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Presenter Notes
Presentation Notes
Phycoremediation is an innovative approach that involves using microalgae or macroalgae to remove or biotransform pollutants from various environmental sources, including wastewater and waste air. This process not only helps in the removal of nutrients such as nitrogen and phosphorus, as well as harmful xenobiotics, but it also captures CO2 from waste air, contributing to biomass production that can be utilized in various industries.

Algae encompass both prokaryotic and eukaryotic photosynthetic organisms that contain chlorophyll a and other photosynthetic pigments, and they release oxygen (O2) during this process.

The use of algae for wastewater treatment has been practiced for over 60 years. One of the earliest descriptions of this application was reported by Oswald et al. in 1957, with further research by Oswald in 1988 highlighting the potential of microalgae for municipal wastewater treatment. This has been an area of research and development for several decades.

Extensive research has explored the feasibility of using microalgae for wastewater treatment, particularly for the removal of nitrogen and phosphorus from effluents. This process involves the controlled consumption of nitrogen and phosphorus by microalgae, which can significantly benefit the environment when managed properly.
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Presenter Notes
Presentation Notes
This slide presents a typical process flow diagram or flow sheet for a wastewater treatment plant.

Municipal wastewater treatment generally falls into three major categories: (1) primary treatment, (2) secondary treatment, and (3) tertiary treatment. These categories correspond to physical, biological, and chemical treatments, respectively, each with its own specific objectives.

Primary treatment focuses on the removal of large suspended solids from raw sewage. This stage typically eliminates about 60% of the suspended solids and approximately 35% of the Biochemical Oxygen Demand (BOD5). However, soluble pollutants remain largely unaddressed at this stage.

Secondary treatment targets the removal of soluble BOD5 that was not captured during the primary stage and also aims to further reduce suspended solids. This stage is usually accomplished through biological processes, such as activated sludge systems, trickling filters, or bio-towers. These processes replicate the natural biological reactions that would occur in the environment, provided the receiving waters had the capacity to assimilate the wastewater.

Tertiary treatment represents the final stage in the multi-step wastewater treatment process. At this stage, the focus shifts to the removal of inorganic compounds, bacteria, viruses, and parasites. By eliminating these harmful substances, tertiary treatment ensures that the treated water is safe for reuse, recycling, or release back into the environment.
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Presenter Notes
Presentation Notes
The term "Phyco" comes from the Greek word for "algae." Algae represent a diverse and complex group of primarily eukaryotic species, ranging in size from microscopic individual cells to large, highly differentiated plants. In the presence of sunlight, algae perform photosynthesis, during which they utilize CO2, fix carbon from it, and release oxygen (O2) into the environment.

Algal cells play a crucial role in the global ecosystem, accounting for more than half of the world's overall photosynthetic activity. This makes them an essential foundation of the food chain, as they produce the oxygen necessary for the survival of many organisms. Additionally, the carbon fixed by algae during photosynthesis is vital for the reduction of organic compounds in the environment.

Algae also have a unique capability to reuse the CO2 they emit during their growth, further contributing to their efficiency in carbon cycling. However, the rate of photosynthesis in algae decreases in the absence of light, which in turn reduces their ability to extract nutrients from organic sources. This light-dependent process underscores the importance of maintaining optimal conditions for algal growth to maximize their environmental benefits.
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Presenter Notes
Presentation Notes
Bioremediation is a method in which biological organisms (bacteria, fungi and algae) are utilized to remove or mitigate an environmental contaminant through metabolic processes. 

Meanwhile, through phycoremediation, nutrient enrichment promotes the development of the native algae found in all water bodies. The O2 released by algae stimulates the growth of indigenous bacteria, which behave similarly to bacteria used in bioremediation methods. 

There is always a common misconception that bioremediation is associated with phycoremediation. Actually, they are very distinct processes, with bioremediation serving as a sub-process of phycoremediation at best. Thus, in bioremediation, bacteria degrade the organic matter contained in sewage, dead algae, and weeds.


