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a b s t r a c t

Chemical enhanced oil recovery (CEOR) is well known for its success in recovering the trapped oil in
reservoirs after waterflooding operations. In CEOR, synthetic chemicals are utilized to increase the
capillary number or modify the mobility ratio of reservoirs; however, they are expensive and are asso-
ciated with environmental concerns. Hence, the rise in environmental awareness paved the way for
environmentally friendly and cheaper alternatives, such as green products, to replace synthetic chem-
icals. This paper comprehensively reviews recent studies on applying green products in CEOR. It also
includes comparisons between the performance of several green products and their synthetic counter-
parts in CEOR. Moreover, limitations, cost, and environmental footprints are analyzed. Finally, the
displacement efficiency of green chemicals and pertinent challenges in the field are highlighted. While
the utilization of some natural materials in EOR still has an environmental impact, they constitute a safer
option than synthetic chemicals. Furthermore, green materials are more affordable than synthetic
chemicals that are commonly utilized, making them a financially viable option for EOR. An up-to-date
overview is urgently needed due to the growth of natural chemical utilization in oil and gas applica-
tions. Promoting sustainable alternatives is essential to addressing the rise in global environmental
concerns.

© 2025 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).

1. Introduction

Chemical enhanced oil recovery (CEOR) method is a tertiary
recovery mechanism and a pivotal subdivision of enhanced oil re-
covery (EOR) [1]. The technique involves injecting chemical-based
materials into the reservoir to improve the overall sweep effi-
ciency [2,3]. This method usually employs polymers, surfactants,
and alkali, which help mobilize the residual oil [4,5]. Several
properties should be investigated as they can affect the efficiency of

the process [6]. For instance, some chemicals can reduce the
interfacial tension (IFT) and surface tension or alter the rock
wettability, while others can increase the water viscosity [7e10].
Although CEOR was found successful in recovering a considerable
amount of trapped oil, one of the primary drawbacks is the from the
reliance on chemicals from petroleum sources. These require
planning and investigation to be utilized efficiently and effectively
[4,11]. Therefore, since petroleum prices are volatile, the field
application is subjected to oil price volatility and economic feasi-
bility [12,13]. Despite the project's economic risk, a major challenge
is applying CEOR to offshore projects. Many companies worked
from different angles to solve the previously mentioned short-
comings. Among these solutions is a proposal to replace petroleum-
based chemicals with natural, environmentally friendly alterna-
tives [14]. The additional advantage of this solution is that green
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waste products are repurposed. The green chemical pursuit diver-
sified to surfactants, polymers, and alkalis. Many experimental
examinations showed that oil recovery rates are comparable to
those achieved with synthetic chemicals [14,15]. These fruitful
outcomes must be gathered, reviewed, and analyzed to reach a
holistic vision of their success. This paper provides an overview of
the experiments evaluating green chemical development for CEOR.

The study offers a comprehensive review of the business, eco-
nomic, and environmental aspects of green chemicals, particularly
in the context of CEOR. It does not only explore the efficiency of
green products but also investigates the synergetic effect of nano-
particles, in addition to the challenges and research needs in the
field. This review builds upon previous studies by providing
broader insights into the benefits of integrating green materials in
CEOR from financial, technical, social, and environmental aspects. A
key strength of this work lies in the integration of recent findings,
enabling a broader perspective and more nuanced understanding
of this topic compared to previous reviews. By identifying emerging
trends and highlighting unexplored areas in previous studies, this
review aims to bridge gaps and introduce new insights and sug-
gestions for future advancements.

2. Potential of green products for chemical EOR applications

In the 1990s, twelve principles of green chemistry were pro-
posed by American chemists [16]. The term green chemistry
emerged as part of a scientific movement toward promoting sub-
stances that environmentally friendly. The concept popularized and
became the focus of a generation of research in different areas. One
of the primary objectives of green chemistry is to use materials
derived from natural sources. Renewable materials are widely
available in nature and are more environmentally friendly and
could be extracted from biomass [17]. However, the development
and implementation of these materials have not yet reached the
maturity of traditional, petroleum-based chemicals. For example,
the rapid use of fossil fuels for carbon-based chemicals and mate-
rials might lead to resource depletion. To address these challenges,
researchers intensively studied the sustainability of petroleum
sources. The intensity of EOR projects has highlighted the need for
developing and promoting natural materials that can withstand
harsh reservoir conditions [18]. Natural material extraction
methods from biomass fall into different categories [19]. According
to the literature, the most common biochemical extraction
methods from green products are demonstrated in Fig. 1. The
following sections summarize the application of green products in
different EOR methods, namely, polymer EOR, surfactant EOR, and
alkali EOR.

Polymers are utilized to reduce the fingering of injected fluids
and enhance mobility by increasing viscosity [20,21]. The polymer
stabilizes the injected phase, whether it is gas or water, with the
additional advantage of emulsion control [22]. Adding a few hun-
dred parts-per-million (ppm) of polymers to water can increase the
water viscosity increases up to three times [23].

It is estimated that more than 140 billion metric tons of natural
polymers are annually disposed of as wastes from industrial,

domestic, and agricultural applications [24]. Such large quantities
can be economically and environmentally beneficial when applied
in oil and gas applications. Some recent potential green polymers
tested for EOR include banana peels from musa paradisiaca plant
[25,26], gum Arabic from acacia plant species [27,28], seeds of
irvingia gabonensis [29], okra fruit from abelmoschus esculentus
[30e32], xanthan gum from xanthomonas campstris [33e35], guar
gum from cyamopsis Tetragonolobus [34,36,37], ofor seeds from
detarium microcarpum [14,15,30,38], achi seeds from brachystegia
eurycoma [14,39,40], terrestrial mushrooms [41], schyzophyllum
commune fungus [42e44], and cassava bagasse [14,30,45].

In addition to these biopolymers, other types of biopolymers
were tested such as welan gum, carboxymethylcellulose (CMC),
scleroglucan, lignin, detarium microcarpum, and others [14,45].
However, none of these showed a potential for field applications
due to undesirable behavior when applied as EOR agents, and were
therefore not discussed further in this study. Fig. S1 in the sup-
plementary material file shows the aforementioned biopolymers
that are commonly studied in green polymer flooding for enhanced
oil recovery.

Surfactants in EOR are intended to alter the reservoir rock
wettability and reduce the interfacial tension between oil and
water favoring oil displacement [46]. Conventionally synthesized
surfactants are non-biodegradable, hence imposing many health
and environmental risks when applied to the oil industry [47].
Alternatively, the use of biosurfactants originating from green
products in EOR applications is continuously increasing as their use
is accompanied by several advantages. Such advantages include
ease of application, good performance, eco-friendliness, and low
cost [48]. Some of the biosurfactants tested in EOR include soap
synthesized from jatropha curcas seed oil and musa paradisiaca
(plantain) peels ash alkali shown in Fig. S2 in the supplementary
material file [49], sodium lignosulfonate synthesis from oil palm
empty fruit bunches lignin [50e52], lignosulfonate from coconut
coir lignin [53,54], soybeans lecithin [55e57], palm wine [58,59],
saponified cocos nucifera (coconut oil) [60e62], vernonia amyg-
dalina [63,64], carica papaya [14,65], and hibiscus rosa plant [66].

In addition to these biosurfactants, other types were used such
as moringa oleifera, mulberry leaves extract and others [67e69].
However, none of these showed a remarkable improvement in re-
covery factor or in CMC and therefore are not discussed further in
this study. Fig. S3 in the supplementary material file shows the
green products and natural surfactants that are candidates for
surfactant EOR applications.

The first alkaline and caustic flooding project was launched in
the Bradford field in Pennsylvania in 1925, where a Na2CO3 solution
was injected into the reservoir [70]. Compared to other CEOR
techniques, alkaline flooding is relatively simple. Its main role is to
increase the pH of the injectant, which reacts with the organic acids
in crude oil, producing surface acting agents. These agents reduce
the interfacial tension between oil and water, favoring oil
displacement [71,72]. However, synthetic alkali can contribute to
adverse health and environmental impact, making the search for
cleaner and cheaper alternatives a priority [71]. Consequently,
green products are being tested and used in the synthesis of

Fig. 1. Common methods of natural materials extraction, considering biopolymers, biosurfactants, or bioalkali from biomass.
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alkaline for alkaline EOR. Fig. S4 in the supplementary material file
shows common ashes derived from green products that can be
integrated in alkaline EOR applications. Among the proposed green
products for alkaline flooding are palm bunch (Elaeis guineensis)
ash [73e76], plantain peel ash: musa paradisiaca [76,77], Akanwu
(potash) [14,15], and wood ash [15,71].

