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Abstract: The depletion of accessible
petroleum reserves has intensified research
into tertiary recovery technologies capable of
mobilizing residual hydrocarbons. Microbial
enhanced oil recovery (MEOR) represents an
environmentally sustainable alternative to
conventional chemical methods, harnessing
microorganisms and their metabolic products
to improve oil displacement efficiency. This
review examines the fundamental
mechanisms of MEOR, including
biosurfactant-mediated interfacial tension
reduction,  biopolymer-induced selective
plugging, and wettability alteration. It also
addresses environmental safety implications
including groundwater contamination risks
and potential proliferation of sulfate-reducing
bacteria. @ By  integrating = mechanistic
understanding with environmental risk
assessment, MEOR technology can be
developed as a cornerstone of sustainable
petroleum extraction.
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1. Introduction

Primary oil recovery utilizing natural reservoir
pressure extracts merely ten to fifteen percent of
the original oil in place. Secondary
waterflooding extends recovery to thirty percent,
leaving over sixty percent of crude oil trapped
within capillary networks due to unfavorable
interfacial forces. Conventional tertiary methods,
including thermal processes and chemical
flooding with synthetic surfactants, encounter

substantial limitations encompassing high
operational costs, energy intensity,
environmental  toxicity, @ and  formation
damagel'2!,

Microbial enhanced oil recovery exploits the
metabolic capabilities of microorganisms to
generate oil-displacing agents in situ or applies
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ex situ produced bioproducts for reservoir
flooding. The technology offers distinct
advantages, including lower capital investment,
biodegradability of  by-products, and
compatibility ~with existing waterflooding

infrastructure.  Bacterial genera including
Pseudomonas, Bacillus, and Geobacillus
demonstrate  specialized  capabilities  for

producing biosurfactants, biopolymers, organic
acids, and gases that enhance oil mobility
through synergistic mechanismst-1,

Despite extensive laboratory validation, MEOR
deployment raises environmental and biosafety
concerns. The injection of exogenous microbial
consortia introduces biological agents into
subsurface ecosystems where their transport and
ecological interactions remain incompletely
characterized. Potential risks include
groundwater contamination and stimulation of
deleterious indigenous populations.
Consequently, comprehensive environmental
impact assessment is essential for responsible
MEOR implementation.

2. Mechanisms of Microbial Enhanced Oil
Recovery

The mobilization of residual crude oil by
microbial systems operates through four primary
mechanisms.

Interfacial tension reduction through
biosurfactant production constitutes the most
extensively  studied MEOR  mechanism.

Biosurfactants are amphiphilic biomolecules that
partition at oil-water interfaces, reducing
capillary forces that trap hydrocarbons within
pore throats. Rhamnolipids produced by
Pseudomonas aeruginosa reduce crude oil-water
interfacial tension from approximately thirty to
less than one millinewton per meter, enabling
mobilization of oil ganglia previously
immobilized by capillary pressures. Lipopeptide
biosurfactants including surfactin from Bacillus
subtilis demonstrate comparable activity while
exhibiting superior stability under extreme
reservoir conditions of temperature up to one
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hundred twenty degrees Celsius and salinity
exceeding one hundred grams per liter.
Wettability alteration of reservoir rock surfaces
represents a consequential mechanism whereby
microbial metabolites modify the surface energy
of mineral substrates, transforming oil-wet
conditions to water-wet states that release
adsorbed hydrocarbon films. Bacterial cells and
extracellular polymeric substances adhere
preferentially to mineral surfaces, displacing
polar crude oil components and establishing
hydrophilic  surface films. Park et al.
demonstrated through pore-scale micromodel
visualization that Bacillus subtilis biosurfactant
production fundamentally alters immiscible fluid
flow patterns, redirecting displacement fronts
into previously unswept pore networks and
enhancing microscopic displacement efficiency.
Selective plugging of high-permeability zones
by biopolymer production and biofilm formation
diverts injected water from thief zones into
oil-rich low-permeability regions, thereby
improving volumetric sweep efficiency. Xanthan,
levan, and dextran biopolymers increase
injection fluid viscosity while biofilms
physically obstruct pore throats in water-swept
zones. This mechanism is particularly valuable
in heterogeneous reservoirs where permeability
contrasts cause premature water breakthrough.
Microbially mediated calcium carbonate
precipitation represents an emerging plugging
technology that precipitates mineral cements
within high-permeability pathways, achieving
permeability  reductions exceeding ninety
percent in laboratory core flooding experiments.
Biodegradation of heavy oil fractions contributes
substantially to MEOR effectiveness in viscous
oil reservoirs. Microorganisms metabolize
long-chain alkanes, aromatic hydrocarbons, and
asphaltenes  through enzymatic oxidation
pathways. Consortium-based degradation
outperforms monocultures due to metabolic
complementarity, achieving oil viscosity
reductions of thirty to fifty percent and
substantially improving crude oil flow
characteristics.

