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Enhanced oil recovery (EOR) processes are technologies used in the oil and gas industry to maximize the extraction of

residual oil from reservoirs after primary and secondary recovery methods have been carried out. EOR processes involve

various methods, including thermal, chemical, gas and microbial methods.
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1. Introduction

Petroleum, also known as crude oil, is a vital raw material in the chemical industry, playing a significant role in global

economic development for the past century . It is a primary energy source for transportation, power generation, and a

range of industrial and household applications. The estimated daily oil consumption is about 90 million bbl of oil , and it

is projected to continue until 2030 with an annual increase of 1.7% in the number of oil barrels produced annually .

With the continuous worldwide increase in energy demand, it is crucial to develop new alternatives, such as wind, solar,

nuclear energy, and biomass-converted products, to reduce reliance on fossil fuels . However, although the energy

transition favors the use of renewable sources, oil and natural gas will remain the main source of energy for the next

decades.

Although several technologies for alternative energy sources are under development, it will take a few decades until

global reliance on petroleum and fossil fuels becomes a thing of the past. A lot of research is ongoing in this regard and,

according to , energy sources capable of completely replacing petroleum are being projected to be in place by the year

2050 at the latest. In order to optimize the availability and use of crude oil and petroleum products, it is essential to

improve oil recovery processes by using more environmentally friendly techniques to extract oil from subsurface

reservoirs . As the reservoirs run out during primary recovery, oil recovery becomes increasingly difficult, even for

partially emptied shales or other tight deposits. The oil recovery process involves three stages: primary, secondary, and

tertiary recovery. The primary and secondary recovery processes use conventional technologies, including natural energy,

water/gas injection, and gas injection, to extract crude oil from the reservoirs . Several studies show that

the primary process only recovers 10–20% of the total oil in the reservoirs.

After the depletion of natural energy, the secondary recovery involves water/gas injection into the reservoir through the

injection wells to increase oil displacement toward the producing wellhead. Consequently, the final recovery of crude oil

rarely exceeds 50% of the oil originally present. Nonetheless, after the primary and secondary recovery processes, more

than two-thirds of the original crude oil remains trapped due to factors such as high viscosity, reduced mobility, and the

retention of oil in the pores of rocks .

To increase the final oil recovery from the reservoirs, tertiary recovery processes, known as enhanced oil recovery (EOR),

are applied. Hence, a higher percentage of crude oil recovery can be achieved by lowering the crude oil’s viscosity,

improving its flow properties, and modifying the rock wettability, interfacial tension (IFT), and capillary forces.

Among EOR processes, chemical recovery typically utilizes conventional surfactants such as polyoxyethylene alkyl ethers

(AE), sodium dodecyl sulfate (SDS), alkyl sulfates (AS), alkyl benzene sulfonates (ABS), alkylpolyoxyethylene sulfates

(AES), and polyoxyethylene alkylphenyl ethers (APE) . Despite their effectiveness, these petroleum-based molecules

are often non-biodegradable and pose a threat to the environment . To address this issue, research efforts have

shifted toward identifying biodegradable and bio-based alternatives for surfactants in the oil recovery process. The oil

recovery process is crucial to meeting the world’s energy demand and while alternative energy sources are under

development, petroleum remains a vital energy source. Therefore, enhancing oil recovery processes, particularly through

the use of environmentally friendly technologies based on biosurfactants, is critical for ensuring a sustainable energy

future.
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2. EOR Techniques

EOR processes involve various methods, including thermal, chemical, gas and microbial methods, which are listed in

Figure 1. In the following subsections, solely the chemical and microbial techniques are revisited critically.

Figure 1. Main methods of enhanced oil recovery.

2.1. Chemical EOR

Chemical EOR is a technique that involves the injection of chemicals into the reservoir to increase the amount of oil that

can be extracted. The chemicals can change the physical and chemical properties of the reservoir rock and fluids,

reducing the oil viscosity and improving oil mobility. The different types of techniques employed in chemical EOR are

described below.