Botryococcus braunii is unique in its ability to produce and accumulate
large amounts of hydrocarbons, specifically long-chain hydrocarbons.
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Algal species deployed in
wastewater treatment

A Chlorella vulgaris K | Scenedesmus rubescens

B Chlorella pyrenoido L | Chlamydomonas reinhardltii
C Spirulina platensis M | S. cerevisiae

D Botryococcus braunii N | Scenedesmus acutus

E Chlorella variabilis O | Tetraselmis chuil

F Scenedesmus obliquus P | Fucus vesiculosus

G Diplosphaera sp. MM1 Q | Ascophyllum nodosum

H C. reinhardltii R | Chlorella zofingiensis

I Oscillatoria sp. S | Laminaria japonica

J Nannochloropsis sp. T | Scenedesmus rubescens

Chlorella - heavy metals like cadmium, lead, and mercury

Scenedesmus - removing excess nutrients like nitrogen and
phosphorus from wastewater to avoid eutrophication.

Spirulina - capability to degrade and transform various organic pollutants,
including some pesticides and hydrocarbons


Presenter Notes
Presentation Notes
Chlorella can accumulate heavy metals like cadmium, lead, and mercury from contaminated water, helping to detoxify polluted environments.

Similar to Chlorella, Scenedesmus is efficient at removing excess nutrients like nitrogen and phosphorus from wastewater. This helps in preventing eutrophication, which is a major environmental issue in water bodies.

Spirulina has shown the capability to degrade and transform various organic pollutants, including some pesticides and hydrocarbons. Its metabolic activities contribute to breaking down these contaminants, aiding in the detoxification of polluted water. In fact, Spirulina is highly efficient in photosynthesis, which enhances its growth and the uptake of CO2, contributing to carbon sequestration along with pollutant removal.

Botryococcus braunii is unique in its ability to produce and accumulate large amounts of hydrocarbons, specifically long-chain hydrocarbons. While this is mainly explored for biofuel production, the algae's ability to interact with hydrocarbons makes it useful for bioremediation of environments contaminated with oil and other hydrocarbons. Botryococcus braunii can also take up excess nutrients, particularly nitrogen and phosphorus, from wastewater. This helps prevent eutrophication and improves water quality, making it an effective tool for wastewater treatment.
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Nitrogen assimilation is a critical process in the formation of biological substances within
microalgae. In this process, inorganic nitrogen forms—such as nitrite (NO2-), nitrate
(NO3-), and ammonium (NH4+)—are absorbed across the cell membrane and converted
into organic nitrogen.

the biomass


Presenter Notes
Presentation Notes
The removal or remediation of nutrients by microalgae occurs through one of two pathways, as illustrated in the figure. These pathways involve the metabolic processes within the algal cell that lead to the uptake and assimilation of nutrients into biomass, either for storage or for biotransformation into nucleic acids and proteins during photosynthesis, ultimately contributing to biomass growth.

The primary components necessary for microalgal growth include essential nutrients such as nitrogen, phosphorus, carbon, and various micronutrients like sodium, magnesium, potassium, and iron.

Nitrogen assimilation is a critical process in the formation of biological substances within microalgae. In this process, inorganic nitrogen forms—such as nitrite (NO2-), nitrate (NO3-), and ammonium (NH4+)—are absorbed across the cell membrane and converted into organic nitrogen. Specifically, oxidized nitrogen (NO3-) is reduced, followed by the incorporation of ammonium (NH4+), which is then assimilated into amino acids for protein synthesis within the algal cell membranes.

This capability of microalgae to assimilate nitrogen makes them highly effective for total nitrogen (TN) removal from wastewater. Through processes like nitrification and denitrification, along with nitrate assimilation and the near-complete depletion of ammonium, microalgae play a crucial role in mitigating nitrogen levels in wastewater.
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Bioaccumulation refers to the metabolic process
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Presenter Notes
Presentation Notes
Heavy metal (HM) phycoremediation can be achieved through several mechanisms:

HMs-Biosorption: This process involves the physicochemical properties of the microalgae cell surface, which bind to heavy metal ions (HMs) from the solution. This binding occurs independently of the cellular metabolism, meaning it is not reliant on the metabolic activity of the cell.

Biomineralization: In this mechanism, heavy metals interact with extracellular polymeric substances produced by microalgae. These substances include nucleic acids, proteins, lipids, sugars, humic substances, and other extracellular inorganic components that can bind to carbohydrates. This interaction can lead to the formation of mineralized complexes that sequester the heavy metals.

Bioaccumulation: Bioaccumulation refers to the metabolic process by which heavy metals are taken up and accumulated within the cells of living microalgae. This occurs through the cell membranes via passive and/or active transport pathways, making it a metabolism-dependent process.

