, nanoparticles such as 
aluminium oxide  (Al2O3), copper oxide (CuO), iron oxide 
 (Fe2O3), nickel oxide (NiO) and magnesium oxide (MgO) 
are efficient for reducing viscosity of the oleic phase in the 
porous media. Additionally, most of these nanoparticles can 
alter wettability of the rock surface and/or increase the vis-
cosity of the injectant when injected with waterflood, hence, 
their ability to improve oil recovery (see Table 6).

Ionic liquids application for EOR

Due to high cost and environmental issues associated with 
the use of conventional chemical EOR, ionic liquids, a 
molten salt has gained tremendous attention for applica-
tions in EOR due to their green nature. Ionic liquids typi-
cally consist of organic cations and organic or inorganic 
anions and are classified accordingly [139]. They exhibit 
several useful features such as good solubility, high ionic 
conductivity, reusability, and possess good thermal sta-
bility (see Tables 7, 8) [140]. Depending on the anions, 
cations and alkyl group composition of ionic liquids, 
their properties vary and their efficiency/effectiveness are 
altered accordingly. For example, the viscosity incremen-
tal factor of ionic liquids during their use as injectants 
depends on the length of the alkyl group present. Other 
mechanism of ionic liquid application includes wettabil-
ity alteration and IFT reduction due to their surface-active 
nature and micelle formation property [141, 142]. 

As compared to surfactants, laboratory works shows 
ionic liquids are better alternatives as they reduce IFT at 
high-salinity and high-temperature conditions [143–145]. 
Besides, ionic liquids have a better ability to self-organ-
ize during their aggregation behaviour at the interface. 
Moreover, ionic liquids show better capacity to stabilize 
emulsions. However, the shortcoming of the novel applica-
tion of this chemical for EOR is that when its constituent 
contains halogen-anions, they cross the limit of green-
ness. Degradation of such ionic liquids produces hydrogen 

Fig. 14  Foams stabilized by nanoparticles [89]

Fig. 15  Mechanisms of oil 
droplet mobilization by a SDS 
foam, and b  SiO2–SDS foam 
[134]
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fluoride (HF) and hydrogen chloride (HCl) which are 
harmful to the environment. Additionally, high adsorp-
tion of the ionic liquids was reported during adsorption 
studies on kaolinite clay at high salinity [146]. Hence, 
more studies on ionic liquids are required to overcome 
these limitations for field applications.

Alkaline–cosolvent–polymer (ACP) as a new EOR 
technology

Due to the limitations of well researched and previously 
applied chemical EOR methods, researchers have consist-
ently and are constantly researching into new and viable 
chemical EOR techniques capable of ensuring higher oil 
recovery with no downside. Such limitations include but not 
limited to: (1) alkaline concentration that results in ultralow 
IFT is often too low for practical purposes and shows poor 
phase behaviour; (2) The use of AP floods generates highly 
viscous macroemulsions which results in high pressure gra-
dient and phase trapping; (3) ASP formulations find it dif-
ficult to pass stringent aqueous stability tests. More recently, 
ACP flooding emerged as a new chemical EOR with great 
prospect and potential compared to conventional EOR meth-
ods [147]. ACP floods combine the synergy of low concen-
tration of inexpensive light cosolvents to AP solutions. The 
synergy of the chemicals improves efficiency of oil recovery 
in two important ways. Firstly, the addition of cosolvents 
results in the formation of low-viscosity microemulsion as 
compared to the undue highly viscous microemulsions of 
ASP flooding. Lastly, the presence of light cosolvent in the 
ternary combination greatly improves the phase behaviour 
in such a way that they can be tailored for a wide range 
of application. With availability of polymer for mobility 
control, ACP flooding performs in similitude to ASP while 
being simpler and more robust [148].

Other challenges of chemical EOR

Apart from the previously discussed issues of retention of 
chemical (surfactant and polymer) molecules which poses 
severe threat for the application of chemical methods of 
EOR, other challenges encountered by the application of 
chemical EOR is the expensiveness of the chemicals used 
during oil recovery and formation damage of subsurface by 
chemicals.