3. Environmental Sustainability and Safety
Implicationst

The environmental profile of MEOR contrasts
favorably with conventional enhanced oil
recovery technologies. Chemical surfactants and
polymers employed in conventional flooding
persist in  produced water, generating
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ecotoxicological hazards that necessitate
expensive wastewater treatment. Biosurfactants
and biopolymers exhibit inherent
biodegradability, with thamnolipid and surfactin
demonstrating complete mineralization within
fourteen to twenty-one days under aerobic
conditions, eliminating long-term environmental
accumulation.

A critical concern involves the stimulation of
sulfate-reducing  bacteria through nutrient
injection operations. SRB metabolize sulfate and
organic electron donors to produce hydrogen
sulfide, causing reservoir souring, facility
corrosion, and health hazards. Microbiome
analyses of pre- and post-MEOR reservoir
communities enable identification of SRB
population dynamics and facilitate nutrient
formulations that promote desirable organisms
while suppressing sulfidogenic competitors.
Groundwater protection represents a
fundamental safeguard for MEOR operations.
Microbial transport raises concerns regarding
potential migration into potable aquifers through
fault zones or compromised well integrity.
Molecular microbiological methods provide
early detection of microbial migration beyond
reservoir boundaries. Mathematical models
coupling microbial growth kinetics with fluid
flow equations enable prediction of microbial
distribution  patterns, informing injection
strategies that confine biological activity within
target formations.

The carbon footprint
consideration within decarbonization
frameworks. Unlike thermal methods that
combust substantial fuel to generate steam,
MEOR operates at ambient temperature without
external energy input. The carbon dioxide
generated through microbial respiration remains
partially sequestered through dissolution in
formation brine and mineral carbonation
reactions.

of MEOR merits

4. Field Applications and Performance
Assessment

Worldwide MEOR field trials spanning over six
decades have demonstrated increasingly
promising outcomes. Niu et al. compiled
nineteen documented field trials across nine
countries, revealing recovery enhancements
ranging from five to twenty-two percent of
original oil in place depending on reservoir
characteristics and microbial formulation.

Successful applications typically target depleted
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reservoirs with temperatures below eighty
degrees Celsius and moderate salinity, though

thermophilic and halophilic isolates have
expanded the operational envelope.
Recent field implementations employing

Bacillus velezensis in Chinese oilfields achieved
cumulative oil increases exceeding four
thousand five hundred cubic meters over two
hundred seventy days across low-to-medium
permeability ~ formations ~ with  salinities
approaching two hundred thousand milligrams
per liter. The system demonstrated adaptability
to diverse geological environments through

multifunctional ~ mechanisms  encompassing
surfactin  production, gas generation, and
petroleum  biodegradation.  Such  results

substantiate the transition of MEOR from
experimental technology to economically viable
production enhancement strategy.

The integration of molecular microbiological
diagnostics with field operations enables
adaptive management that optimizes microbial
community composition in real time.
Quantitative polymerase chain reaction and
next-generation sequencing technologies provide
accurate enumeration of biosurfactant producers
and sulfate-reducing bacteria, informing nutrient
amendment  strategies. These  diagnostic
capabilities transform MEOR from an empirical
technology to a data-driven engineering
discipline capable of predictive optimization.

5. Conclusion

Microbial enhanced oil recovery represents a
convergence of petroleum engineering and
environmental biotechnology that addresses the
dual imperatives of sustaining production from
maturing  reservoirs and  reducing  the
environmental footprint of recovery operations.
The multi-mechanism functionality of microbial
systems provides robustness against reservoir
heterogeneity that single-mechanism chemical
alternatives cannot achieve. The environmental
sustainability credentials of MEOR, founded on
biodegradability and low energy demand,
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position the technology as a preferred recovery
method in carbon-constrained energy systems.

Realizing the full potential of MEOR requires
continued advancement across multiple fronts.
Fundamental research must elucidate the genetic
determinants of oil-recovering phenotypes to

enable rational strain engineering. Field
implementation demands standardized
environmental  assessment  protocols  that

evaluate biosafety and groundwater protection.
The integration of artificial intelligence and
automated nutrient delivery systems promises to
elevate MEOR precision and reliability.
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