Biotransformation: Biotransformation in the context of HM phycoremediation refers to the metabolic pathways by which xenobiotic or endobiotic chemicals are transformed into less toxic products. This process primarily involves enzymatic and biochemical transformations that detoxify heavy metals, making them less harmful to the environment.
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Presenter Notes
Presentation Notes
The cell wall of microalgae is made up of lipids, organic proteins, and polysaccharides like cellulose and alginate, which have special groups that can bind to heavy metals (HMs). In water, metal ions usually exist as positively charged particles (cations), which are attracted to the negatively charged surface of the microalgae cells because of these binding groups.

Heavy metal adsorption by microalgae happens quickly and through several processes. One process is the formation of covalent bonds between the heavy metals and the ionized parts of the cell wall. Another way is that the heavy metal cations can attach to negatively charged substances called uronic acids in the slime (exopolysaccharides) produced by the microalgae. Additionally, the heavy metal ions can replace other cations on the cell wall in a process called ionic exchange. These combined processes allow microalgae to effectively capture and remove heavy metals from polluted water, making them useful for cleaning up environmental contaminants.


Phycoremediation Efficiency
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(Apandi, 2019)

Source of Microalgae NFL-N TN_ TP Toc
wastewater species removal removal removal removal References
P (%) (%) (%) (%)
Domestic Bofryvococcus na 100 954 85 Gani ef al.,
wastewater sp. (2016a)
Food Bofryvococcus na na 35.5 87.2 Gani ef al.,
processing sp. (2016Db)
wastewater
Meat Chlorella sp. 90.38 50.94 44,95 na Luetal.,
Processing (2015)
wastewater
Aquaculture Chlorella sp. 98.5 na 92.2 na WNasir ef
wastewater al.. (2015)
Dairy farm | Scenedesmus sp. 100 na 98.8 na Hena ef
wastewater al.. (2015)
Cafeteria Scenedesmus sp. na 90.78 35.9 73.36 Mohamed
wastewater etal,
(2015)
Fish Farm Tetraselmis na 95.7 99.7 na Michels ef
Wastewater suecica al.. (2014)
10% Cattle Chlorella 74.70 85.46 61.31 na Kobayashi
Manure sorokiriniana et al..
(2013)
Piggery Chlamydomona na 62 28 na Abou-
wastewater s Mexicana Shanab ef
al.. (2013)

Type of Source of Removal )
microalgae wastewater Heavy Metal efficiency (%) References
Botrvococcus sp | Food processing Cadmium (Cd) 52.9 Gani et al.,
wastewater Manganese (Mn) 26.7 (2017a)
Botrvococcus sp. Domestic Zinc (Zn) 71.5 Gani et al.,
wastewater Iron (Fe) 51.2 (2017a)
Cadmium (Cd) 83.5
Manganese (Mn) 97.2
Scenedesmus sp. Tannery Zinc (Zn) 64.4 Ballen ef al,,
wastewater Iron (Fe) 533 (2016)
Scenedesmius sp. 100% Tannery Chromium (Cr) 57 Ajayan ef al.,
wastewater Copper (Cu) 79 (2015)
Lead (Pb) 48
Zinc (Zn) 65
Scenedesmits sp. Food stall Ferum (Fe) 88.2 Latiffi ef al..
wastewater Copper (Cu) 60 (2015)
Zinc (Zn) 75.61
Scenedesmius sp. 25% Tannery Chromium (Cr) 87 Ajayan ef al.,
wastewater Copper (Cu) 73 (2015)
Lead (Pb) 64
Zinc (Zn) 65
Scenedesmits sp. Wet market Ferum (Fe) 65.76 Jais ef al., (2015)
wastewater Zinc (Zn) 84.14



Presenter Notes
Presentation Notes
The efficiency of phycoremediation can vary significantly depending on several factors, whether it's aimed at nutrient removal or heavy metal reduction. For example, the specific type of microalgae used, the concentration of pollutants, environmental conditions (such as light, temperature, and pH), and the presence of competing ions or other substances in the water all play a crucial role in determining the effectiveness of the process.