2.1.1. Surfactant-Based EOR

Surfactants are the most commonly used chemicals in surfactant-based EOR. Owing to the presence of both a hydrophilic

polar head and one or two hydrophobic tails (Figure 2), these chemicals can be used to lower the interfacial tension

between oil and water, improve the wettability of the reservoir rock, and mobilize the residual oil. However, the

effectiveness of surfactants in EOR is limited by factors such as surfactant adsorption, salinity, and temperature. To

address these limitations, researchers have developed novel surfactants and surfactant formulations that are more

effective in EOR applications .

Figure 2. General representation of a surfactant molecule with hydrophilic head and hydrophobic tail and their

rearrangement in water and oil.

Indeed, due to the environmentally toxic nature of a significant number of synthetic surfactants, research has drifted

towards the development of surfactants of low environmental impact which are derived from bio-based sources. Most of

these biosurfactants are more eco-friendly than conventional surfactants and also cost-effective in some cases. The cost-

effectiveness of biosurfactants depends on the starting material or substrate needed for their production. In most cases,

the substrate or starting material is found freely in nature or exists in the form of waste or biomass derived from different

processes. However, in some cases, biosurfactant production could require expensive raw material or

substrates/feedstock, specialized equipment, and/or high levels of expertise and technical know-how. In previous years,

biosurfactant production was not so economically effective, as the cost per kilogram of large quantities of low-value

biosurfactants, mostly derived from vegetable oils and highly processed biomass, ranged between 1.5 and 2.5 euros,
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which is about 20% more than the cost of conventional surfactants . In recent years, however, the cost of biosurfactant

production is being alleviated with the advent of several strategies for feasible commercial biosurfactant production such

as the use of industrial and agro-based waste and other low-cost renewable substrates , genetic recombination and

mutation of the starter culture/substrate , and the in situ microbial production of biosurfactants in oil reservoirs where

they can enhance oil recovery, making the process economically viable . Scientific attempts to produce bio-based

surfactants have produced promising results and some biosurfactants capable of replacing conventional chemical

surfactants now exist for use in EOR. Several studies conducted by different investigators, such as Li et al. , Haghighi

& Firozjaii , Wu et al. , Haq , have demonstrated that biosurfactants have been quite effective in EOR

applications. Biosurfactants can be obtained from a variety of natural, bio-based, renewable sources. These include

microorganisms, animals and parts of plants such as seeds, roots, leaves, natural oils extracted from plants , and

waste vegetable oils. Vegetable oils contain triglyceride fatty acid residue, which, when reacted with an alcohol (either

methanol or ethanol), produces fatty acid methyl or ethyl esters depending on which alcohol is used .

Biosurfactants can also be derived from amino acids which can be obtained from plant and animal sources. The ability of

these amino acids to be modified according to the required application makes them very valuable for the production of

surfactants .

Just like their synthetic counterparts, bio-based surfactants can be classified into anionic, cationic, non-ionic, and

zwitterionic surfactants. Two other classes of bio-based surfactants exist: bio-based Gemini surfactants and bio-based

polymeric surfactants derived from bio-oils.

Bio-based anionic surfactants. These are surfactants with a negatively charged head and they are the most widely

used group of surfactants; hence, they are produced in large quantities in industries. Amino acids and fatty acids

obtained from natural oils are viable sources of anionic surfactants. Methyl and ethyl ester sulfonates are derived from

these amino and fatty acids via trans-esterification and sulfonation reactions . The sulfonate group (SO−3SO3−)

present in the chemical structure of these surfactants is responsible for their anionic nature and thermal stability .

Another class of anionic amphiphiles can be obtained by linking one or two hydrophobic chains to the DNA nucleotides,

giving them the ability to generate supramolecular colloidal structures .

