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Abstract:

Rivers are the lifelines of human civilization, yet escalating pollution and unsustainable water
use have pushed many river systems toward ecological collapse. In India, the challenge of
restoring river health is compounded by rapid urbanization, industrial discharge, and
inadequate wastewater treatment infrastructure. This review explores biotechnological
innovations as transformative tools for sustainable river water management, emphasizing
how biological processes can be engineered into efficient treatment systems. Key approaches
discussed include engineered microbial consortia, bioaugmentation, biostimulation,
immobilized microbial systems, phytoremediation, seawater reverse osmosis (RO)
desalination system and advanced wastewater reuse strategies. These interventions convert
naturally occurring biological mechanisms into controlled, scalable, and low-energy solutions
for pollutant removal and resource recovery. The paper integrates insights from global
models, particularly Singapore’s closed-loop water management framework, alongside Indian
initiatives such as the Namami Gange Mission, highlighting progress, limitations, and future
potential. The review underscores that sustainable river rejuvenation depends on aligning
biotechnological innovation with engineering design, ecological restoration, and circular

water management principles to ensure long-term water security.

“Sustainable rivers are not restored by technology alone, but by the intelligent integration of
biotechnology, engineering, and governance that transforms water from waste into a

renewable resource.”
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1. Introduction: Biotechnology as an Environmental Technology:

Rivers are vital freshwater systems that support drinking water supply, agriculture, industry,
and ecological integrity. However, rapid urbanization, industrialization, and inadequate
wastewater management have resulted in severe degradation of river water quality,
particularly in India. Large volumes of untreated domestic sewage, industrial effluents,
agricultural runoff, and emerging contaminants continue to impair riverine ecosystems and

exacerbate water scarcity.

Conventional river pollution control strategies rely largely on centralized wastewater
treatment plants and physio-chemical processes. Although effective for reducing bulk organic
loads, these systems are often energy-intensive, infrastructure-dependent, and insufficient for
treating complex pollutant mixtures and diffuse pollution sources distributed across large
river basins. As a result, there is a growing need for sustainable, adaptable, and low-energy

alternatives.

Recent advances in environmental biotechnology provide engineering-compatible solutions
by converting biological processes into designed and controllable treatment systems.
Approaches such as engineered microbial systems, bioaugmentation, biostimulation,
immobilized microbial platforms, phytoremediation and seawater reverse osmosis (RO)
desalination system enable efficient pollutant degradation, nutrient removal, and ecological

restoration while supporting circular water use.

The following sections describe these biotechnological processes in detail, highlighting their
working mechanisms, applications, and relevance to sustainable river water management in

India.

> Nature and Sources of River Water Pollution
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River water pollution arises from a complex combination of point and non-point sources that
introduce diverse contaminants into aquatic systems. Major contributors include untreated or
partially treated domestic sewage, industrial effluents containing organic chemicals and
heavy metals, agricultural runoff rich in nutrients and pesticides, and urban stormwater
carrying suspended solids and emerging pollutants. These inputs result in elevated organic
load, nutrient enrichment, reduced dissolved oxygen levels, and accumulation of toxic
substances, leading to ecological degradation and health risks for communities dependent on

river water.

These pollutants reduce dissolved oxygen levels, promote eutrophication, disturb aquatic
ecosystems, and pose health risks to communities relying on river water. Owing to their
chemical diversity and persistence at low concentrations, conventional treatment methods are
often inadequate, making biological treatment approaches more effective for transforming

complex pollutant mixtures through microbial and natural biogeochemical process

The major biotechnological processes employed for river water pollution control are
discussed below, with emphasis on their working mechanisms, applications, and relevance to

sustainable river water management.