3. Application of green products in chemical EOR

3.1. Polymer flooding

Polymers used in EOR applications are either synthetic or nat-
ural. The primary function of polymers is to increase the viscosity of
the injectant fluid. This favors the mobility ratio, reduces chan-
neling through permeable zones, and prevents the bypassing of oil
in low permeability zones. The key mechanisms of polymer/
biopolymer flooding in EOR are summarized by the following:

(1) Viscosity and mobility control: This reduces the phenome-
non of viscous fingering represented in Fig. 2 by decreasing
themobility ratio and enhancing the displacement efficiency.

(2) Profile adjustment: Polymers can reduce the permeability in
highly permeable reservoir zones, forcing the injectant to
invade lower permeability areas.

(3) Adsorption and retention: Some polymers adsorb onto the
rock surface, altering its wettability to become water wet.

(4) Biocompatibility and sustainability of biopolymers: Bio-
polymers are considered more tolerant to reservoir condi-
tions, moreover, they are biodegradable, which mitigates the
associated environmental risks.

For a polymer to be an effective candidate for EOR applications,
it must withstand harsh reservoir conditions [78]. Moreover,
polymers may degrade and break down with the increase in the
fluid velocity and shear rate, which is undesirable [79,80]. Mohd
et al. investigated the rheological properties and performance of
five different synthetic and natural polymers: guar gum, xanthan
gum, gum Arabic, HPAM, and polyvinylpyrrolidone. Results have
shown that gum Arabic and Polyvinylpyrrolidone can withstand
high temperature, divalent concentration, and salinity media, and

have desirable shear thickening performance. Moreover, xanthan
gum and HPAM polymers are characterized by a higher molecular
weight compared to other polymers. As a result, the rate of change
in their viscosity with respect to shear rate, temperature, and
polymer concentration is higher than that of other polymers [79].

Gum Arabic is one of the widely used natural polymers in
polymer flooding due to its desirable characteristics that make it a
candidate for such applications. The performance of gum Arabic in
ASP flooding was experimented by Jerome et al. on different core
samples with varying oil wettability. Gum Arabic was mixed with
sodium hydroxide and Tween 80 with salt to form an ASP slug [81].
Results have shown that this slug performed optimally in water-
wet rocks. Moreover, by using this locally sourced polymer hel-
ped achieve a recovery factor between 20% and 30% [81].

The performance of xanthan gum, which is a polysaccharide
biopolymer, was tested by Jang et al. and compared with hydro-
lyzed polyacrylamide (HPAM). The study showed that the xanthan
gum solution is less vulnerable to shear viscosity reduction at high
salinity and temperature conditions compared to the HPAM solu-
tion. This proves that xanthan gum is a viable candidate for EOR
applications under high salinity conditions [82]. Similarly,
Ghoumrassi-Barr and Aliouche studied the performance of using
xanthan gum for polymer flooding in a Devonian oilfield. They
tested xanthan gum at reservoir conditions and found that the
polymer solution's viscosity and shear thinning behavior increased
with polymer concentration. Moreover, the viscosity of xanthan
gum solution at reservoir conditions was more than 60% of its
viscosity at surface conditions [35].

Elsaeed et al. demonstrated the potential of applying guar gum
hydrogels in the EOR of saline reservoirs. This study showed that
guar gum-biochar hydrogel and guar gum hydrogel are effective in
reducing viscous fingering, postponing water breakthrough, and
making rocks water wet. Furthermore, they displayed high per-
formance in high salinity formations, where 5 g/L (optimum con-
centration) of guar gum hydrogels achieved 70.53% of oil recovery
in secondary oil recovery and 72.11% in tertiary oil recovery,
compared to 58.42% in waterflooding (primary flooding). Similarly,
an optimum concentration of 2 g/L of guar gum-biochar hydrogels
yielded an oil recovery of 64.74% in secondary oil recovery and
67.37% in tertiary oil recovery [14,37].

Wei et al. investigated the performance of utilizing nano-
cellulose, an abundant green polymer, in EOR applications. The
thermal stability, rheological, and morphological properties of the
injectant were tested. Nanocellulose-based nanofluid was injected
alone to test its potential in oil displacement, and it was used as
foam film stabilizers in foam EOR [83]. After surface grafting of
nanocellulose, the nanofluid displayed robustness under high
temperature and saline conditions, moreover; it displayed desired
viscoelastic performance. An incremental oil recovery of 12% was
achieved by incorporating nano-cellulose as a foam stabilizer in
foam flooding compared to 6% when injecting nanocellulose-based
nanofluids alone [83]. Cellulose nanoparticles were synthesized by
Agi et al. from ascorbic acid extracted from okra mucilage. After-
ward, the performance of the cellulose nanofluids was compared to
that of the bulk okra mucilage and xanthan solutions. All tested
fluids encountered pseudoplasticity and shear thinning. Results
have shown that increasing the temperature, electrolyte, and con-
centration of the cellulose nanofluid reduces the interfacial tension.
Moreover, the tested cellulose nanofluid showed a great ability to
recover residual oil at high-temperature and high-pressure condi-
tions with an incremental oil recovery of 20% [84].

Onyemachi et al. assessed the potential of polymers originating
from Irvingia gabonensis plant seeds in improving oil recovery
from the Niger Delta. Core samples saturated with low salinity
brine were flooded with nanofluids containing nanoparticles, such

Fig. 2. The viscous fingering phenomenon common in conventional waterflooding (M
refers to the mobility ratio).
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as ZnO2, MgO, SiO2, and Al2O3, as a primary recovery. Afterward, oil
from Irvingia gabonensis was incorporated to the nanofluid for
secondary oil recovery [29]. Results demonstrated a significant
improvement in oil recovery from the core sample after intro-
ducing oil from Irvingia gabonensis into the injectant [29].

Fadairo et al. studied the performance of an injectant containing
varying concentrations of biopolymers derived from the banana
peels of the Musa paradisiaca plant in EOR [25]. The biopolymer
solution was injected into three different core samples of different
porosity and permeability values. The mobility of the displaced oil
improved due to a reduction in the water's relative permeability
and an increase in viscosity. On average, 18.94% incremental oil
recovery of the original oil in place was achieved, with oil recovery
increasing as the concentration of the biopolymer in the solution
increased [25]. Compared to gum Arabic biopolymer, biopolymers
from banana peels of the Musa paradisiaca plant showed a better
performance in recovering the oil in place [25].

Fadairo et al. later experimented and compared two potential
biopolymers in EOR originating from banana peels and mango
kernels. Polymer flooding was applied to six unconsolidated
sandstone samples with different porosity and permeability
values using different polymer concentrations. This was applied
after waterflooding to find the incremental oil recovery obtained
by each polymer at different concentrations [85]. Results have
shown that increasing the polymer concentration in the injectant
increased oil recovery for both polymers. Moreover, an incre-
mental oil recovery between 40.6% and 50.8% was achieved by
flooding with mango kernel polymer compared to an incremental
oil recovery between 30.9% and 39.3% for banana peel polymer.
This initial oil recovery from conventional waterflooding was
between 16.2% and 32% [85].

Another biopolymer that has great potential to be applied in
EOR applications is Schizophyllan originated from Schizophyllum

commune fungi [86]. Joshi et al. studied the performance of this
biopolymer in microbial EOR by testing its rheological properties at
different shear rates and temperatures [42]. Then it was integrated
in the microbial EOR experiments on a Berea sandstone core at
45 �C. As a result, an incremental oil recovery of 28% from the re-
sidual heavy oil in the sample was achieved [42].

Additional recent studies are further illustrated in Table 1 with
their findings. The recovery factor achieved by each biopolymer in
each study is shown in Fig. 3, in addition to the corresponding
biopolymer concentration used. Common findings reported in
Table 1 include the biopolymer durability under reservoir condi-
tions, retention and adsorption of the biopolymer, and performance
in porous media.

Most of the studies listed in Table 1 compare two biopolymers.
Fig. 3 compares the performance of these two biopolymers in each
study, named Biopolymer 1 and Biopolymer 2. These are repre-
sented by green and blue bars, respectively.