Bio-based cationic surfactants. These are surfactants with a positively charged headgroup, and although they are not

commonly used in EOR due to their high adsorption in sandstone reservoirs, they are very useful in carbonate

reservoirs. Although many plant extracts are considered to be non-ionic, some plant extracts, such as mulberry leaves,

olive leaves, and henna leaves, are examples of cationic surfactants .

Bio-based non-ionic surfactants. These are surfactants that have no charge on their head. They do not ionize in water,

and their solubility is influenced by hydrogen bonds and van der Waal interactions. Most non-ionic surfactants have a

high biodegradability and are very cost-effective. Saponins, which are triterpenic or steroidal glycosides, are the most

common type of non-ionic surfactant, and they can be obtained from natural plant extracts. They are highly

emulsifiable, having excellent solubility and foaming properties, which gives them a wide range of applicability in

industrial processes . Alkyl polyglucoside is a common non-ionic surfactant from a natural and renewable

source. Ziziphus Spina-christy and soap nut saponin are excellent sources of natural non-ionic surfactants, which have

been evaluated for their potential in EOR applications .

Bio-based zwitterionic surfactants. These surfactants contain both positively and negatively charged residues in their

head polar groups having zero net charge. They are very versatile, and natural zwitterionic surfactants have excellent

properties that are ideal for EOR applications. For example, a zwitterionic surfactant derived from castor oil, N-phenyl-

fattyamido-propyl-N, N-dimethyl-carboxyl betaine (CPDB) has been shown to have excellent thermal properties,

dispersion efficiency, optimal wetting and foaming performance and also strong electrolyte tolerance . Despite the

versatility and compatibility of zwitterionic surfactants, they are one of the least applied for EOR operations. This is

mostly associated with the high costs involved in their production. More work has to be performed to develop cheaper

base materials for the synthesis of zwitterionic surfactants and apply this class of surfactants in EOR contexts.

Polymeric bio-based surfactants. They can be synthesized either by polymerizing a surface-active monomer or by the

copolymerization of hydrophobic and hydrophilic monomers. Although polymeric surfactants, in most cases, perform

poorly regarding surface tension modification—making it difficult to obtain ultra-low IFT values—they could improve oil

recovery by combining the high viscosity property of a polymer with the interfacial surface properties of the surfactant

present within its structure. This unique combination of properties makes polymeric surfactants ideal for use as
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thickening agents, IFT-reducing agents, and emulsifying agents for EOR applications . A classic example of a

polymeric biosurfactant is emulsan, which is produced by Acinetobacter calcoaceticus .

Bio-based Gemini surfactants. Just like zwitterionic surfactants, bio-based Gemini surfactants are another underused

group of bio-based surfactants. They have excellent properties that make them optimal for EOR purposes but ironically,

not many research studies investigating their EOR potential are found in the scientific literature. They are very unique

in their nature as they are made up of two or more hydrophilic groups, which constitute the head, one hydrophobic

group, which makes up the tail, and a spacer linking these two constituents (head and tail). The hydrophilic head could

be either anionic, cationic, zwitterionic, or non-ionic . This means that Gemini surfactants are a sort of hybrid of

all the aforementioned classes of bio-based surfactants. This class of surfactants has excellent wetting, solubility, and

foaming properties coupled with an ultra-low critical micelle concentration (CMC) and Krafft point . Gemini

surfactants can be obtained from amino acids, oils, and sugar .

2.1.2. Polymer-Based EOR

Polymers are used in polymer-based EOR to increase the viscosity of the injected water, which helps displace the oil in

the reservoir. The effectiveness of polymer flooding is influenced by factors such as polymer concentration, injection rate,

and reservoir heterogeneity. To improve the performance of polymer flooding, researchers have explored the use of

nanoparticles, smart polymers, and other novel materials .

2.1.3. Alkaline/Surfactant/Polymer (ASP) Flooding

ASP flooding is a combination of surfactant, polymer, and alkali flooding techniques. The surfactants are used to reduce

the interfacial tension between oil and water, the polymer is used to increase the viscosity of the injected water, and the

alkali is used to reduce the acidity of the reservoir rock and improve the wettability. ASP flooding has shown promise in

reducing oil viscosity and improving oil recovery, but its effectiveness is influenced by factors such as the choice of

chemicals, reservoir characteristics, and operational parameters .