As we can see here, for example...
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Presenter Notes
Presentation Notes
In term of algae species, a variety of factors such as habitats, strains, geographic region, and proliferation of algae must be considered. The effectiveness of phycoremediation is highly dependent on the species used. Since the development and reduction effectiveness of algae in actual wastewater are highly reliant on the species, the prime limiting factor will be the identification of efficient algal strains within the species. Eg. A broad geographical spread is preferable; under local conditions, local strains are predicted to perform better in terms of growth and bioremediation than non-local strains. Green microalgae, specifically Chlorella species are essential in treating wastewater while it produces algal biomass.

Carbon, Nitrogen, Phosphorus. The type of nitrogen source has a major effect on bioremediation. For example, Chlorella vulgaris grow more rapidly in effluent from aquaculture, domestic, etc. Along with nutrient selection and choice, the effectiveness of nutrient elimination is determined by the availability of pollutants in the wastewater. Occasionally, addition of excess nutrients for the growth of algae restricts the effectiveness of treatment.

The original concentration of algae could be changed to alter the rate of phycoremediation. Inoculums that exert a direct effect on results should be compared using evidence, and the best way of comparing performance is through inoculum dosages. 

Amongst various environmental factors, temperature and light are the most important external factors limiting algae growth and pollutant removal efficiency. Additionally, other environmental factors such as pH, turbulence, CO2, and salinity will have an impact on the result. The pH plays a significant role in CO2 solubility, and its use as a carbon source in the growth medium is highly dependent on the concentration of hydrogen ion.
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Biomass productivity measurement

(a) Microalgae growth curve (N) (b) Microalgae growth curve (¢) Maximum growth rate and biomass
In(N) productivity determination
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Demonstration of maximum growth rate measurement. (a) Typical microalgae growth
curve (N), (b) growth curve in the form of In(N) and (c) maximum growth rate and
biomass productivity determination.



Presenter Notes
Presentation Notes
Biomass productivity measurement is a very important parameter to be evaluated for microalgae cultivation. In this study, biomass productivity was determined volumetrically based on growth kinetic parameters such as maximum specific growth rate, maximum cell concentration in the culture, and initial cell concentration, respectively 

In this case, we consider that the time spent in the lag phase and in the late stationary phase of the cultures must not be included in calculations, in order to reduce sources of variation that can hide productivities (initial biomass concentration of the inoculum or its preservation conditions), as can be seen in Figure. Then, we arrive at the following expression considering only the biomass generated once initial biomass has increased by a 10% and until 90% of the maximum biomass is reached
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Presenter Notes
Presentation Notes
One of the more significant findings to emerge from this study is that differences in growth rate and biomass productivity of Botryococcus sp. were highly dependent on the environmental factors applied. The main findings may be summarized as follows: 
Growth rate and biomass production increased when exposed much longer to light in terms of either duration exposure or light intensity; 
the growth rate decreased when exposed to too much light intensity; 
the growth rate tolerated temperatures between 23 °C and 33 °C and the samples grew well without any addition of salinity concentration.
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Presenter Notes
Presentation Notes
During the phycoremediation period, a substantial reduction in TP concentration was observed in both outdoor and indoor cultures. 

By plotting the experimental data, the first-order kinetic coefficients of TP for various initial cell concentrations were determined through linear regression. 

The highest coefficient was found in the indoor culture, reaching 2.61 h⁻¹ at an initial cell concentration of 10⁴ cells/mL. 

Significant differences in TP removal efficiency were observed at different initial cell concentrations in both outdoor and indoor cultures. 

The highest TP removal efficiency for indoor culture occurred at a concentration of 10⁶ cells/mL, achieving a total removal of 95.4%. 

In contrast, the outdoor culture showed the most efficient TP removal at a concentration of 10⁵ cells/mL, with a removal rate of 85.5%.
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The mathematical model patterns for TP in both outdoor and indoor cultures showed a consistent decrease with increasing phycoremediation time.

The figure indicates that the TP reduction model comparison plot was uniformly distributed around the datum line, demonstrating a strong correlation
between the mathematical model and the experimental data.

The scatter points reveal that the error was within £20% accuracy


Presenter Notes
Presentation Notes
The mathematical model patterns for TP in both outdoor and indoor cultures showed a consistent decrease with increasing phycoremediation time. 

The figure indicates that the TP reduction model comparison plot was uniformly distributed around the datum line, demonstrating a strong correlation between the mathematical model and the experimental data. 