Formation damage

Notwithstanding the highly coveted oil recovery during vari-
ous application of chemical EOR methods, an important lim-
itation of this EOR method is the formation damage issues 
induced from the retention or reaction of the chemicals in a  In
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Table 6  Summary of oil recovery by smart nano-waterflooding

a Recovery depends on the type of PSPN and oil type

References NP type NP size 
(nm)

NP conc Base fluid Salinity Temp. Oil type/
viscosity

Rock type Oil recovery

[206] SiO2
Al2O3
TiO2

10–40 0.005 wt% Deionized 
water

Brine 1 (2 wt% 
NaCl, 0.2 
wt% KCl, 0.2 
wt%  CaCl2, 
0.1 wt% 
 MgCl2)

Brine 2 (3wt% 
NaCl)

26, 40, 50, 
60 °C

21.7 cP Limestone –

[115] LHPN, 
NWPN, 
HLPN

10–60 0.2–0.3 wt% Ethanol and 
water

NaCl (3 wt%) Ambient Intermedi-
ate oil 
(28.3° 
API), 
light oil 
(41.1° 
API)

Sandstone 0.75–36.67%a

[207] HLPN – 0.1–0.4 wt% Ethanol NaCl (3 wt%) Ambient 33° API Sandstone 19.31%
[116] SiO2 7 0.01, 0.05, 

0.1 wt%
Brine NaCl (3 wt%) Ambient 5.1 mPas Sandstone 0–14.29%

[208] TiO2 – 0.01 wt%, 1 
wt%

Brine NaCl (0.5–1.0 
wt%)

– 41.21 cP Sandstone ~31%

[209] Hydropho-
bic fumed 
 SiO2

12 0.1–0.4 wt% Ethanol NaCl (5 wt%) Ambient 33.53° API
27.43° API

Sandstone 25.43%
14.55%

[210] Al2O3,  TiO2, 
 SiO2

17–40 0.05 wt% PVP NaCl (3.0 wt%) 25, 50 
80 °C

5.1 cP Sandstone 19–25%

[211] SiO2, IIT 20 10 vol.% DIW NaCl, KCl, 
 MgCl2·6H2O, 
 CaCl2, 
 Na2SO4, 
 NaHCO3 (2.0 
wt%)

25 °C, 
55 °C

24.58 cP Sandstone 50–55%

[212] SiO2,  Al2O3 87 0.1–1.0 wt% Brine NaCl (7.0 wt%) 25, 40 
60 °C

35° API Sandstone SiO2 (
5.14–13.88%
Al2O3 (− 8.18 

to − 4.65%)
[213] Fe2O3, 

 Al2O3, 
 SiO2

– 0.01 wt% Brine Brine A (3.0 
wt%)

Brine B (1.5 
NaCl, 1.0 
 CaCl2, 0.5 
 MgCl2)

– 5.12 cP Sandstone 0.9–9.49 wt%

[214] SiO2 7 0.01, 0.05, 
0.1 wt%

Brine NaCl (3.0 wt%) – 5.1 cP Sandstone 4.26–5.32%

[215] SiO2 7 0.05–0.5 
wt%

Brine NaCl (3.0 wt%) – 15.3 cP Sandstone 5.0–15%

[216] SiO2 20–70 0.1–0.6 wt% Brine NaCl (5.0 wt%) Ambient 33° API Carbonate 9–12%
16–17% (24 h 

ageing)
[217] SiO2 14 0.1–5.0 wt% Distilled 

water
– – 19° API Micro-

model
8.7–26%

[218] SiO2 5–60 0.01–3 wt% Brine NaCl (6.5 wt%) – 27.3° API Sandstone 9.0–19%
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the reservoir rock system. Formation damage issues in the 
reservoir have the propensity to disrupt oil recovery perfor-
mance, and cause additional technical and cost challenges 
to oilfields operations and facilities [149]. For example, oil-
in-water emulsions or water-in-oil emulsions generated from 
the application of surfactant have been reported to cause 
severe pore blockage in low permeability reservoirs despite 
their mobility control potentials. Moreover, the precipitation, 
phase trapping and adsorption of surfactant molecules on 
rock pores during their use in reservoirs with hardness brines 
also results in blockage of pore throat system [149, 150].