LEGEND
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. Point Sources
Non-Point Sources

Domestic Sewage: Large volumes of
untreated or partially treated wastewater
SIOUES.  from urban centers,

Urban Stormwater: Rainwater carrying Industrial Effluents: Direct discharge
suspended solids, olls, and emerging containing organic chemicals, heavy

Agricultural Runoff: Diffuse inputs rich in

nitrogen, phosphorus, and pesticid

ar

contaminants metals, and towic byproducts

1. Engineered Microbial Consortia for River Water Treatment

A microbial consortium is a group of two or more different microorganisms (like bacteria,
fungi, archaea) that live and work together in a symbiotic relationship, sharing resources and
tasks to perform functions more effectively than any single microbe could alone, such as
breaking down complex pollutants or boosting plant growth. This enhance overall metabolic
power and resilience in their environment which is vital for processes like waste treatment

and soil health.

Microorganisms commonly used:

o Organic pollutant degradation: Pseudomonas, Bacillus
« Ammonia oxidation: Nitrosomonas

« Nitrite oxidation: Nitrobacter

« Denitrification: Paracoccus

« Metal reduction and stabilization: Shewanella
How Microbial Consortia Improve Wastewater Breakdown and Treatment Efficiency

Synergistic actions among microbial consortia are responsible for the efficiency in treating

the pollutants. Each group of microbes degrades certain types of pollutants. For example,
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some bacteria eat fats, some eat proteins, and others eat carbohydrates. This division of labor
enables faster and more complete decomposition of complex organic compounds.
Furthermore, the microbial consortia mediate essential enzyme production towards various

degradation processes.

These enzymes are continually working, even under extreme conditions, and maintain the
stability of the performance of this treatment. The consortium structure also reduces

competition among microbes, allowing each species to thrive and contribute fully.

Microbial consortia used in river water treatment can be classified into functional, pollutant-
specific, aerobic—anaerobic, biofilm-based, indigenous, and engineered consortia, each
designed to enhance pollutant degradation, system stability, and treatment efficiency under

varying environmental conditions.

2.Bioaugmentation as a Targeted Biotechnological Strategy:

Bioaugmentation is a biotechnological strategy in which scientifically selected and
laboratory-cultured pollutant-degrading microorganisms or engineered microbial consortia
are intentionally introduced into river water or treatment systems to enhance the breakdown

of specific contaminants under controlled conditions.
Why is Bioaugmentation Needed in River Systems?

In many polluted rivers, especially in urban and industrial regions:
« Native microbial communities are overwhelmed by pollutant concentration
o Certain contaminants (e.g., dyes, pharmaceuticals, hydrocarbons) are resistant to

natural breakdown

o Self-purification processes are slow or ineffective

Bioaugmentation addresses these limitations by strengthening the biological treatment

capacity by adding microorganisms with known and efficient degradation abilities.

505


https://doi.org/10.5281/zenodo.20674055

Proceedings of International Conference on "Recent Innovations in Engineering, Technology

\ & Science for Sustainable Development (RIETSSD-2026)"
: ARE ’ Career Point International Journal of Research (CPIJR)

CPIJR) gtmmmwgguhl.\)u)q}lﬁml; ©2022 CPIJR | Special Issue | ISSN : 2583-1895

-~ Conference Paper | DOI: https://doi.org/10.5281/zenod0.20674055

Bioaugmentation Process:

1. Pollutant Identification
The dominant contaminants in river water or effluent (organic load, nutrients, dyes,
pharmaceuticals, metals) are analysed.

2. Microbial Selection
Microorganisms capable of degrading the identified pollutants are selected based on
laboratory screening or field studies.

3. Microbial Cultivation
Selected microbes are mass-cultured under controlled conditions to achieve high cell
density and activity.

4. Introduction into the System
The microbial culture is introduced at targeted locations such as sewage discharge
points, treatment units, or contaminated river sediments.

5. Biological Degradation
Introduced microbes produce enzymes that break down pollutants into simpler, non-
toxic compounds such as carbon dioxide, water, and nitrogen gas.

