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Abstract

Bioremediation is an environmentally
friendly and sustainable technique for cleaning up
contaminated soils using biological agents like
microbes, fungi, and plants. This method helps
enhance soil health by decomposing harmful
organic substances such as pesticides,
petroleum products, and industrial solvents, and
by either stabilizing or eliminating inorganic
pollutants like heavy metals. Different strategies
such as natural attenuation, bio-augmentation,
bio-stimulation, phytoremediation, and myco-
remediation (fungi) are utilized depending on the
type of contaminant and the conditions of the site.
Bioremediation is recognized for its low cost,
minimal impact on the environment, and potential
for enduring effectiveness. Nevertheless, its
success relies on various environmental factors,
including pH, temperature, moisture, and nutrient
availability. As concerns about soil pollution grow,
bioremediation emerges as an effective option for
sustainable soil management and environmental
restoration. Bioremediation can take place either
in situ, right at the contaminated location, or ex
situ, where soil is removed for treatment at a
different site. Both approaches provide unique
benefits depending on the type of pollutants, site
circumstances, and remediation objectives,
which makes bioremediation a flexible and
environmentally beneficial option for restoring
soil.
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Introduction

Transforming Contaminated Soil into
Flourishing Ecosystems Beneath our feet lies one
of the planet's most essential resources soil. It
nurtures crops, stores carbon, and supports
countless  ecosystems. However, today,

extensive areas of soil are quietly suffering under
the burden of pollution from industrial spills,
agricultural chemicals, heavy metals, and
petroleum residues. As we seek solutions that
extend beyond expensive and invasive cleanup
techniques, nature provides a graceful
alternative: bioremediation. Bioremediation is not
merely a cleanup technique it is a living solution.
By leveraging the natural capabilities of
microorganisms, fungi, and plants, this process
converts polluted soils into fertile land, eliminating
the need for destructive excavation or harsh
chemicals. Certain bacteria can “consume” oil,
fungi can break down pesticides, and even weeds
can extract toxic metals from deep within the
ground. These natural partners decompose,
absorb, or neutralize contaminants, rendering
polluted soils safe and productive once more.
What renders bioremediation particularly
compelling is its dual effect: it restores the
environment while frequently enhancing it.

In light of increasing pollution and
environmental  degradation,  bioremediation
provides more than just remediation it offers
regeneration. It embodies the science of utilizing
life to mend life, transforming damaged land into
a chance for renewal, agriculture, and even
“‘green mining,” where valuable metals are
harvested through plant biomass. As global
consciousness regarding soil health grows,
bioremediation occupies a pivotal position at the
intersection of ecology, technology, and
sustainability a quiet revolution in our approach to
reclaiming the planet’s most vital resource.
Principle of bioremediation

The concept of bioremediation in soll
relies on harnessing natural biological processes
to break down, alter, or stabilize pollutants in the
environment. This approach depends on the
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metabolic abilities of microorganisms, plants, and
fungi to eliminate contaminants from soil in an
environmentally friendly and sustainable way.
Bioremediation in soil functions based on several
fundamental biological principles that facilitate
the natural degradation or alteration of pollutants.
The primary mechanism involved is microbial
metabolism, wherein  microorganisms like
bacteria and fungi generate enzymes that enable
them to utilize contaminants particularly organic
pollutants such as petroleum hydrocarbons and
pesticides as sources of carbon and energy. This
process results in the transformation of pollutants
into innocuous byproducts, including water,
carbon dioxide, and microbial biomass.
Additionally, some microbes possess the
capability to convert toxic inorganic compounds
into less harmful or less mobile forms; for
example, certain bacteria can reduce toxic
chromium (VI) to its less bioavailable counterpart,
chromium (lll). Another essential concept is
natural attenuation, which refers to the process
by which contaminated sites experience self-
remediation over time due to the natural activities
of indigenous microorganisms. This passive
mechanism encompasses processes such as
biodegradation, dilution, sorption, and
volatilization, frequently occurring without human
intervention. Nevertheless, to improve the
effectiveness of bioremediation, enhancement
technigues are commonly utilized. Bio stimulation
entails the addition of nutrients, oxygen, or water
to encourage the growth of native microbial
populations, while bioaugmentation involves the
introduction of specialized microbial strains that
can degrade specific pollutants more effectively.

Plant-Assisted
Remediation

Degradation %
of Pollutants
Enhancement
Techniques
Environmental
Optimization

Plant-assisted remediation, also known
as phytoremediation, is vital for the degradation
or stabilization of soil pollutants. Plants can take
up contaminants  through  their  roots
(phytoextraction), decompose them
enzymatically within their tissues
(phytodegradation), or immobilize them within the
soil matrix (Phyto stabilization), thus decreasing
their mobility and toxicity. Finally, environmental
optimization is crucial for facilitating the biological
processes associated with bioremediation.
Factors such as neutral soil pH, sufficient
moisture, appropriate temperatures (typically
between 20-40°C), and adequate oxygen levels
are essential for sustaining microbial activity and
ensuring effective pollutant degradation.

