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have been identified as a key dtiver of climate change, making First Revised: 29 Jan 2025

CO:z sequestration an urgent environmental priority. Accepted: 19 Feb 2025
Conventional methods such as carbon capture and storage Publication Date: 31 Mar 2025
(CCS) focus on reducing emissions at the source, but these
techniques often face scalability and economic challenges. In KEYWORDS:
this context, wastewater treatment plants (WWTPs), which are

ubiquitous in urban environments, present an underutilized

opportunity for both managing pollutants and mitigating CO2

emissions. By leveraging bioprocessing technologies, such as

algae-based systems, microbial electrochemical technologies

(METS), and integrated bioreactor designs, wastewater systems

can be transformed into effective tools for CO:z sequestration.

This article explores innovative bioprocessing approaches for

enhancing CO:z capture in wastewater systems. Through a

thorough examination of the mechanisms behind these

technologies, the challenges to large-scale implementation, and

recent advancements, we present a vision for integrating CO:
sequestration with wastewater treatment. The proposed
solutions not only contribute to climate change mitigation but
also offer potential for creating sustainable, circular economies
by reusing captured carbon for beneficial purposes such as
biofuel production and nutrient recycling.
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1. Introduction

Climate change is one of the most pressing issues facing the world today, with rising temperatures, extreme weather
events, and sea-level rise all linked to the increasing concentration of greenhouse gases in the atmosphere. Among
these, CO2 is the most significant contributor, accounting for approximately three-quarters of anthropogenic
greenhouse gas emissions. To address this, global efforts have focused on reducing CO:2 emissions at their source,
but this alone is insufficient. As a result, attention has turned to the possibility of capturing and removing CO2
from the atmosphere—referred to as CO2 sequestration.

Conventional COz2 sequestration methods typically involve technologies like carbon capture and storage (CCS),
which capture CO:2 from power plants and industrial sources, and then store it in deep geological formations. While
effective, these methods are expensive and logistically challenging.

Additionally, they primarily target industrial emissions, neglecting the broader atmospheric CO2 concentrations.

An innovative solution that has emerged is the use of wastewater treatment systems for CO2 sequestration.
Wastewater treatment plants, already established worldwide, could be reengineered to not only treat pollutants but
also to capture and convert CO: into useful forms. The integration of bioprocessing approaches within these
systems offers an opportunity to address both wastewater management and climate change mitigation
simultaneously. This article explores the potential of biotechnological solutions, such as algae-based systems and
microbial electrochemical technologies (METS), in wastewater systems, providing a holistic approach to CO2
sequestration.

2. Background
CO: and Global Warming

Carbon dioxide (COz) is a naturally occurring component of the Earth's atmosphere, but its concentration has
been rising steadily due to human activities, particularly the burning of fossil fuels and deforestation. COz is a
potent greenhouse gas, meaning it traps heat in the atmosphere, contributing to the greenhouse effect and global
warming. Since the Industrial Revolution, atmospheric CO: levels have risen by more than 40%, leading to rising
global temperatures, shifting weather patterns, and an increase in the frequency of extreme weather events.

Efforts to mitigate climate change must, therefore, focus on reducing the atmospheric concentrations of COs.
Traditional approaches, such as reducing emissions through energy efficiency and transitioning to renewable energy
sources, are essential but are unlikely to be sufficient on their own. Hence, the development of CO: sequestration
technologies that can remove CO2 from the atmosphere is critical.

Current CO: Sequestration Methods and Limitations

Current methods of CO:2 sequestration include direct air capture (DAC), ocean fertilization, afforestation and
reforestation, and soil carbon sequestration. Among these, DAC is one of the most widely researched methods,
which involves using chemical processes to capture CO2 from the atmosphere and then compressing it for storage.
However, DAC is energy-intensive and costly, limiting its large-scale adoption.

Similarly, afforestation and reforestation can help sequester CO2 by capturing carbon in trees, but the scale required
to make a significant impact on global CO:z levels is enormous, and land availability is a limiting factor. Soil carbon
sequestration involves using agricultural practices that enhance carbon storage in soils, but it also faces challenges
in terms of long-term stability and land-use changes.

Wastewater systems represent an overlooked opportunity for CO:z sequestration. These systems already process
large amounts of organic waste and are designed to support diverse microbial communities, making them ideal
candidates for integrating bioprocessing techniques that can capture and convert CO: efficiently.
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3. Bioprocessing for CO: Sequestration Overview of Bioprocessing

Bioprocessing refers to the use of living organisms or biological systems to facilitate chemical processes. In the
context of COz2 sequestration, bioprocessing involves the use of microorganisms, algae, and plants to capture CO2
and convert it into useful forms. These biological systems can utilize COz2 in several ways, such as converting it
into biomass, biofuels, or other value-added products, providing both an environmental and economic benefit.