3.2. Surfactant flooding

Surfactants are amphiphilic organic compounds; they include
hydrophilic and hydrophobic groups [100]. Hydrophobic surfactant
groups consist of lipophilic tails making them soluble in oil and
insoluble in water. In contrast, hydrophilic surfactant groups have
lipophobic heads and they are soluble in water and insoluble in oil
[49,101]. Surfactants can be cationic (positively charged), anionic
(negatively charged), non-ionic (no charge), and amphoteric (or
zwitterionic which is negatively and positively charged) as shown
in Fig. 4 [49,55,63,66,102].

Surfactants have been used in chemical EOR to alter different
rock and fluid properties and eventually favor oil recovery [103].
For instance, they alter rock wettability and oil-water interfacial
tension [49,61,63,66,102]. Synthetic surfactants are typically

Table 1
List of recent studies conducted on the application of biopolymers obtained from green products in EOR and their corresponding findings.

Reference Biopolymer Findings

[87] TMU57 & TMU59 strains Both polymers can handle high saline media, but TMU59 has more tolerance.
TMU59 generates more biopolymers.

[88] Vinyl monomer grafted guar Modified guar showed much better performance compared to native guar that recovered only 27.7% of OIP.
Modified guar can tolerate higher temperatures and salinities than native guar.

[89] Xanthan gum (XG) and modified
xanthan gum (MXG)

Xanthan gum modification by grafting 1-bromooctadecane enhanced the retention and adsorption capacity.
MXG performs better in medium to high permeability reservoirs.

[90] Guar gum Guar gum showed desirable rheological properties and good stability under high salinity and temperature.
Guar gum is strongly influenced by microbial degradation.

[41] Polysaccharide biopolymer from
terrestrial mushrooms

Biopolymer is susceptible to viscosity degradation at reservoir conditions.
An additional oil recovery of 25.8% and 22.2% was achieved by using 3000 ppm and 1500 ppm polymer
concentrations, respectively.

[91] Pullulan from aureobasidium
mangrovei species

No pore blockage was caused by pullulan polymer during flooding.
Recovery factor achieved with pullulan biopolymer is comparable to that achieved by commercial polymers.

[92] Biopolymer from solanum tuberosum
starch (potato peels)

High thermal stability, good mobility, and rheology of the biopolymer.

[93] Nanocellulose Core sample permeability was reduced by 89.5% due to nanocellulose retention.
Polymer flooding contributed to only 1.2% of incremental oil recovery.

[94] Biopolymer from extracted jackfruit
and Kluwih seeds

Both polymers degraded due to shear rate and high temperatures.
Adsorption and trapping of both polymers are insignificant.

[95] Biopolymer from rhizobium viscosum
CECT 908

Better rheological properties compared to xanthan gum.
Improved heavy crude oil recovery compared to xanthan gum.

[96] Marine athelia biopolymer Desirable performance displayed for profile enhancement and plugging capacity.
Mostly effective in heavy oil reservoirs with horizontal and vertical heterogeneity.

[97] 4 gum Arabic samples from acacia
species

Acacia tortilis var. raddiana gum has the best emulsion stability and power among the tested gums.

[98] Schizophyllan from schizophyllum
commune

High biopolymer viscosity under high salinity and temperature conditions.

[40] Biopolymers from Ogbonno and achi
seeds

Foreign PAM and polyanoic cellulose polymers have better performance than local biopolymers derived from
Ogbonno and achi seeds in light and medium oil recovery.
Oil recovery increased with higher injectant pH.

[99] Mushroom polysaccharide Mushroom polysaccharide has a better performance than xanthan gum.
Higher polymer concentration results in higher recovery factor.
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expensive, which can make EOR projects economically unfeasible
[49,66]. Several approaches are adopted to utilize green products as
sources of natural biosurfactants for EOR applications [49,66].

Farias et al. reviewed the feasibility of using biosurfactants in the
synthesis of detergents for EOR applications. They listed companies
producing biosurfactants for such purposes [55]. Azubike et al.
investigated the feasibility of using agricultural waste soaps syn-
thesized from plantain peels ash and oils from non-edible Jatropha
curcas seeds as a replacement for synthetic surfactants such as SDS
and Tween 80 in EOR. Results of the study showed that the IFT
reduction of the soap was comparable to that of the synthetic
surfactants. IFT was further reduced with higher surfactant con-
centration and temperature [49].

Ganie et al., [104] investigated the suitable amount of lignin
extracted from oil palm empty fruit bunches for lignin-based
surfactant formulations to be used in surfactant EOR. Moreover,
they tested the performance of the surfactant formulations. The
findings of their study proved that lignin is more efficiently
extracted by ultrasound strategies compared to pulping pro-
cesses, without altering the lignin structure and composition
[104]. Furthermore, an optimal surfactant concentration of 2 wt%
provided the best IFT reduction and maintained a stable phase
behavior. An incremental residual oil recovery of 11% was ach-
ieved after waterflooding, which is comparable to synthetic sur-
factant performance [104]. Iman Prakoso et al. used the batch
method to extract lignin from oil palm empty bunches for the
synthesis of sodium lignosulphonate surfactant. Their study
focused on optimizing lignin extraction, surfactant synthesis, and
its performance in EOR. Optimal extractions were achieved by
using suitable solvents with an optimal bunch size at a specific
temperature for a sufficient reaction time [52]. Extraction effi-
ciency achievedwas 14.56% with sulphonation of 90e92% of the
total yields. A surfactant concentration of 1 wt% yielded and IFT of
0.2, high thermal and phase behavior stability, and compatibility
for core flooding applications [52]. Coconut coir was used as
another source of lignin for lignosulfonate formulations. Farad
et al. studied this approach using three surfactant formulations
for core flooding followed by polymer flooding. Outcomes of this
study found that at 2.8% salt concentration, a formulation of 2 wt%
sodium dodecyl benzenesulfonate and 2 wt% isopentanol yielded
a high oil recovery. Furthermore, adding 2% w/v lignosulfonate to
the formulation improved water and oil solubilization ratios [53].

Fig. 3. Reported displacement efficiencies (recovery factors) and corresponding concentrations of biopolymers in the studies listed in Table 1.

Fig. 4. Schematic representation of the different categories of surfactants.
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This proves that lignin sourced from coconut coir combined with
polymers can be a potential candidate for recovering residual oil
[53].

Ikeagwu et al. tested different alcohol mixtures for oil recovery to
determine an optimal mixture composition. These mixtures
comprised palm wine alcohol (a biosurfactant), water, and starch in
different ratios. The study found that bothwater-alcohol and alcohol-
starch mixtures can improve oil recovery by increasing the alcohol
content in the mixtures [59]. The optimal alcohol mixture for EOR
was 1:1 composition ratio of starch and alcohol, primarily attributed
to the synergy between the IFT reduction caused by the alcohol and
the viscosity improvement of the displacing fluid to the starch [59].

Curbelo et al. evaluated the performance of two anionic sur-
factants and one cationic surfactant in enhancing oil recovery.
Study results showed that the cationic surfactant has the weakest
performance when compared to the other two anionic surfactants.
Oil recovery achieved by cationic surfactant flooding was reported
to be 55.6% compared to 78% and 89% for the two anionic surfac-
tants after 50% recovery by brine flooding [60]. This is attributed to
the further decrease of oil-water IFT caused by anionic surfactants
compared to the cationic one [60]. Further investigations have been
made by Ref. [62] to study the molecular behavior of nonionic and
ionic biosurfactants in saline environments. The nonionic surfac-
tants used are nonylphenol with 20 and 100 ethane oxide groups
and lauryl alcohol with 10 and 23 ethane oxide groups, while ionic
biosurfactants were formed by the saponification of coconut and
castor oils [62]. A higher critical micelle concentrationwas achieved
by ionic surfactants compared to nonionic ones. This can be
attributed to the electrostatic repulsion between their head groups.
Salt addition reduced the critical micelle concentration of ionic
surfactants, as it disturbed the repulsion between the head groups,
and similar results were observed for the nonionic surfactants [62].