6. Monitoring and Stabilization
Water quality parameters (BOD, COD, nutrients, dissolved oxygen) are monitored to

ensure effective and stable treatment.
Advantages of Bioaugmentation

o Accelerates pollutant degradation

e Targets specific contaminants

e Reduces chemical usage

« Enhances efficiency of existing treatment systems

e Environment-friendly and sustainable
Limitations and Challenges

e Survival of introduced microbes under harsh river conditions

o Competition with native microbial populations
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e Requirement for regular monitoring

o Site-specific effectiveness

3. Biostimulation:

Biostimulation represents a biotechnological intervention where microbial metabolic
activity is enhanced through controlled addition of nutrients, oxygen, or electron
acceptors, based on prior assessment of environmental limitations, to accelerate

biological pollutant degradation in river systems.

How it Works in Rivers.

e Nutrient Addition: Supplementing essential nutrients such as nitrogen and
phosphorus to remove growth limitations and stimulate microbial pollutant
degradation.

o Oxygenation: Providing aeration to enhance aerobic microbial activity, thereby
accelerating the breakdown of organic contaminants.

« Bioactivators and Biosurfactants: Introducing biosurfactants to increase pollutant
bioavailability and bioactivators (e.g., bamboo substrates or probiotics) to support

microbial attachment and activity.

Applications:

e Oil Spills: Adding nutrients and surfactants to speed up oil degradation in marine or
river environments.

e Aquaculture: Treating sediment under fish farms to reduce waste accumulation.

e Polluted Rivers: Combined with aeration or biofilm carriers (like bamboo) to treat

urban river pollution.

In river water treatment, microbial consortia provide the functional framework for
pollutant degradation, bioaugmentation enhances microbial population where native
activity is insufficient, and biostimulation optimizes environmental conditions to

maximize biological treatment efficiency.
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4.Immobilized Microbial Systems:

Immobilized microbial systems are biotechnological treatment systems in which pollutant-
degrading microorganisms or microbial consortia are fixed onto solid support materials
(such as biochar, alginate beads, or polymer matrices) instead of being freely suspended in

water.

Why IS it needed?
In flowing river systems, free microbes are easily washed away, leading to low treatment
efficiency and unstable performance. Immobilization retains microorganisms at the
treatment site, enhances their survival and activity, and allows sustained pollutant

degradation under variable environmental conditions.

What are its uses?

Immobilized microbial systems are used for organic pollutant degradation, nutrient
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removal (nitrogen and phosphorus), and detoxification of industrial contaminants in
river-linked treatment units, sewage treatment plant polishing stages, constructed wetlands,

and biofilters.

Immobilization Carriers for Microbial Systems

Siochar

fig.x

Biomass-derived biochar has emerged as a sustainable and cost-effective biotechnological
material for water purification. As illustrated in Figure X, renewable plant biomass such as
bamboo and eucalyptus can be converted into biochar through pyrolysis and subsequently
utilized as a filtration medium for the removal of turbidity, heavy metals, nitrates, and colour
from contaminated water. This approach integrates waste valorisation, environmental
remediation, and sustainable biotechnology, making it highly suitable for decentralized water

treatment systems, particularly in developing countries.

Although the studies related to the application of biochar have been focused mostly on its
efficiency as a soil improver or remediator but this material has also proven to be an
alternative solution within the filtration processes for wastewater treatment systems, because
it is a sustainably produced and easily accessible adsorbent, which can be manufactured with

materials available in any medium;

Immobilized microbial systems using biochar or alginate beads are not directly deployed into
flowing river channels but are applied within controlled or semi-controlled treatment units
such as wastewater treatment plant polishing stages, constructed wetlands, drain outfall
treatment systems, or enclosed biofilters to prevent washout and ensure stable biological

activity.
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5.Phytoremediation for River Water Pollution Control:

Phytoremediation is a biotechnological approach that uses selected aquatic or riparian
plants, along with their root-associated microbial communities, to remove, stabilize,
or transform pollutants in river water. Pollutant removal occurs through plant uptake,
accumulation, and enhanced microbial degradation in the rhizosphere. This method is
typically applied in constructed wetlands, floating treatment beds, and vegetated river

margins, offering a low-energy, nature-based solution for nutrient and metal removal.