The scatter points reveal that the error was within ±20% accuracy
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Strategies for the Sustainable Utilisation of
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Treatment conventional treatment
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(Priyadharshini et al., 2021)

To fully remove pollutants like COD, color, contaminants, and heavy metals, advanced techniques like phycoremediation need to be combined
with physical and chemical treatments. While this may increase costs and environmental impact, it can still be a sustainable solution if the by-
products are managed correctly.


Presenter Notes
Presentation Notes
Combining phycoremediation with conventional wastewater treatment methods offers a more effective approach to removing pollutants. Traditional treatment processes often produce large amounts of toxic and complex compounds, which can overwhelm biological methods, making it difficult to eliminate all contaminants from the water.

To ensure complete removal of harmful substances, such as chemical oxygen demand (COD), color, contaminants, and heavy metal residues, it's important to integrate advanced technologies like phycoremediation with physical and chemical treatment methods. Although this integration may lead to higher technological and economic costs, and might not always be the most environmentally friendly option, it can still be a sustainable solution if proper chemical neutralization procedures are followed to manage the by-products.

In algal cultivation, a significant portion—around 30%—of the operational costs is spent on separation techniques like coagulation, centrifugation, and flotation, which are necessary to extract the algae. These costs can be reduced by using methods that immobilize the algae or allow them to grow on surfaces, making the process more efficient and cost-effective.
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Presenter Notes
Presentation Notes
Phycoremediation is considered an efficient approach that is environmentally safe and sustainable treatment that does not generate large amount of secondary waste. 

Phycoremediation is a cost-effective technique with limited versatility that does not address carbon sequestration, sludge production or prevention of the formation of carcinogenic intermediates. The investment cost of biological processes is 5–20 times less than that of conventional chemical procedures. In comparison, the running cost is 3–10 times less than that of conventional procedures. 

Additionally, phycoremediation can be viewed as a form of permanent bioremediation as it may result in the complete mineralization of pollutants as well as a blue print in circular economy. 

Another economic benefit of phycoremediation is the high production of algal biomass which is facilitated by organic pollutants, resulting in high pollutant absorption and accumulation. 

Microalgae are more efficient than plants due to their rapid growth rate and low cultivation requirements since they do not require huge land to carry out the process. 

Incorporating a circular economy into phycoremediation enhances sustainability by turning waste into valuable resources like biomass for biofuel or fertilizers. It reduces environmental impact, lowers operational costs, and minimizes reliance on raw materials, creating a closed-loop system that supports both economic and environmental goals.
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Practical Issues in Phycoremediation

Technologies

Shortfall is the insufficient volume of these products
produced in algal cells - inadequate to satisfy market
needs

Cultivating algae in an effective photobioreactor
requires considerable effort and is costly.


Presenter Notes
Presentation Notes
The limitations of modern phycoremediation are primarily related to the space required for algal growth and the relatively slow speed of the system’s operation. These factors necessitate the establishment of multiple cultivation facilities to meet the demand. 

While algal products are highly sought after for their diverse applications—ranging from biofuels to pharmaceuticals—the production volumes are often inadequate to satisfy market needs. This shortfall is partly due to the restrictions on using genetically engineered algae in open systems for bioremediation, as these organisms tend to adapt quickly to their environment, evolving at a rapid rate, which could lead to unpredictable outcomes.

Another significant challenge in open pond systems is bacterial contamination, which can compromise the quality and efficiency of algal biomass production. However, in controlled treatment plant environments, bacterial presence is less problematic as it contributes to a beneficial symbiotic relationship with the algae, enhancing bioremediation.

Cultivating algae in photobioreactors, although more controlled, requires considerable input and resources. A continuous supply of CO2, along with regular monitoring and maintenance, adds to the operational complexity and cost. 

Furthermore, the downstream processing of algal biomass, particularly the extraction and recovery of valuable secondary metabolites, is an expensive and technically demanding process, often limiting the scalability and economic viability of phycoremediation projects.









Phycoremediatio
Perspectives
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The future of phycoremediation in developing countries like Malaysia holds significant promise, particularly as these nations seek sustainable and cost-effective solutions to manage environmental pollution. As the demand for cleaner water and reduced industrial waste grows, phycoremediation can offer an eco-friendly alternative to traditional methods, leveraging the natural abilities of algae to remove pollutants from wastewater.