A saponin-based biosurfactant extracted from the Vernonia
Amygdalina plant was tested by Imuetiyan for surfactant EOR.
Experimental results showed that the extracted biosurfactant at
1 wt% increased foam stability duration and lowered the IFT be-
tween oil and water by 94.6% [63]. Moreover, the biosurfactant
succeeded in altering the sandstone samples’ wettability to water
wet, dropping the contact angle from 118.5� to 45.7�. All these
desirable results prove that saponin-based biosurfactant extracted
from the Vernonia Amygdalina plant is a potential candidate for
surfactant EOR [63]. Additionally, a desirable property of such
biosurfactant is their foaming ability, which allows them to form
potassium hydroxide when dissolved in water [14]. This foaming
effect can enhance the stability and effectiveness of the bio-
surfactant in EOR. Fadzilah et al. investigated the physio-chemical
properties of carica papaya leaves extract containing saponin
(biosurfactant) mixed with whey protein and coconut oil. The most
stable emulsion was achieved by a mixture composition of 23 wt%
coconut oil, 32 wt% whey protein, and 45 wt% carica papaya leaves
extract [65].

Curbelo et al., [] addressed the issue of surfactant adsorption on
rock surfaces during surfactant flooding and investigated the in-
fluence of incorporating glycerol. This study used saponified co-
conut oil, a nonionic biosurfactant, in a brine solution, both with
and without glycerol, to conduct adsorption and flooding tests in
sandstone cores [61]. Their findings indicated improvement in
sweep efficiency and oil mobility, which can be attributed to the
increase of the injectant's viscosity by the added glycerol. More-
over, oil recovery by injectant with glycerol was 53% higher than
without glycerol. Glycerol reduces the IFT between the injectant
and the oil phase and increases the viscosity of the surfactant so-
lution, which both contribute to efficiency enhancement.

The most recent studies on the application of surfactants
sourced from green products in surfactant EOR are presented in

Table 2. The reported findings of the publications listed in Table 2
include results on IFT and contact angle reduction, biosurfactant
stability under reservoir conditions, in addition to the critical
micelle concentration (CMC) of the biosurfactant, which is the
concentration used for core flooding experiments.

Incremental oil recovery factor results achieved by each bio-
surfactant tested in the studies listed in Table 2 and the corre-
sponding concentrations used are demonstrated in Fig. 5. Some of
the studies compare the performance of two biosurfactants that are
represented in Fig. 5 by blue and green bars, respectively.

3.3. Alkaline flooding

Typical synthetic alkaline used for alkaline chemical EOR in-
cludes ammonium and sodium hydroxides, sodium and ammo-
nium carbonates, and sodium orthosilicate and metasilicate
[15,71,73]. A specific alkaline can perform differently depending on
the reservoir rock mineralogy and heterogeneity [71]. Common
mechanisms contributed by alkaline to enhance oil recovery can be
summarized by the following [15,71,73,76]:

(1) Wettability alteration from an oil-wet to a water-wet rock
and vice versa.

(2) Emulsification and entrainment.
(3) Emulsification and entrapment.
(4) Emulsification with coalescence.
(5) Oil phase swelling.
(6) Oil-water IFT reduction.
(7) Capillary pressure reduction.

Conventional synthetic alkalis are costly, with prices escalating
by 5e12 times over the past 15 years [71]. Moreover, such chem-
icals are harmful to the environment, leading to both indirect and
direct pollution in addition to having adverse health effects [71]. As
a result, the utilization of synthetic alkali is becoming less popular
due to these detrimental impacts. In contrast, the utilization of
green products as alternative sources of alkalis for alkaline EOR is
gaining traction. For instance, Rahman et al. [71] conducted ex-
periments using wood ash (potash) as a chemical additive for
alkaline EOR. Wood ash contains potassium and sodium carbon-
ates, making it a natural bioalkali. Experimental results showed
that a 6% concentration of wood ash solution achieved the same pH
value as a 0.5% sodium hydroxide or 0.75% sodium metasilicate
solution. Moreover, the wood ash solution reduced the interfacial
tension from 38 to 18 dyne/cm as the solution pH increased from
7.2 to 12.2 which in turn increased oil mobility [71]. Akpoturi et al.,
[73] investigated a similar approach, where they used ash from a
burning palm bunch as an alkaline source for alkaline flooding and
compared its performance with synthetic alkaline. Study results
showed that palm bunch ash recovered 64% of the oil in place
compared to 74% for KOH, 66% for NaOH, and 59% for Na2CO3 after
55% OIP recovery by waterflooding [73]. Green alkali has been also
tested and used in blends with biopolymers and biosurfactants
[14,15]. Common green alkalis used in formulations with bio-
surfactants and biopolymers (ASP flooding) include palm bunch
ash, potash, plantain peel ash, and Elaeis guineensis leaf extract
[14,15]. Azuokwu Augustine Azubike et al. [77] used ash from
plantain peels as green alkaline with jatropha curcas seeds oil for
producing soap. IFT reduction by the synthesized soap was com-
parable to that of conventional surfactants [77].

Studies on the application of green alkali in alkaline EOR with
their performance are summarized in Table 3. Alkalis are commonly
used in a formulation with other agents (i.e., polymers and sur-
factants) due to the synergy they can provide, this can be clearly
seen in most of the studies listed in Table 3 [117].
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Table 2
Recent studies on the application of surfactants sourced from green products in surfactant EOR and their reported findings.

Reference Biosurfactant Findings

[105] Cardanol polyoxyethylene ether (CPE) from cardanol
(cashew phenol)

- CPE displayed robustness and desirable IFT reduction under high salinity and temperature.
- IFT at the oil-water interface was reduced to 0.1 mN/m.
- CPE created stable emulsions.
- Emulsion droplet size decreased with high CPE concentration.

[106] Lauroyl glutamic acid and N-lauroyl sarcosine - Both biosurfactants are robust at high salinity, temperature, and hardness.
- N-lauroyl sarcosine reduced IFT more than lauroyl glutamic acid.
- Both biosurfactants displayed good IFT reduction at high salinity and altered the quartz sample
wettability.

[107] Saponin extracted from avena sativa plant (known as
oat)

Optimal IFT reduction and wettability alteration were achieved with diluted seawater of 2000 ppm
salinity.
The biosurfactant reduced IFT to 6.45 mN/m using deionized water and to 3.65 mN/m using distilled
seawater of 2000 ppm salinity.
Results of IFT and contact angle reduction in addition to emulsion tests showed desirable
performance when using the biosurfactant with different salts.
Highest IFT and contact angle reduction by the biosurfactant was achieved with sodium carbonate
salt.
Contact angle dropped to 55.12� when using the biosurfactant with diluted seawater of 2000 ppm
salinity and to 99.13� when using diluted seawater alone.

[108] Saponin extracted from quinoa plant High biosurfactant stability at reservoir temperature and high temperatures.
Saponin reduced the contact angle from 146� to 26.3� (oil wet to water wet) and IFT from 33.2 to
8.7 mN/m.
Saponin from quinoa generated more stable and dense emulsions compared to TR-880 and NX-610
surfactants.

[109] Powder extracted from cottonseeds (PECS) containing
saponin

IFT reduction from 29.7 to 0.46 mN/m was achieved by the biosurfactant.
Contact angle was reduced from 126.3� to 57.8� , shifting the rock wettability to water wet.
The biosurfactant showed high emulsion and foam stability

[4] Formulation of anionic rhamnolipid, zwitterionic
lecithin, and alkyl polyglycoside (APG)

Formulation of 1 wt% Rhamnolipid and 3 wt% butanol generated stable microemulsions between 1
and 20 wt% salinity range.
Formulation of 1 wt% Rhamnolipid 3 wt% butanol, and 1 wt% APG generated stable microemulsions
between 3 and 9 wt% salinity range.
Formulation of 2 wt% Rhamnolipid and 2 wt% lecithin generated stable microemulsions between 1
and 10 wt% salinity range.
Rhamnolipid/lecithin formulation reduced the IFT to an ultralow value of 0.01 dyn/cm While a
0.1 dyn/cm IFT for the other two formulations.
Temperature has no influence on IFT reduction for all formulations.

[110] PELS (anionic biosurfactant extracted from linseeds) PELS showed acceptable thermal stability under reservoir temperature.
Biosurfactant reduced the contact angle to 54.5� , changing the sandstone sample wettability to
water wet.
Reduce the surface tension and interfacial tension by 96% and 59%, respectively.

[111] (S)-2-Dodecanamido-aminobutanedioic acid
synthesized from L-aspartic acid

At all salinities, IFT at the oil-water interface decreased and the sandstone rock wettability shifted to
water wet.
IFT is mostly reduced at a salinity of 40,000 ppm.
The optimal contact angle drop was achieved at 20,000 ppm salinity where the contact angle
dropped from 141.86� to 92.4� .