Similarly, cases of hydrodynamic retention, mechanical 
entrapment, adsorption and inaccessible pore volume result-
ing from the flocculation of polymers at high salinity cause 
the polymer molecules to accumulate and plug the surface of 
rock grains [151]. When these situations occur in rock pores 
with smaller diameter, it is referred to as particle filtration 
phenomenon. Meanwhile, alkali chemicals used during alka-
line flooding have the capacity to dissolve clays and other 
minerals. During the dissolution process, fines migration and 
damage emanate from the process which may damage reser-
voir permeability. Additionally, scale precipitation resulting 
from the incompatibility of alkali and formation water may 
deposit on the pore walls of reservoir rock, thereby, causing 
reduction in permeability or permanent loss of the reservoir 
[152].

Cost of chemical EOR process

Generally, chemicals used for this EOR method are low. 
However, the large-scale field implementation of chemical 
EOR leads to an astronomical rise in the cost of chemicals 
required for the process, and consequently an increase in 
the overall cost of the EOR process. Meanwhile, the choice 
of an EOR process is based on both efficiency at recovering 
hydrocarbon and cost-effectiveness. The deficiency of the 

application of this EOR method is that their selectivity and 
field implementation is reliant on oil price regime. They are 
only economical and profitable during higher oil prices. For 
example, in the year 2015, when oil price crashed to ~ $40/
bbl, most oil fields applying chemical EOR were shut down 
to prevent losses. In Daqing oil field, to ensure continued 
ASP flooding process is economical in some of its fields, 
weak alkali was substituted for strong alkali to lower the cost 
of the chemical EOR process [153].

Technical solutions to challenges of chemical 
EOR

• Adsorption inhibitors To overcome the incessant adsorp-
tion of chemicals on rock pores during their use in chemi-
cal EOR, the use of adsorption inhibitor otherwise known 
as sacrificial agent has gained remarkable attention and 
has been recommended for use during field applica-
tions of chemical EOR especially in high-temperature 
and high-salinity reservoir [83]. The mechanism posited 
for the efficiency of sacrificial agents during their use 
in chemical EOR is that the sacrificial agent form com-
plexes with monovalent, divalent and polyvalent cations 
present in the hardness brine, thus, there is less cations 
for the chemicals to interact with in the formation flu-
ids. Secondly, there is competition for adsorption sites 
of the rock pores between the chemicals and sacrificial 
agent. Meanwhile, the sacrificial agent gets preferentially 
adsorbed on the rock surface due to their high surface 
coverage and low desorption. Finally, the sacrificial agent 
due to their high surface coverage blocks the access of 
the injected chemicals to other adsorption sites. The 
overall process increases the amount of chemicals pre-
sent in the injected slug to effectively recover the residual 
and bypassed oil, hence, an incremental oil recovery. 
The most important factor to be considered during the 
selection of sacrificial agents is that they must be very 
cheap. Typical examples of sacrificial agents that have 
been tested and proven to be effective are polyacrylate 
and lignosulfonates [83, 154, 155]. Lignosulfonates are 
particularly economically attractive because they are 
obtained as by-products from pulp industry.

• Conditioning the reservoir The presence of constituent 
hardness brines attacks and diminishes the functional-
ity of injected chemicals for EOR process. For exam-
ple, injecting chemicals in Arab-D formation of Ghawar 
field in Saudi Arabia with total dissolved solids (TDS) ~ 
200,000 mg/l will lead to high retention of the chemicals 
and make the EOR process unfeasible. To overcome this, 
researchers have identified the process of conditioning 
the reservoir prior to injecting the chemicals for EOR. 
The conditioning process usually involves injection of 

Table 7  Typical properties of modern ionic liquids (sourced from 
[219])

A salt Cation or anion quite large
Freezing point Preferably below 100 °C
Liquidus range Often > 200 °C
Thermal stability Usually high
Viscosity Normally < 100 cP, workable
Dielectric constant Implied < 30
Polarity Moderate
Specific conductivity < 10 S  cm2  mol−1