2.1.4. Low-Salinity Water Flooding

Low-salinity water flooding involves the use of water with reduced salinity to displace the oil in the reservoir. The low-

salinity water can change the wettability of the reservoir rock and reduce the residual oil saturation. However, the

effectiveness of low-salinity water flooding is influenced by factors such as the reservoir temperature, salinity, and

mineralogy .

2.1.5. Critical Features of Chemical EOR

While chemical EOR has shown some promise and has been successfully implemented in certain cases, there are

several critical aspects that still need to be considered:

Economic feasibility. Chemical EOR methods often demand substantial initial investments for the acquisition and

injection of chemicals, as well as infrastructure modifications. Evaluation of economic viability becomes paramount,

taking into account oil prices, field characteristics, and project lifespan.

Environmental impact. The substantial use of chemicals in the process can lead to adverse environmental

consequences. Toxicity and improper handling risks must be addressed, along with considerations of energy

consumption and associated greenhouse gas emissions.

Geologic and reservoir constraints. Geological and reservoir characteristics, such as permeability, heterogeneity, and

natural fractures, profoundly influence the effectiveness of chemical EOR. In-depth reservoir property understanding

and rigorous laboratory testing are prerequisites for large-scale implementation.

Chemical optimization. Challenges often arise from chemical compatibility and precise composition optimization.

Incompatibilities can lead to precipitation or emulsion formation, reducing efficacy. Optimizing the chemical composition

and concentration is pivotal for maximum recovery with minimal side effects.

Uncertainty and risk. Inherent uncertainties, including reservoir heterogeneity, fluid behavior, and chemical reactions,

pose risks to the success of chemical EOR. Rigorous risk assessment and contingency planning are crucial to mitigate

potential setbacks.

In essence, while chemical EOR shows promise, its success hinges on comprehensive evaluation encompassing

economic, environmental, geological, and chemical aspects, along with vigilant risk mitigation.
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2.2. Microbial EOR

Microbial EOR (MEOR) is a technique that involves the injection of microorganisms into the reservoir to enhance oil

recovery. The microorganisms can alter the physical and chemical properties of the reservoir, reducing the oil viscosity

and improving oil mobility. The first ever field test using MEOR was performed in Arkansas, United States in 1954 when

Clostridium acetobutylicum was injected alongside molasses into an oil field and the results showed the production of

various metabolites such as gases, acids and biosurfactants . Strappa et al.  also reported a 20% increase in crude

oil recovery yield when they injected facultative anaerobic bacteria along with their nutrients into an oil field. A similar

study was carried out by Davidson and Russell  by the injection of a specially adapted strain of Clostridium, which

brought about a reduction in oil viscosity due to the production of carbon dioxide, and this improved oil mobility and sweep

efficiency. In China, an incremental production of 219,000 tons of crude oil was reported when microbial huff and puff was

carried out on 1640 oil wells . Table 1 groups the products of microbial activity according to the microorganisms that

produce them and the type of oil reservoirs they are suitable for, while Table 2 classifies the microorganisms according to

their products and the effects they bring about in the oil reservoirs. The techniques used in microbial EOR are described

as follows .

2.2.1. Microbial Biofilm Injection

In microbial biofilm injection, a microbial biofilm is injected into the reservoir to improve oil recovery. The biofilm can alter

the permeability of the reservoir rock and improve oil mobility. However, the effectiveness of microbial biofilm injection is

influenced by factors such as the reservoir temperature, salinity, and nutrient availability .