[66] AlkaSurf X extracted from the hibiscus plant, palm
kernel oil from elaeis guineensis, and moringa leaf
extract

The synthetic surfactant provided higher viscosity than the biosurfactants.
Biosurfactants displayed desirable solubility in brine at different concentrations except for palm
kernel oil.
AlkaSurf X resulted in the highest solution pH.
SDS (synthetic surfactant) has the lowest CMC.
AlkaSurf X achieved the highest incremental oil recovery of 22.7% compared to 20% by (SDS).

[112] Dodecanoyl glucosamine Dodecanoyl glucosamine reduced the IFT from 30.36 to 19 mN/m, this value has further reduced to
11 mN/m when incorporating smart water with the surfactant.
Wettability of the rock samples was altered, the contact angle dropped from 148.93� to 128.87� , and
it dropped further to 36.7� with smart water-biosurfactant flooding.

[113] Alkyl polyglycoside (APG) APG displayed excellent emulsification behavior and IFT reduction compared to shengli petroleum
sulfonate, sodium dodecyl benzene sulfonate, a-olefn sulfonate, heavy alkylbenzene sulfonate,
octylphenol ethoxylates, fatty alcohol polyoxyethylene ether sulfate, and dodecyl betaine
surfactants.
Compared to other surfactants, the emulsification and interfacial properties of APG remained intact
and even improved with temperature and salinity.

[114] Sodium methyl ester sulfonate from castor oil Acrylamide to sulfonate ratio of 1:2 and concentration of 2500 and 5000 ppm, respectively, was
optimal for IFT reduction.
Oil wet quartz sample was changed to water wet after the injection of the solution.
Polymer enhanced the viscosity of the injectant, which in turn improved the sweep efficiency.

[115] Polymeric sodium methyl ester sulfonates from
Jatropha oil

Optimal IFT reduction is achieved by the alkaline surfactant solution of 1:0.5 ratio.
Optimal alkali and surfactant concentrations were found to be 0.8 and 0.4 wt%, respectively.

[116] Lignin from black liquor extracted from empty oil palm
bunches

Extracted lignin and standard lignin showed no difference in terms of IFT reduction and stability.
Formulation of extracted lignin, amine, and SDS provided lower IFT and higher stability than amine
and SDS separately.
The formulation of 0.3 wt% alkaline, 1.2 wt% lignin, and 0.64 wt% SDS reduced the IFT to the lowest
value of 5.3 mN/m

J.F. El-Masry, E. Maalouf, A.H. Abbas et al. Petroleum 11 (2025) 259e276

265



The reported incremental oil recovery factor, alkalinity (pH), and
the corresponding concentration used for every bioalkaline in the
studies listed in Table 3 are illustrated in Fig. 6. Some studies do not
report alkalinity, incremental oil recovery, or corresponding bio-
alkaline concentration.

4. Performance evaluation: experimental and numerical
approaches

A series of laboratory experiments are conducted to evaluate the
performance of synthetic or green chemicals in EOR [121]. Themost

Fig. 5. Reported displacement efficiencies and corresponding concentrations of biosurfactants tested in the studies listed in Table 2. (Missing information on the second bio-
surfactant implies that no secondary biosurfactant is tested).

Table 3
Recent studies on the application of alkali sourced from green products in alkaline EOR and the reported findings.

Reference Bioalkaline Findings

[67] Potash The utilization of potash with AlkaSurf X and moringa surfactants yielded tolerance to divalent ions.
pH increases and salinity decreases with alkaline concentration.
Formulation was highly soluble under reservoir temperature.

[118] Palm bunch, plantain back, and archi ash Optimal formulation for alkaline-polymer formulation consists of 50% alkaline and 50% polymer or 60% alkaline and
40% polymer.
Recovery of 88.6% was achieved by foreign ASP formulation compared to 77% by local ASP formulation.

[73] Palm bunch ash For light and intermediate crude, potassium hydroxide displayed the best recovery performance.
Palm bunch ash did not yield the best recovery.
Recovery factors for light oil were higher than those of intermediate oil.

[119] Potash Potash does not influence the viscosity of the polymer solution
Polymer solution viscosity remained intact under high salinity.
Optimal salinity for the ASP formation were found to be 30 g/L.

[120] Ethanolamine Ethanolamine improved the shear viscosity and elastic properties of the polymer.
The organic alkaline used has desirable emulsification performance at all concentrations.
The ASP formulation used provided a close IFT to that of the NaOH solution.

[57] Palm bunch ash IFT was lowered by the in-situ saponification of the utilized alkaline
Experimental results of using ASP formulation for EOR were better than using each agent individually.
ASP formulation works on reducing the oil-water IFT and improving the viscosity of the injectant, which yields a
higher sweep efficiency.

[71] Wood ash A concentration of 6 wt% of wood ash is required to achieve the same pH value as a 0.5 wt% NaOH solution or a
0.75 wt% Na2SO3 solution.
Wood ash helped reduce IFT with crude oil, which raised oil mobility.
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common laboratory evaluation method used whenever a chemical
is tested for field application is core flooding [122,123]. For polymer
CEOR, the tests performed to characterize the performance of
polymers include polymer composition, molecular weight, micro-
structure evaluation, polymer injectivity and transport in porous
media, thermal, chemical, and shear degradation measurements,
hardness sensitivity, residual resistance factor measurements,
filtration ratio of the polymer, polymer retention, precipitation, and
adsorption tests [121,122,124]. Surfactants are evaluated through
phase behavior, retention, rock adsorption, IFT, wettability, and
surface tension measurements, in addition to compatibility and
solubility evaluation tests [122,125e127]. Typical experiments used
to evaluate and compare an alkali are core flooding tests, property
estimation such as specific gravity, viscosity, and composition,
wettability and IFT measurements, and in-situ pH evaluation
[73,128]. One limitation in performance evaluation is that the
findings are mainly relying on experimental work and not on
fieldwork. Additionally, the variations in the experimental setup
and conditions make the comparison among different studies more
challenging.

Modeling synthetic and green assists in enhancing injection
techniques and concentrations, thereby maximizing recovery
whilst reducing expenses. For example, utilizing programs such as
CMG STARS and GEM, Eclipse, tNavigator, and UTCHEM enables
sensitivity assessments, fine-tuning polymer concentration, injec-
tion rates, and timing to boost the economic viability of EOR ven-
tures. Some of simulations offer valuable insights into the long-
term behavior of natural chemicals in large-scale field applica-
tions while others can show the impact of formation reaction on
the natural chemical. All these simulations have one denominator
which is evaluating the natural chemicals’ long-term efficacy in
sustaining recovery rates and informs modifications to injection
protocols.

Akpan [129], examined gum Arabic as a polymer for EOR through
numerical simulations using Schlumberger's Eclipse software. Syn-
thetic oil reservoirs matching Nigerian crude properties underwent

waterflooding simulations. Afterward, the ASP process incorporating
gum Arabic is implemented by adjusting polymer concentration and
observing its impact on displacement efficiency. Waterflooding
simulation produced 53% oil recovery compared to 55% observed in
experiments. ASP increased recovery by 80.53% in simulation, cor-
responding well with the 82% experimental value. Field-scale
simulation projected an increase from 62.48% post-waterflooding
to 85.8% with ASP implementation. These results clearly state that
gum Arabic has the potential as an effective mobility control agent,
enhancing sweep efficiency in heterogeneous reservoirs. A study by
Olabode et al., [130] employed the Schlumberger Eclipse black oil
model to investigate two biopolymers, xanthan gum, and gum
Arabic, in EOR. The simulation is applied to a heavy oil reservoir with
challenging production conditions. The process involves the injec-
tion of polymer solutions with varying salinity levels (5% and 10%) at
different concentrations (0.1%e1% wt.) into the reservoir. Outcomes
showed that xanthan gum yields higher recovery than gum Arabic
under high salinity conditions. Sowunmi et al., [131] used Schlum-
berger Eclipse®, to examine three natural biopolymers: xanthan
gum, guar gum, and gum Arabic in EOR. The research targets me-
dium crude oil with 14.5 cP viscosity and 24.8� API from the Niger-
Delta region. Alongside simulations, core flooding experiments are
performed with varying polymer concentrations (0.1%e1% for xan-
than and guar gum; 0.4%e15% for gum Arabic). The study revealed
that gum Arabic's lower molecular weight limits its effectiveness,
making it suitable only for lower-viscosity applications. The simu-
lation results align closely with experimental data, with xanthan,
guar, and gum Arabic showing recoveries of 9.96%, 9.95%, and 9.90%,
respectively, in the reservoir model at 0.5% concentration. Olabode
et al., [132] modeled the rheological behavior of guar gum under
varying salt concentrations in polymer flooding in heavy oil reser-
voirs using Eclipse black oil model. The study numerically high-
lighted the need for optimizing polymer concentration relative to
reservoir salinity to maximize recovery. The study by Obuebite and
Okwonna [133], employed Eclipse 100 for numerical simulations of
the potential of natural polymer from okra to improve oil recovery in