Common plants used

o Eichhornia and Lemna for nutrient uptake

« Typha and Vetiver for heavy metal removal.

Phytoremediation for Polluted River Water Treatment

- T i - e - > e o
Selected Rhizosphere™ == Rhizospherethicrobes
Aquatic Plants. microbs Organic e deégrade organic pollutants
Pollutants a = —

Constructed Wetlands 4 Floating Treatment Wetlands
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Process:

o Phytoextraction: Plants extract contaminants and concentrate them in harvestable
parts (shoots/leaves) for removal.

o Rhizofiltration: Roots absorb pollutants, effectively filtering the water.

o Phytostabilization: Plants immobilize contaminants in the root zone, preventing them
from spreading.

o Phytodegradation/Phytotransformation: Plants metabolize and break down organic
pollutants.

o Phytovolatilization: Plants absorb pollutants and release them as less harmful gases
through their leaves.

When applied in this controlled and optimized manner, phytoremediation functions as a low-
energy, scalable biotechnological application for reducing nutrient loads, stabilizing

contaminants, and improving river water quality.

6. Seawater Desalination Technology for Potable Water:

1. Reverse Osmosis (RO) — Most Widely Used Technology:

Reverse osmosis (RO) is a membrane-based desalination technology that forces seawater at

high pressure through semipermeable membranes, allowing water molecules to pass
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while blocking dissolved salts and impurities. The result is potable freshwater that meets

drinking water standards.

A seawater RO desalination system consists of intake and pre-treatment units, high-pressure
pumps, high-reject RO membranes (often polyamide) that allow water but block salt, post-

treatment systems, and brine disposal units to produce potable water from saline sources.

Seawater Desalination using Reverse Osmasis (RO) Technology
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Benefits

o Reliable Freshwater Source: Offers a solution where other sources are scarce.
« High Purity: Removes salts, bacteria, viruses, and other contaminants.
o Energy Efficiency: Modern systems are highly efficient, with energy recovery devices

further reducing costs.

» Emerging desalination technologies such as capacitive deionization, forward
osmosis, membrane distillation, solar desalination, electrodialysis, and advanced
membrane systems aim to reduce energy demand, environmental impact, and
operational limitations associated with conventional reverse osmosis.

EXAMPLE: Gujarat’s long coastline, saline groundwater intrusion, and high industrial water
demand make desalination a viable and necessary solution for sustainable water management.
Reverse osmosis—based desalination plants have been successfully implemented across
coastal Gujarat, providing reliable drinking and industrial water and reducing dependence on

limited freshwater resources.
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International Case Studies in Sustainable Water Management
» Singapore: From Water Scarcity to Global Leadership in Sustainable Water

Management:

Singapore represents one of the most successful examples of technology-driven water
sustainability, despite having almost no natural freshwater resources. The city-state lacks
natural lakes, has negligible groundwater reserves, limited land area, and a rapidly growing
population. In its early years, Singapore depended heavily on imported water, making water
security a major national vulnerability. Rather than relying on uncertain external sources,
Singapore adopted a long-term, integrated, and technology-intensive approach to water

management.

This transformation was guided by the “Four National Taps” strategy, which integrates (i)
local catchment water, (ii) imported water, (iii) reclaimed wastewater known as NEWater,
and (iv) seawater desalination. Under the centralized governance of the Public Utilities Board
(PUB), Singapore expanded its reservoir capacity by converting urban spaces into water
catchments, ensuring efficient collection and storage of rainwater. A major technological
breakthrough was the development of NEWater, where treated wastewater undergoes
advanced biological treatment followed by membrane filtration and ultraviolet disinfection to

produce high-grade reclaimed water suitable for industrial and indirect potable use.