2.2.2. Microbial Surfactant Injection

In microbial surfactant injection, microorganisms are used to produce surfactants that can reduce the interfacial tension

between the oil and water phases in the reservoir. The reduced interfacial tension can improve oil mobility and enhance oil

recovery. Several studies  have been carried out and their results demonstrate the applicability of microbial

surfactant injection techniques in field trials. Although microbial surfactant injection and MEOR, in general, have achieved

a reasonable amount of success, a study carried out in an offshore field trial in Norway showed negative results when

nitrate-reducing bacteria with compatible nutrient support were used for EOR purposes . However, the effectiveness of

microbial surfactant injection is influenced by factors such as microbial strain, surfactant production rate, and reservoir

conditions .

2.2.3. Microbial Gas Generation

In microbial gas generation, microorganisms are used to produce gases such as methane and carbon dioxide that can

enhance oil recovery. The gases can reduce the oil viscosity and improve oil mobility. Gao  reported the successful

application of the microbial huff and puff technique in several field trials in the Shengli and Daqing oil fields in China over

the years. However, the effectiveness of microbial gas generation is influenced by factors such as the microbial strain, gas

production rate, and reservoir environment .

2.2.4. Microbial Plugging

In microbial plugging, microorganisms are used to block high-permeability channels in the reservoir and divert the flow of

water and gas to low-permeability regions. The technique can improve oil recovery by increasing the oil saturation in the

low-permeability regions. This method was employed to great effect in a field trial in Brazil in 2010 where microbial EOR

was carried out in five wells in an onshore field to plug high permeable zones in the reservoir by producing biomass and

biopolymer . However, the effectiveness of microbial plugging is influenced by factors such as the microbial strain,

injection rate, and reservoir heterogeneity .

Table 1. Classification of microbial bio-products for EOR, their producing organisms, and the various types of oil

reservoirs/formations in which they are applied. Adapted from .
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Microbial Product
Class Microorganisms and Their Sample Products Type of Oil Reservoir/Formation

Biosurfactants

Surfactin Rhodococcus sp.

Sandstone or carbonate reservoirs with moderate
temperature (<50 °C) and relatively light oil (API > 25)

Rhamnolipid Acinetobacter

Emulsan Bacillus sp.

Lichenysin Bacillus sp.

Alasan Pseudomonas

Viscosin Arthrobacter

Biopolymers

Xanthan gum Xanthomonas sp.

Stratified reservoirs with permeable zones

Pullulan Aureobasidium
sp.

Levan Bacillus sp.

Curdlan Alcaligeness sp.

Dextran Leuconostoc sp.

Scleroglucan Sclerotium sp.

Gases

CO Fermentative
bacteria

Heavy-oil-bearing formations (API < 15)CH Methanogens

H Clostridium

N Enterobacter

Acids
Propionic acid Fermentative

bacteria Carbonate or carbonaceous reservoirs

Butyric acid Clostridium

Alcohol/Solvents

Alcohols and Ketones
(co-surfactants)

Fermentative
bacteria

Heavy-oil-bearing formations (API < 15) and strongly
oil-wet, waterflooded reservoirs

Acetone Clostridium

Butanol Zymomonas

Propan-2-diol Kliebsella

The effects conferred by the different groups of microbial bio-products are listed in Table 2.

Table 2. Microbial EOR classification based on the types of microorganisms, their products, and their effects in the oil

reservoirs. Adapted from .

Microorganism
Genus Products Effect

Pseudomonas Surfactants and polymers Production of biopolymers and biosurfactants, which reduce
permeability and enhance capillary number.

Clostridium Gases, acids, alcohols, and
surfactants Production of acid and gases, which reduce oil viscosity.

Bacillus Acids and surfactants
Production of gases, alcohol, and biosurfactants, which modify
permeability, which improves sweep efficiency in waterflooding

processes.

Desulfovibrio Gases and acids Oil biodegradability and viscosity reduction along with methane
production.

Corynebacterium Surfactants Production of low-viscosity molecules and permeability modification by
promoting oil biodegradability.