Fig. 6. Reported incremental oil recovery, alkalinity, and bioalkaline concentration in the studies listed in Table 3.
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sandstone reservoirs with high salinity. Findings demonstrate the
successful achievement of polymer flooding recovery factors in both
laboratory and simulation settings. Water flooding yielded a recov-
ery factor of 54%, with an additional 16.26% from subsequent poly-
mer injection. The results indicate a 1% level of uncertainty in this
case. Sedaghat et al., [134] employed UTCHEM, a three-dimensional,
multiphase, multi-component CEOR simulator. They evaluated two
polymers: HPAM and xanthan gum in heavy oil reservoirs under
water-wet and oil-wet conditions using Iranian crude with 19.4 API
gravity. Different polymer concentrations (300e1200 ppm) are
injected, aiming to analyze recovery efficiency under varying salinity
and wettability conditions. The presence of fractures influences the
flow path, with perpendicular fractures delaying breakthrough and
enhancing recovery due to better sweep efficiency. The visualized
displacement mechanisms offer insight into the complex dynamics
of polymer flooding in fractured reservoirs and emphasize the
importance of polymer selection for specific reservoir conditions.
Clair et al., [135] examined Liquid hydroxyethyl cellulose (liquid
HEC), guar gum, and xanthan gum. They used Computer Modeling
Group's (CMG) GEM software to simulate polymer flooding, utilizing
actual laboratory-derived Langmuir coefficients for polymer
adsorption on sand in detailed compositional simulations. The
simulation focuses on polymer flooding in heavy oil reservoirs in
Southwest Trinidad. The study injects 1000 ppm of each polymer
solution at a rate of 1000 barrels per day. Results revealed that Liquid
HEC achieves the highest cumulative oil recovery, with a substantial
increase to 269.1% compared to 33% for both xanthan and guar gums.
Liquid HEC proves more economically viable, with a net present
value of £2.4 million at a crude oil price of $50 per barrel. xanthan
gum exhibited the highest water cut (33.5%) among the polymers.
Guar gum demonstrated a lower water cut of 9.6%, making it bene-
ficial in scenarios where water production must be minimized. The
investigation by Abbas et al., [136] employs CMG-STARS, a three-
phase, multi-component simulator, to model polymer flooding at

both core and field scales. The research used flaxseed gum in a car-
bonate reservoir with a heavy oil of 19.35 cP viscosity. Simulation
outcomes yielded 53% from waterflooding. Polymer injection
increased the recovery factor to 74.4%, with residual oil saturation
decreasing from 28.6% to 18.5%. Findings of field-scale simulation
suggest that adjusting polymer injection rates significantly reduces
the water cut, with the optimized scenario showing a decrease from
99.99% to 68% post-polymer injection. Khattab et al., [137] deployed
tNavigator simulation software for both laboratory and field-scale
simulations in a heavy oil reservoir. They investigated a unique
composite comprising xanthan gummodifiedwith vinyl silane, vinyl
monomers, and silica nanoparticles. At the field scale, the simulation
predicted a total oil recovery of 48% using the composite, compared
to 39% for native xanthan and 37% for conventional water flooding.
Economic analysis indicated that utilizing the composite increased
the net present value of the field project to $58million, in contrast to
$32 million for native xanthan applications.

5. Navigating the green shift in EOR: implications and
limitations

5.1. Cost analysis

Generally, the market prices of chemicals derived from green
products are lower than those of synthetic chemicals, however, this
is not always the case [138]. Some biochemicals require further
processing and refining, which leads to elevated prices depending
on the level of biochemical purity [139]. This disparity is clearly
seen in Table 4, where the costs of biopolymers such as xanthan
gum, guar gum, agar, and gum Arabic are lower than those of
synthetic polymers (such as HPAM and PAM). Conversely, bio-
polymers such as pullulan, scleroglucan, and nanocellulose are
notably more expensive than common synthetic polymers, due to
the complexity of their processing and availability [34,139,140].

Table 4
Literature reported market prices of synthetic chemicals and biochemicals used and proposed in chemical EOR.

Chemical type Nature Chemical name Minimum market price
($/kg)

Maximum market price ($/kg) Reference

Polymer Synthetic HPAM 5 6 [13,151]
PAM 2.8 4.5 [152]

Green Methylcellulose 3.53 4.64 [153]
Scleroglucan 50 [34]
Nanocellulose 4 10 [34,139]
Xanthan gum 1.65 2.1 [154]
Guar gum 2 3.2 [34,154]
Agar 2 5 [154]
Gum Arabic 0.3 1.8 [155]
Pullulan 30.38 [140]

Surfactant Synthetic Sodium dodecyl sulfate 50 [141]
Triton X-100 51 [141]
CTAB 123 [141]
Sodium lauryl sulfate 1 2 [156]

Green Rhamnolipid 5 20 [142,144]
Soybean lecithin oil 0.7 [143]
Lignosulfonates 0.3 2.7 [146]
Lignin hydrogel 1.42 2.28 [157]
Alkyl polyglycoside 1 3 [142]
Lignin from oil palm empty fruit bunches 3 [145]

Alkaline Synthetic Sodium metasilicate 0.31 0.415 [71]
Sodium carbonate 0.09 0.095 [71]
Sodium hydroxide 0.285 0.335 [71]
Sodium orthosilicate 0.3 0.385 [71]
Ammonia 0.19 0.205 [71]

Green Potash 0.1 0.55 [147,148]
Wood ash 0.026 0.042 [149]
Empty fruit bunch ash 0.0085 [150]
Ethanolamine 1.244 1.5 [158]
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Furthermore, the reported market prices for all biosurfactants are
significantly lower than those of synthetic surfactants (Table 4)
[141e146]. For instance, synthetic surfactants used in EOR such as
SDS, Triton X-100, and CTAB can be up to twice as expensive as
biosurfactants extracted from green products. Similarly, the re-
ported prices of synthetic alkalis are higher than bioalkali. Empty
fruit bunch ash, potash, and wood ash are more affordable alter-
natives to conventional synthetic alkalis commonly used in EOR
applications (Table 4) [71,147e150]. It is worth noting, however,
that cost is not the only factor that should be considered when
selecting a chemical for EOR applications. In some cases, selecting
biochemicals requires higher chemical concentration to achieve
comparable performance to synthetic chemicals, potentially
negating their economic advantages [71]. In contrast, some bio-
chemicals such as biopolymers provide desirable performance at
concentrations equivalent to those of synthetic polymers, thus
maintaining their appeal for EOR applications [34,151].

5.2. Social and environmental aspects

The integration of green material in CEOR applications brings
along several social benefits. It promotes a circular economy by
enhancing the recycling and reuse of waste products. Moreover,
green materials are derived from agricultural by-products which
supports farmers with new revenue streams. It fosters job creation
creating employment opportunities in both rural farming areas and
industrial settings. This practice strengthens community empow-
erment as local communities become key players in the supply
chain, thereby boosting local economies. It creates a collective
effort towards sustainability, involving cooperation among re-
searchers, industry stakeholders, farmers, and local communities.

Enhanced oil recovery is a process associated with several
environmental risks. Induced seismicity is one general example
caused by fluid injection operations [159]. In chemical EOR, the
major risk involved is the utilization of synthetic chemicals that are
toxic and harmful to the environment and to human health [4,111].
Replacing synthetic chemicals with agricultural and renewable
products is a promising method that ensures safe and environ-
mentally friendly waste disposal, moreover, it prevents harmful
effects imposed by the utilization of non-biodegradable synthetic
chemicals [108,140]. This approach can reduce the environmental
costs associated with EOR [160]. However, even biochemicals are
not environmentally risk-free, as major environmental impacts
occur during the manufacturing process [161]. Furthermore, some
green products require additional agents to improve their perfor-
mance in EOR, and some of these agents are toxic [30]. The envi-
ronmental and health risks associatedwith chemicals/biochemicals
in CEOR can be summarized into greenhouse gas emission, marine
life risks, human health risks, drinking water contamination. These
are further demonstrated in Table 5.