Bioremediation of Oil-Contaminated Soil in
Gujarat, India

A petrochemical facility located in
Gujarat, India, suffered an accidental oil spill that
affected around 2,000 square meters of adjacent
agricultural land. The primary contaminants
detected were total petroleum hydrocarbons
(TPHs), which included hazardous substances
such as benzene, toluene, ethylbenzene, and
xylene (BTEX). These pollutants posed
considerable risks to soil fertility, groundwater
quality, and crop yield. The principal aims of the
bioremediation initiative were to lower TPH levels
in the soil to acceptable thresholds, rehabilitate
the site for agricultural purposes, and assess the
effectiveness of bioremediation methods in semi-
arid environmental conditions.

The remediation process commenced
with a thorough site evaluation, which included
soil sampling at different depths to assess the
levels of TPHs, pH, moisture content, and the
existing microbial populations. The initial
measurements revealed a high concentration of
TPHSs, approximately 15,000 mg/kg. An in-situ
bioremediation approach was selected due to its
cost-effectiveness and minimal disruption to the
site. Biostimulation was carried out through the
weekly addition of nutrients, specifically urea and
potassium phosphate, along with supplemental
oxygen to enhance microbial  growth.
Furthermore, bioaugmentation was utilized by
introducing a mixed microbial culture consisting

GreenariA 03(06): 45 — 48

June - 2025 | 46



Ramiashree and Jebisha, 2025

ISSN: 2584-153X

of Pseudomonas putida and Bacillus subtilis, both
recognized for their abilty to degrade
hydrocarbons. Soil moisture was sustained at
about 60% of its water holding capacity using
treated wastewater.

Environmental Optimization of Soil

The optimization of soil for environmental
purposes is vital for effective bioremediation, as it
entails adjusting soil conditions to foster the
growth and metabolic functions of
microorganisms, fungi, and plants that are
essential for the degradation or stabilization of
pollutants. A key factor in this process is soil pH,
where most beneficial microbes flourish within a
neutral range of 6.5 to 7.5; any considerable
deviation from this range can impede enzymatic
functions and microbial growth, necessitating the
application of lime or sulfur to adjust pH levels.

Temperature is another critical element,
with microbial activity being most effective at
temperatures between 25°C and 40°C; in cooler
climates, methods such as soil insulation or solar
heating may be employed to ensure sufficient
warmth. Moisture content must be meticulously
regulated—ideally kept at 50-80% of the soil’'s
field capacity—to avert microbial desiccation or
oxygen deprivation caused by waterlogging.
Oxygen availability is crucial for aerobic
degradation processes and can be improved
through techniques like soil tilling, bioventing, or
air sparging, while anaerobic conditions may be
intentionally maintained for specific types of
pollutants, such as chlorinated solvents.

A proper nutrient balance, especially
concerning nitrogen and phosphorus, is also
essential for sustaining microbial populations; an
optimal carbon: nitrogen: phosphorus (C: N:P)
ratio is typically 100:10:1. Moreover, soil texture
and porosity affect the movement of both oxygen
and nutrients, with amendments like compost or
organic matter utilized to enhance conditions in
compacted or poorly aerated soils. Sufficient
organic matter not only improves soil structure
and microbial activity but also increases the
bioavailability of nutrients and the soil's buffering
capacity. Collectively, these optimized
environmental factors establish ideal conditions
for the microbial and plant-mediated degradation

of  contaminants, thus expediting the
bioremediation process and facilitating long-term
soil recovery.

Case study on nickel consuming plant

Researchers indicate that the metal-
absorbing plant may assist in detoxifying
contaminated soils and initiate a sustainable
mining transformation. Rinorea niccolifera,
located in the metal-abundant soils of Luzon
Island, possesses the exceptional capability to
absorb and retain up to 18,000 parts per million
of nickel in its foliage1,000 times more than the
majority of plants can endure without
experiencing toxic repercussions. This
hyperaccumulating characteristic positions the
plant as a viable option for phytoremediation,
which involves utilizing plants to eliminate
pollutants from the ecosystem.

As reported in the journal PhytoKeys,
the study further emphasizes the plant's potential
in creating a "green mining" alternative, where
precious metals such as nickel are extracted from
plant material rather than through energy-
consuming and  environmentally  harmful
techniques. This finding not only provides
optimism for the rehabilitation of contaminated
land but also paves the way for sustainable
resource extraction transforming the modest
Rinorea  niccolifera into a  significant
environmental ally.

Conclusion

Bioremediation provides a sustainable
and effective approach to rehabilitating
contaminated soils by harnessing the inherent
abilities of biological agents like microbes, fungi,
and plants. This technique not only diminishes
the levels of harmful pollutants—including
hydrocarbons, pesticides, and heavy metals—but
also enhances the overall health and fertility of
the soil. The effectiveness of bioremediation in
soil is significantly affected by environmental
conditions such as pH, temperature, moisture,
nutrient availability, and oxygen levels.

Adequate management and optimization
of these conditions are essential for promoting
effective microbial activity and the breakdown of
pollutants. In comparison to traditional methods,
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bioremediation is cost-efficient, environmentally
friendly, and has the potential to restore the
productive capacity of degraded soils.
Consequently, it serves as a vital strategy for the
long-term conservation of soil and sustainable
land management.
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