In parallel, Singapore invested in reverse osmosis—based desalination plants to diversify
water sources and strengthen resilience against climate variability. It complemented supply-
side solutions with strong demand management, public awareness, leakage control, and
efficient pricing mechanisms. By systematically closing the water loop, Singapore reduced

its dependence on imported water and achieved a high degree of water self-reliance.

Today, Singapore is internationally recognized as a benchmark for sustainable, technology-

enabled water management, demonstrating how advanced treatment technologies, effective
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governance, and long-term planning can overcome extreme water scarcity. The Singapore
model offers valuable lessons for water-stressed regions, including India, particularly in

integrating wastewater reuse and desalination into national water security strategies

Indian Case Studies and Initiatives

The Namami Gange Mission (NGM) represents a paradigm shift in India’s approach to river
rejuvenation by moving beyond conventional pollution control toward integrated,
technology-driven river basin management. Unlike earlier programs that focused mainly
on constructing sewage treatment plants, Namami Gange emphasizes a hybrid strategy
combining engineering solutions, biotechnological interventions, ecological restoration,
and real-time monitoring. The initiative promotes modern STPs with tertiary treatment,
modular decentralized systems for small towns, and biotechnological and nature-based

solutions such as constructed wetlands and engineered phytoremediation at drain outlets.

Limitations: Despite these advances, challenges remain in terms of uneven treatment
coverage, operational and maintenance inefficiencies, and limited large-scale deployment of
advanced biotechnological interventions. Rapid urbanization and institutional capacity

constraints continue to affect implementation outcomes.

Future Scope: Scaling up engineered biotechnological solutions—including microbial
consortia-based treatment, immobilized systems, and algal-bacterial hybrid technologies—
along with stronger wastewater reuse, predictive monitoring, and inter-agency coordination,
can significantly enhance the mission’s long-term impact and position Namami Gange as a

model for sustainable river management in developing countries.

7

% Lessons for Indian River Water Management:

O Integrated River Basin Management: Move beyond isolated sewage treatment to basin-
level planning that integrates pollution control, wastewater reuse, ecological restoration, and

flow management.
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0 Scaling Up Biotechnological Solutions: Expand the use of engineered microbial
consortia, bioaugmentation, bio stimulation, phytoremediation, and algal-bacterial hybrid

systems beyond pilot studies to achieve measurable river-scale impact.

[0 Decentralized Wastewater Treatment: Implement modular, decentralized biological
treatment units at drain outlets and urban settlements to prevent untreated wastewater from

entering rivers.

(1 Wastewater Reuse and Circular Water Systems: Promote large-scale reuse of treated
wastewater for agriculture and industry to reduce freshwater extraction and relieve pressure

on river systems.

[ Real-Time Monitoring and Adaptive Governance: Strengthen real-time water quality
monitoring, data integration, and coordinated governance to enable rapid response and long-

term sustainability of river rejuvenation efforts.

Sustainable river management in India demands integrated basin planning supported by
engineering and biotechnology. Scaling engineered microbial systems, phytoremediation, and
decentralized wastewater treatment can reduce pollution loads. Coupling wastewater reuse,
real-time monitoring, and coordinated governance ensures long-term river rejuvenation

sustainability.

«* Conclusion

This review concludes that sustainable water management in Indian rivers requires the
strategic integration of biotechnological innovations—such as engineered microbial
systems, phytoremediation, advanced wastewater treatment, reuse, and desalination—
with supportive policy frameworks. Aligning technology deployment with decentralized
infrastructure, real-time monitoring, and effective governance can enable resilient,

scalable, and long-term river rejuvenation under growing urban and climate pressures.
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“Rivers heal when innovation learns to breathe with life—where biology becomes

wisdom, and flowing water tells a new story of renewal.”
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