5.3. Displacement efficiency

The displacement efficiency of any biochemical used is influ-
enced by the reservoir conditions. Successful implementation of
biochemicals in EOR requires a meticulous investigation of the
reservoir mineralogy, temperature, pressure, and permeability, in
addition to the rheological properties and composition of the
reservoir fluids [4,34]. Although core flooding experiments con-
ducted under simulated reservoir conditions can provide insight
into the biochemical performance, the actual effectiveness of a
biochemical in field applications might be uncertain [34]. This
uncertainty arises from the limited availability of field data and the
inherent variability in reservoir conditions, which may differ
significantly from those in laboratory settings. Several

specifications are required for the effective application of each
chemical in EOR. For instance, biopolymer flooding yields optimal
results when the reservoir fluid viscosity is less than 126mPa$s and
the permeability exceeds 0.05 mm2. Additionally, sandstone reser-
voirs are more favorable for biopolymer flooding compared to
carbonate formations [34]. Interestingly, the type and concentra-
tion of the biopolymer are not the key factors for optimal oil re-
covery, as observed in Fig. 3, where studies [89,94] utilized the
same biopolymer, xanthan gum, at the same concentration, yet
they obtained different recovery factor results. This can be attrib-
uted to the rock type, fluid rheological properties, and operation
conditions of the experiments. Another concern that must be
addressed is surfactant-polymer compatibility for a better recovery
rate. Compatibility between the surfactant and polymer is assessed
by the polymer's polar groups and the surfactant's head group in
addition to the polymer hydrophobicity [34]. Incompatibility can
result in polymer-surfactant phase separation and surfactant loss
by surface adsorption and aggregation. Long-term performance
and viscosity of biopolymers depend on the reservoir salinity,
temperature, biodegradation, and shear rate, whereby biopolymers
have shown better tolerance to salinity than HPAM [34]. As for
biosurfactants, all tested green surfactants listed in Table 2 suc-
cessfully reduced the interfacial tension between the oil and water
phases and altered the rock wettability to a water-wet state.
Moreover, as shown in Fig. 5, all studied biosurfactants yielded an
incremental oil recovery exceeding 7%. Such results support the
potential of biosurfactants as effective alternatives to synthetic
surfactants. Reported alkalinity achieved by the bioalkali listed in
Table 3 was comparable to that achieved by synthetic alkali (i.e., pH
values greater than 10). Moreover, studies on bioalkali showed in-
cremental oil recovery values greater than 8% as indicated in Fig. 6.
This underscores that using bioalkalis enhances displacement ef-
ficiency compared to synthetic alkali.

5.4. Synergy of green products application with nanomaterials

According to recent reviews and studies, nanomaterials have
been tested and applied with surfactants, polymers, and alkali in
chemical EOR [69,160,174]. Their application with synthetic chem-
icals and some green products have shown significant improve-
ments in the performance of EOR [174]. The following mechanisms
are induced when utilizing nanofluid composites in chemical EOR.

(1) Rock wettability alteration [29,174e179].
(2) Reduction in capillary forces [174,176,177].
(3) Reduction of viscous fingering [174,176,180].
(4) Interfacial and surface tension reduction [29,174e177,179].
(5) Displaced fluid mobility enhancement [29,176,177].
(6) Areal and vertical sweep efficiency enhancement [174,177].
(7) Viscosity alteration favoring oil displacement [29,175].
(8) Migrating fines trapping through pH modification and

adsorption by electrostatic forces [29,174].
(9) Inhibition of asphaltene content [175].

(10) Emulsion and foam stabilization [174,175,179].
(11) Heavy oil swelling [175].

Studies addressing the behavior of biopolymers specifically and
biochemicals in general in the presence of nanoparticles (NPs) are
still scarce [181]. However, some studies have reported key findings
regarding the synergetic effects of this combination [181].

Silica NPs improved the surface activity of N-lauroyl-cystine and
N-lauroyl-arginine surfactants and have proven to reduce and even
prevent the adsorption of saponin surfactant extracted from zizi-
phus spina christy on shale sandstones [69].
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Table 5
Environmental and health risks caused by chemicals in chemical EOR.

Chemical EOR Chemical Health/environmental risk Reference

Polymer EOR HPAMa -Remains in the reservoir or is produced with oil and water
-Remains in water after oil-water separation, making water treatment difficult and
unsafely disposed of -causes bioaccumulation due to environmental release
-Produces toxic acrylamide, which infilters rocks and groundwater
-Daily exposure causes carcinogenicity, genotoxicity, and neurotoxicity

[34,42,83,89
e91,95,151]

PAMa -Produces acrylamide monomer, which is neurotoxic and classified as a genotoxic
carcinogen

[34,42,95]

Xanthan gum -Causes reservoir damage due to the aggregation of cellular debris
-Some agents such as borax added to retain the viscosity of xanthan gum are
harmful to the health and the environment

[34,91,162]

Guar gum Requires the use of biocides to prevent microbial degradation; however, some
biocides carry environmental footprints
Guar gum concentration higher than 1 wt% causes undesired fisheyes, aggregation,
and partially hydrated powders especially in the injection well

[90,163]

Cassava starch/starch Requires extensive amounts of water for processing
Synthesis and processing generate high effluent rich in organic content
Inconvenient treatment can cause a stagnant pond with foul odor
Water from starch squeezing can pollute ground and surface water after being
disposed of in shallow streams and land
Heat and microorganisms in the produced water alter the water quality affecting
plants, animals, aquatic ecology, and eventually human health
Cassava starch factories release sulfur dioxide, which contaminates both the
atmosphere and groundwater
Produces hydrogen cyanide and cyanide, which ends up in groundwater and the
atmosphere

[30]

Biopolymers from irvingnia gabonensis,
brachystegia eurycoma, and detarium
microcarpum (Ogbonno, achi, and Ofor seeds
respectively)

Processing of biopolymer produces solid wastes, mainly peels, shells, and pulp
wastes
A foul smell can result from long-term inappropriate storage
Leachate can accumulate during the raining season, which might cause
groundwater contamination

[30]

Surfactant EOR Detergentsa and soapsa Can leave residues that pollute terrestrial and aquatic environments
Generate wastewater rich in mineral oil in addition to inorganic and organic
contaminants contributing to environmental pollution
Poorly degradable surfactants in detergents can cause foaming in water resources
The presence of phosphate can cause eutrophication of water
Toxic to aquatic organisms

[55,164,165]

Alkylphenolsa Encounter slow biodegradation imposing substantial environmental threats
Their positive endocrine disrupting reactions and biodegradation metabolites are
toxic, especially to aquatic organisms

[69,165,166]

Linear alkylbenzene sulfonatesa (LAS) Possibility of adsorption by plants and leaching into surface water and ground
causing environmental threats
Poor degradation can spread pollutants in riverine systems, coastal areas, and
eventually marine systems
Toxic to aquatic species

[4,69,165,166]

Branched alkylbenzene sulfonatesa (ABS) Poor biodegradability causes a strong formation of foam in wastewater, ground, and
underground water
Pollutes drinking water sourced from surface water such as rivers and springs
Remains for long periods in aquatic environments

[4,165]

Ditallow dimethyl ammonium chloridea

(DTDMAC)
Encounters slow biodegradation and remains for long periods in the environment
Remains in wastewater discharged in rivers and groundwater, imposing
environmental and health threats
Adsorbs on sediments and suspended particles in coastal and aquatic environments

[165,166]

Nonylphenol ethoxylatesa Causes the formation of undesirable metabolites that are toxic to aquatic species
Its biodegradation produces nonylphenol, which is non-biodegradable and adsorbs
onto sewage sludge
Produced nonylphenol is toxic to aquatic organisms and causes estrogenic effects
Imposes the risk of bioaccumulation

[69,165]

Sodium dodecyl sulfatea (SDS) Represents a potential toxicant when released into the sea
Causes the remobilization of organic pollutants
Hinders enzymatic activities including algal nitrogenase and microbial
dehydrogenase

[4,167]

Triton X-100a Non-biodegradable
Inhibits some single aerobic organisms and anaerobic sludge organisms
Accumulates in soil and water environments

[168]

Rhamnolipids Production requires extensive resource use especially natural gas during the
precipitation stage
Production contributes to inorganic emissions of chloride into freshwater due to
solvent wastes usage during precipitation
Biowaste treatment during fermentation causes inorganic emissions of hydrogen
sulfide
Involves some GHG emissions such as methane and carbon dioxide

[169,170]

Alkaline EOR Sodium hydroxidea, sodium orthosilicatea,
sodium metasilicatea, sodium carbonatea, and
ammoniaa

Risk of leakage while processing and storage, which poses a threat to the
environment and human health
Synthetic alkali contributes to direct and indirect pollution annually

[71,73,171]
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Similar performance was observed when using hydrophilic sil-
ica NPs with SDS surfactant after which adsorption on the rock
surface was reduced. The application of silica NPs with AOS sur-
factant reduced the oil-water IFT to lower values and caused further
alterations of rock wettability [160,174].