Vapour pressure Usually negligible
Solvent and/or catalyst Excellent for many organic reactions
Electrochemical window > 2 V, even 4.5 V, except for bron-

sted acidic systems
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a slug of water (preflush) with specific characteristics 
and properties. The preflush is targeted at the hardness 
brines and screens or eliminates them from the reservoir 
prior to chemical EOR. Nonetheless, there is the need for 
proper design process when using preflush to determine 
the adequate and effective preflush for conditioning the 
reservoir. Major factors taken into consideration during 
the design process are the TDS of the field, composition 
of field brine, chemical concentration, chemical slug size, 
preflush concentration and preflush slug size [156, 157].

• Scale inhibitors Scales are common problems during the 
use of alkali flooding or ASP flooding. Scales form when 

the alkali present in the injectant reacts with divalent 
cations such as  Ca2+ and  Mg2+ present in the formation 
fluids. The deposition of scales blocks injection or pro-
duction lines, thereby, lowering oil recovery process. In 
the reservoir, they reduce formation porosity and perme-
ability by clogging rock pores. The use of scale inhibitors 
delay, reduce or prevent the formation of scales. Scale 
inhibitors work by either preventing the formation of 
scales or suppressing the activity of an already formed 
scale. When used as scale suppressant, they absorb onto 
the crystal surface of the already formed scale, thereby, 
preventing further growth of tiny crystals that precipi-

Table 8  Typical examples chemical EOR field projects

Country Field Formation Chemical EOR 
method

Chemical type Incremental oil recovery

USA Cottonwood Creek Carbonate Surfactant Polyoxyethylene alcohol –
Bob Slaughter Surfactant Petroleum sulfonate –
Yates field Carbonate Surfactant Ethoxy sulphate 30 bbl/day
Tanner Sandstone Surfactant

ASP
–

Sho-Vel-Tum – Surfactant
ASP

–

Cambridge, Minnelusa Sandstone Surfactant
Polymer
ASP

PAM –

West Kiehl – ASP –
Albrecht Sandstone Polymer HPAM –
West Cat Canyon Sandstone Polymer HPAM 66.7% over WF

Canada Taber South – ASP –
Taber Gauconitic – ASP –
Suffield Caen – Polymer

ASP
HAPAM –

Seal – Polymer HPAM 5–6%
Mooney – Polymer HPAM 12–25%
Pelican Lake – Polymer HPAM 5–10%

China Daqing Sandstone ASP 19.4–28% OOIP
Gudong Sandstone ASP –
Karamay Sandstone ASP –
Shengli Carbonate ASP 16–28%
Bohai Bay Sandstone Polymer HAPAM 13.5–20% OOIP

India Viraj Sandstone Surfactant
Polymer

Petroleum sulfonate
HPAM

–

Jhalora Sandstone ASP –
Sanand Sandstone Polymer PAM –

Indonesia Minas Sandstone Surfactant Petroleum sulfonate –
Baturaja Carbonate Surfactant –

Germany Eddesse-Nord – Polymer Xanthan –
Argentina El Corobo – Polymer HPAM –
Austria Matzen – Polymer HPAM –
Russia Romashkino – Polymer HEC –
Oman Marmul Sandstone Polymer HPAM 12%
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tates out of the water. Besides, they coat the surface of 
the already formed scale crystals, hence, preventing them 
from adhering to the surface of pipes [106].

• Formulation of cost-effective EOR chemicals As a result 
of the expensiveness of EOR chemicals, research and 
development should focus on the formulation of cheap 
and efficient EOR chemicals from waste and by-products. 
New efficient biodegradable surfactants are been devel-
oped from waste cooking oil, unused coconut oil and 
palm oil fruit bunch [158, 159]. Additionally, nanoparti-
cles to be used as nanofluid EOR chemicals are been gen-
erated from flyash, a waste product of coal firing plants 
[160]. Finally, the possibility of synthesizing graphene 
and carbon nanotubes from palm kernel shell, a waste 
product of palm oil refining is hereby proposed for future 
research.