Key Future Perspectives:

Integration with Existing Infrastructure: Phycoremediation can be integrated with existing wastewater treatment facilities in Malaysia, enhancing the overall efficiency of pollutant removal. This approach would involve retrofitting current systems with algal cultivation units, allowing for the dual benefit of wastewater treatment and biomass production.

Adoption of Low-Cost, Space-Efficient Systems: Developing countries often face challenges related to space and budget constraints. The future of phycoremediation in Malaysia could focus on the development and deployment of low-cost, space-efficient systems, such as vertical photobioreactors or algae-based modular units, that can be implemented in urban or rural settings.

Biotechnology and Algal Strain Development: Continued research into local algal strains that are naturally adapted to Malaysia's climate could yield more resilient and efficient species for phycoremediation. Biotechnology advancements could also lead to the development of non-genetically modified strains that are optimized for pollutant removal while being suitable for open system cultivation.

Public-Private Partnerships and Policy Support: The successful implementation of phycoremediation in Malaysia will require strong collaboration between government agencies, research institutions, and the private sector. Policies that incentivize the adoption of green technologies, combined with public-private partnerships, can drive investment and innovation in this area.

Capacity Building and Education: Building local expertise in phycoremediation through training programs, workshops, and academic courses will be crucial for the long-term success of this approach. Educating stakeholders, including policymakers, industry leaders, and the general public, on the benefits and practicalities of phycoremediation will also help in its broader adoption.

Economic and Environmental Sustainability: The future of phycoremediation in Malaysia should focus on ensuring that the technology is both economically viable and environmentally sustainable. This includes developing cost-effective downstream processing techniques, promoting the reuse of algal biomass for biofuels, fertilizers, or other high-value products, and minimizing the carbon footprint of the entire process.
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The Sustainable Development Goals (SDGs) are a global framework set by the United Nations to address a wide range of social, economic, and environmental challenges by 2030. Phycoremediation, which uses algae to treat wastewater and remove pollutants, directly supports several of these SDGs. The three most significant SDGs supported by the phycoremediation approach are:

SDG 6: Clean Water and Sanitation
Phycoremediation directly contributes to SDG 6 by improving water quality through the removal of pollutants from wastewater. This process is crucial for ensuring access to safe and clean water for drinking, sanitation, and agricultural purposes, which are fundamental for human health and well-being.

SDG 12: Responsible Consumption and Production
Phycoremediation promotes the sustainable use of resources by turning waste into valuable products such as biofuels, fertilizers, and animal feed. This supports SDG 12 by encouraging a circular economy, reducing waste, and promoting responsible consumption and production practices.

SDG 13: Climate Action
Through the capture of carbon dioxide during algal growth, phycoremediation helps mitigate climate change by reducing greenhouse gas emissions. This aligns with SDG 13, which focuses on taking urgent action to combat climate change and its impacts, making phycoremediation a valuable tool in the global effort to address environmental challenges.


Way Forward

Research and development
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The future of phycoremediation in Malaysia depends on a
strategic approach that integrates this technology into
existing wastewater treatment systems, enhancing their
efficiency.

Investing in research and forming partnerships between the
government, universities, and industries will help improve the
technology and solve current challenges. This includes creating
better algal strains, finding cost-effective ways to grow algae, and
improving how algae are processed.

Education and training are also important to ensure that the
technology is used properly and widely understood. By
focusing on sustainability, Malaysia can make

phycoremediation a key tool in addressing environmental
issues.

By prioritizing these areas—integration, local adaptation,
research and collaboration, education, and
sustainability—Perhaps we can fully utilize
phycoremediation to tackle environmental challenges and
build a more sustainable future.
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In summary, the future of phycoremediation in Malaysia depends on a strategic approach that integrates this technology into existing wastewater treatment systems, enhancing their efficiency. Developing systems tailored to Malaysia’s climate and environmental conditions will make the process more effective.

Investing in research and forming partnerships between the government, universities, and industries will help improve the technology and solve current challenges. This includes creating better algal strains, finding cost-effective ways to grow algae, and improving how algae are processed.

Education and training are also important to ensure that the technology is used properly and widely understood. By focusing on sustainability, Malaysia can make phycoremediation a key tool in addressing environmental issues.

By prioritizing these areas—integration, local adaptation, research and collaboration, education, and sustainability—Malaysia can fully utilize phycoremediation to tackle environmental challenges and build a more sustainable future.
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