2

4

2

2

[70][73][74][75]



Microorganism
Genus Products Effect

Others
Polymers, gases,

surfactants, acids, and
alcohol

Oxidation and biodegradability of hydrocarbons, permeability
modification, and methane production, which lead to oil viscosity

reduction.

2.2.5. Critical Features of Microbial EOR

While MEOR shows potential as an environmentally friendly and cost-effective method, there are several essential parts

that require attention:

Efficacy and reliability. MEOR’s effectiveness varies based on microbial strains, reservoir conditions, and oil type.

Microorganism growth is sensitive to factors like temperature, pH, and nutrient availability. Strain selection and

reliability necessitate thorough evaluation via field testing and case studies;

Reservoir compatibility. MEOR may not suit all reservoir types due to factors like permeability, heterogeneity, and oil

properties. A rigorous assessment of microorganism-reservoir compatibility is essential to determine MEOR

applicability;

Long-term effects and sustainability. The enduring impacts of introducing microorganisms into the reservoir require

further understanding. Microbial activities can influence permeability, fluid behavior, and geochemical reactions,

necessitating an evaluation of risks and effects on reservoir integrity and oil recovery sustainability;

Regulatory compliance. MEOR involves the introduction of living organisms into the reservoir, which may raise

regulatory concerns. It is important to comply with relevant environmental regulations and obtain necessary permits for

the use of microorganisms in oil reservoirs. Additionally, potential risks associated with the release of genetically

modified organisms (GMOs) should be carefully assessed and addressed in accordance with applicable regulations

and guidelines;

Implementation challenges. Specialized equipment, ideal growth conditions, and the management of risks such as

biofouling and corrosion present implementation challenges. Proper engineering design, operational protocols, and

monitoring strategies are essential for successful MEOR implementation;

Knowledge gaps and research requirements. Despite advancements, significant knowledge gaps persist. Further

research is vital to improve microbial strain selection, enhance reservoir suitability assessment, and understand MEOR

mechanisms, long-term sustainability, and optimization.

Overall, MEOR presents a potentially environmentally friendly and cost-effective EOR method. However, validation

through research, testing, and regulatory compliance, along with thorough evaluation and continuous monitoring, is

imperative for its successful and sustainable implementation.

2.3. A Brief Comparison: Chemical–Microbial and Traditional EOR Techniques Employed

Chemical–microbial EOR techniques are a subset of EOR methods that utilize both chemicals and microbes to enhance

oil recovery. These techniques are highly effective due to their ability to reduce interfacial tension, increase sweep

efficiency, and alter wettability, which are key factors in improving oil recovery . However, the implementation of

these techniques often involves higher costs. This is primarily due to the price of the chemicals and microbes used, as

well as the need for sophisticated injection equipment .

On the other hand, thermal and gas injection methods are other types of EOR techniques that can be more cost-effective,

although their suitability can vary depending on reservoir conditions . Thermal recovery methods typically involve

the use of heat, often in the form of steam generated by burning natural gas, to reduce oil viscosity and improve its flow.

Solar-generated steam in EOR is another method that uses concentrating solar power technology to produce steam. Gas

injection methods, which serve as a main EOR method in fractured-vuggy carbonate reservoirs, involve injecting gases

like carbon dioxide or nitrogen into the reservoir to increase pressure and displace oil . In terms of environmental

impact, chemical-microbial EOR methods can pose challenges due to potential groundwater contamination. However,

these risks can be mitigated with proper management and the use of environmentally friendly chemicals and microbes 

. Thermal EOR methods also face environmental challenges, such as cyclic fluctuations in steam injection rate

associated with sunlight hours and seasonal variations, which challenge this technology from becoming a standalone
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solution . Gas injection methods have been shown to provide major contributions during EOR, including crude-oil

viscosity reduction, thermal expansion, and crude oil vaporization .

While chemical-microbial EOR techniques offer high efficiency in oil recovery, they also involve considerations such as

cost and environmental impact. Therefore, it is crucial to choose the most suitable EOR technique based on reservoir

conditions and economic feasibility.
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