The presence of TiO2 NPs improved the rheological properties of
the injected surfactant fluid, whichyielded uniform flowpatterns and
a front with higher stability, this in turn boosted oil recovery [160].

Foams with N2 and CO2 created using surfactants can become
more stable in the presence of nanoparticles, even under harsh
reservoir conditions. The addition of nanoparticles helps to further
stabilize foam bubbles and emulsion droplets, working synergisti-
cally with surfactants to enhance the overall stability of the system
[160,174].

Integrating nanoparticles with polymers in polymer EOR
improved the performance, thermal features, tolerance, and sta-
bility of the injectant under harsh conditions [182]. Moreover, this
approach can cause further reduction of the IFT and alter the
reservoir rock wettability to water-wet [174,180].

Polymer adsorption on the reservoir rock surface is reduced
after adding nanoparticles, moreover, nanoparticles reduce the
polymer retention susceptibility allowing it to travel for longer
distances in the reservoir [174,183].

Utilizing nanoparticles with biopolymer from ogbonno seeds in
core flooding experiments resulted in: (1) oil recovery improve-
ment when usingMgO and Al2O3 NPs, (2) rock wettability switch to
water wet and oil recovery improvement by incorporating SiO2
NPs, and 3) increase in the displacing fluid viscosity and oil re-
covery by adding ZnO NPs [29].

The utilization of Al2O3 NPs with potato peel starch biopolymer
displayed desirable viscosification and shear thinning. Moreover,
the biopolymer nanocomposite showed robustness at high tem-
peratures and shear rates, and oil recovery was improved [181].

Integrating Al2O3 NPs with gum Arabic biopolymer showed
better performance in improving oil recovery compared to solely
using gum Arabic biopolymer flooding [181].

Experimental studies on the integration of clay NPs with trag-
acanth gum biopolymer for polymer EOR in carbonate reservoirs

showed a remarkable enhancement in the NP-polymer suspension,
which improved the injectant mobility ratio [184]. According to
Zamani et al., kaolinite NPs increased the biopolymer viscosity for
all temperatures and yielded the highest oil recovery factor, while
illite NPs displayed remarkable wettability alteration and IFT
reduction when combined with tragacanth gum.

The presence of TiO2 NPs in xanthan gum polymer flooding
helped retain the viscosity of the polymer solution even after
exposure to salinity and thermal breakage. Moreover, xanthan gum
nanofluid remained stable over time without a drop in the zeta
potential [175]. Oil recovery potential, temperature, and salinity
tolerance of xanthan gum were further enhanced by incorporating
amide-and alkyl-modified nanosilicas (AANPs). The study by
Ref. [185] showed that AANPs significantly improved the visco-
elasticity of xanthan gum, leading to an additional 18.5% and 11.3%
increase in oil recovery compared to the separate use of AANPs and
xanthan gum respectively.

5.5. From green EOR limitations to future field practice

The implementation of green products in chemical EOR comes
with several limitations, which must be highlighted. First, the uti-
lization of biosurfactants requires the incorporation of other
chemicals. For instance, alkali generates in-situ surfactants that are
adsorbed by the rock surface thereby reducing the required bio-
surfactant concentration [160]. Similarly, bioalkaline flooding only
yields optimal performance when flooded with other chemicals
[186]. The synergetic effect of including several chemicals at once
into the injectant (i.e., biopolymers, biosurfactants, and bioalkaline)
provides better results than applying each agent individually [187].
However, this approach requires high chemical volumes in the
injectant. Moreover, the biopolymers, biosurfactants, or bioalkaline
must be compatible with the reservoir rock and fluid properties
[188]. For instance, bioalkaline can damage carbonate rocks by
producing precipitations and scales, which block the formation
pores and pore throats [73]. Common limitations and drawbacks
encountered when using green products in chemical EOR are
summarized in Fig. 7.

Table 5 (continued )

Chemical EOR Chemical Health/environmental risk Reference

Inhaling their dust, mist, and aerosol can lead to the respiratory tract, throat, and
nose mucous membranes irritation
Exposure can cause eye and skin irritation
Direct contact can cause chemical and thermal burns and eventually permanent and
deep tissue damage
A 1.95 g dose of NaOH can lead to death
Application in carbonate reservoirs can cause formation damage due to hydroxide
precipitation
Improper alkali waste disposal can harm aquatic and terrestrial environments
Increase water pH and salinity and depletes its oxygen content, which affects the
marine environment

Ash Production of ash requires the combustion of large amounts of green products
(wood, empty fruit bunches, etc.), which results in greenhouse emissions
Ash consists of small particulate matter (silicon, aluminum, iron dioxide, and
others), which can cause severe health problems when inhaled
Transportation emissions resulting from the transport of the green products
Ground and underground water pH and salinity increase when mixed with ash,
which can cause water contamination

[75,149,172]

Potash The production of potash involves air emissions such as nitrogen oxides, carbon
dioxide, and particulate matter
Requires significant energy and raw materials such as water, electricity, gasoline,
diesel, and natural gas
Produces wastes that must be treated such as wastewater and solid wastes

[173]

a Synthetic chemical.
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Technical concerns must be further addressed as green products
application in EOR is accelerating and novel EOR processes are
opening new research approaches. Moreover, field scale application
of nanofluids have not been investigated fully. Although laboratory
scale experimentations have shown promising results, under-
standing field scale nanofluid performance is essential [174,179].
Furthermore, research and literature in the field require more in-
depth investigations into how chemicals from green products
behave in porousmedia, in addition to further understanding of the
relationship between their properties, structure, and performance.
Combined applications of several biochemicals (i.e., biopolymers,
biosurfactants, and bioalkali) in EOR have shown significant im-
provements in the performance of the injectant, however, the
compatibility between these chemicals must be further studied
[189]. Additionally, the scaling issues associated with the applica-
tion of alkaline-surfactant-polymer flooding must be further
researched and resolved [190]. With the emerging need to reduce
oil production costs, additional green and waste products are being
continuously suggested and studied as new candidates for EOR
applications, consequently, the development of new biochemical
candidates is required [45].

6. Conclusions and recommendations

Recent research has explored the use of natural materials from
green products in the oil and gas sector, particularly for enhanced
oil recovery. So far, findings are promising and suggest the
improvement of recovery factors when natural materials are inte-
grated with chemical EOR methods. These natural materials trigger
the same mechanisms induced by synthetic chemicals in chemical
flooding, demonstrating their potential. Despite the environmental
footprints associated with the utilization of natural materials in
EOR, their application is significantly safer for the environment
compared to synthetic chemicals. Additionally, according tomarket
prices, most green materials are more cost-effective than tradi-
tional synthetic alternatives, making their application for EOR
economically attractive.

However, similar to any EOR application, the behavior of EOR
agents depends on several factors including the specific EOR
mechanism, the type and concentration of the chemical used (e.g.,
biopolymer/biosurfactant/bioalkaline), reservoir rock and fluid
properties, and operation conditions. Therefore, the selection of the
best EOR agent requires careful consideration of these factors.

Despite the progress, many aspects in this field are still not
investigated and require further research. For instance, the
behavior of natural materials in various types of reservoir rocks and
fluid types, or the performance of combining multiple natural
materials in a single (alkaline-surfactant-polymer) ASP flooding,
needs further study. Despite the research efforts on the feasibility of
natural materials in EOR, their field implementation is still in the
appraisal stage and their field-scale performance remains uncer-
tain. Hence, studies in these areas are highly needed to compare the
advancements and impacts of different natural materials in EOR. In
addition, identifying new green materials for EOR applications that
could potentially replace expensive and toxic synthetic chemicals is
of utmost importance for advancing sustainable EOR practices.
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