Unlike traditional chemical processes, bioprocessing is often more energy-efficient and sustainable, relying on
natural metabolic pathways. Furthermore, bioprocessing systems can be integrated into existing wastewater
treatment infrastructure, offering a cost-effective method for simultaneously addressing wastewater treatment and
COz2 sequestration.

Role of Wastewater Treatment Systems

Wastewater treatment systems typically rely on microbial communities to break down organic matter in the water.
By optimizing these systems to also capture and convert CO2, wastewater treatment plants can become a valuable
tool in addressing climate change. These systems can utilize CO: as a carbon source for microbial growth, which
could then be converted into biomass or other useful products, such as biofuels. Additionally, wastewater treatment
plants are already equipped with a range of engineering and infrastructure capabilities, making them an ideal
location for implementing bioprocessing-based CO:2 sequestration technologies.

4. Innovative Approaches for CO:z Sequestration in Wastewater Systems
Algae-Based Systems

Algae-based CO: sequestration has received significant attention due to algae's ability to absotb CO: through
photosynthesis.

Microalgae, in particular, are highly efficient at capturing CO2, with some species capable of sequestering several
tons of COz per hectare per year. When cultivated in wastewater treatment systems, algae can absorb excess COx,
treat pollutants such as nitrogen and phosphorus, and produce valuable biomass, which can be harvested for
biofuels, animal feed, or other commercial applications.

Incorporating algae into wastewater treatment systems offers multiple benefits, including enhanced nutrient
removal and the potential for carbon-neutral biofuel production. The challenge lies in optimizing the algae's growth
conditions, such as light, temperature, and nutrient availability, to maximize CO2 sequestration while maintaining
wastewater treatment efficiency.

Microbial Electrochemical Technologies (METSs)

Microbial electrochemical technologies (METS) represent another promising approach to CO2 sequestration in
wastewater systems. MET's use microorganisms to catalyze electrochemical reactions that can reduce COz2 into
valuable products such as methane, acetate, or biofuels. In these systems, microorganisms in electrochemical cells
facilitate the reduction of COz at the cathode, while organic matter in the wastewater serves as the electron donor
at the anode.

METs offer several advantages, including the ability to directly convert CO:z into valuable products while
simultaneously treating wastewater. These technologies are also more energy-efficient than traditional CO2 capture
methods, making them a promising solution for wastewater-based CO:2 sequestration.

Photosynthetic Bacteria and Microbial Consortia

Photosynthetic bacteria, such as cyanobacteria and purple non-sulfur bacteria, also show promise in CO2
sequestration.
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These microorganisms use sunlight to drive photosynthesis and convert COz2 into organic carbon. When used in
wastewater treatment systems, these bacteria can absorb COz, treat pollutants, and produce hydrogen or other
biofuels. Additionally, microbial consortia, which consist of multiple types of microorganisms working together,
may enhance COz2 sequestration and pollutant degradation through synergistic metabolic pathways.

Integrated Bioreactor Systems

Integrated bioreactor systems combine multiple bioprocessing technologies to optimize CO:z sequestration and
wastewater treatment. For example, a system might combine algae-based CO:2 absorption with microbial
electrochemical cells to both capture CO2 and generate electricity or biofuels. By integrating these technologies, it
is possible to enhance the efficiency of COz2 sequestration while also improving wastewater treatment performance.

5. Mechanisms of CO: Sequestration in Wastewater Systems

The biological processes behind CO2 sequestration in wastewater systems involve several key mechanisms. In
algae-based systems, CO:z is absorbed from the water and used as a carbon source for photosynthesis, where it is
converted into organic carbon. Similarly, in microbial electrochemical systems, microorganisms facilitate the
reduction of CO:z through various metabolic pathways, such as electrocatalysis. Both systems rely on natural
biological processes that are energy-efficient and sustainable.

6. Challenges and Limitations

While bioprocessing approaches for CO2 sequestration in wastewater systems offer great promise, there are several
challenges to overcome. These include scaling up bioprocessing systems for large-scale implementation, optimizing
nutrient and substrate conditions, managing the stability of microbial communities, and addressing the energy
demands of these technologies.

7. Technological Developments and Research Advances

Recent advancements in biotechnologies, including the development of novel bioreactor designs, enhanced
microbial strains, and improved algae cultivation methods, are helping to address some of the challenges in CO2
sequestration. These developments are paving the way for more efficient and scalable systems.

8. Future Directions and Potential Impact

Bioprocessing for CO2 sequestration in wastewater systems has the potential to become a cornerstone of climate
change mitigation strategies. With further research and investment, these technologies can be scaled globally,
integrated into existing infrastructure, and made commercially viable.

9. Conclusion

In conclusion, integrating innovative bioprocessing approaches for CO2 sequestration into wastewater treatment
systems offers a sustainable and cost-effective solution to mitigate climate change. By harnessing the power of
biological systems, we can not only reduce atmospheric COz2 levels but also improve wastewater treatment
efficiency, contributing to a circular economy. The ongoing research and development in this field provide a
promising future for these technologies in addressing the environmental challenges of our time.
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