Field projects of chemical EOR

Chemical EOR project has been implemented in various 
fields across the world. China has the largest field applica-
tion of chemical EOR with a reported incremental 300,000 
bbl/day of oil. Other countries with high implementation of 
chemical EOR are USA and Canada. Polymer flooding and 
ASP flooding have been the most widely used chemicals for 
field application and most of the oilfields have been sand-
stone formations. Table 2 summarizes some chemical EOR 
field projects in various countries across the world.

Conclusion and recommendation

The article presents an overview of chemical EOR and their 
applications for ensuring a sustainable energy future. The 
mechanism of their applications and recent progress have 
been explored and analysed. The challenges of their applica-
tion have also been discussed. Field application of conven-
tional chemical EOR have been reported to yield higher oil 
recovery. Meanwhile, the newly improved nano-chemicals 
with sterling properties have been limited to laboratory and 
pilot scale except for a few recently reported field trials in 
China, Colombia and Ghawar field of Saudi Arabia. This 
could be attributed to the averseness of oil companies to 
new technologies and a few uncertainties. These few uncer-
tainties include non-availability of the cost implication of 
addition of nanoparticles to previously applied conventional 
chemicals, instability in oil prices, and inadequate data on 
health and environmental impact of application of nano-
particles. Hence, future research on chemical EOR should 
address the following areas:

• Cost analysis of nanoparticles and other chemicals 
Previous researches have focussed on the injection of 
nanoparticles and associated chemicals and the result-
ant oil recovery mechanisms and quantity. The cost 
implication of nanoparticles in the laboratory have 
been adjudged to be less consequential due to its use in 
small quantity. However, the field application of these 
chemicals will require larger quantities and longer 
times to the tune of years depending on the economic 
life of the field. Thus, more researches and economic 
models preferably by petroleum economists that depicts 
the true economic implication of these novel chemicals 
at different and feasible oil regimes should be investi-
gated.

• Adsorption and retention behaviour of the novel nano-
chemicals The focal point of attention for most studies 
on mechanisms of most nano-chemicals has been on IFT, 
rheology, wettability alteration, and emulsion stabiliza-
tion. Very few studies are available on the adsorption 
behaviour of the nano-chemicals during EOR applica-
tion. Specifically, the adsorption and retention behav-
iour of ionic liquids is lacking in literature. An adequate 
understanding of this mechanism is required due to its 
impact on the cost implication of the chemical EOR 
method.

• Toxicity of nanoparticles Presently, there is inadequate 
research and insufficient information on the health safety 
and environmental implications of the use of nanoparti-
cles. More research on the toxicity of these chemicals and 
their impact on humans and the environment is required 
for further research.

• Modelling for field implementation Though many labora-
tory studies for the application of nano-chemicals have 
been presented, an accurate modelling of the behaviour 
of this chemical is outstanding. This is required to serve 
as a guideline for design and field implementation of the 
various nano-chemicals for oil recovery.

• CO2 sequestration potential Most of the nano-chemi-
cals yielded wettability alteration to a more water-wet 
condition during their laboratory studies. Ability of the 
nano-chemicals to tether the reservoir to a more water-
wet condition is a good omen and indicator of the nano-
chemicals potential for carbon capture and sequestration 
(CCS). Hence, the opportunities of utilizing this nano-
chemicals for CCS should be properly investigated.

• Separation of produced water containing nanoparticles 
and other chemicals Previously, the development of 
membranes for the separation of produced water have 
been tethered towards the separation of produced water, 
oily components and conventional chemicals. With the 
new introduction of nano-chemicals and other chemicals 
such as ionic fluid, the dynamics of the constituents of 
produced water will change and the previously developed 
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membranes may not be efficient. Thus, new membranes 
capable of effectively and efficiently separating the new 
constituents of the produced water will be required.

• Opportunities for recycling After production, the oppor-
tunities of recycling the produced nano-chemicals should 
be considered. Additional experiments on reintroduction 
of previously used chemicals should be tested to deter-
mine their efficiency. Finally, a comparative analysis of 
the cost implication and efficiency of introducing new 
chemicals and reused chemicals should be made.
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