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REVIEW ARTICLE

Navigating microplastic-related challenges
in the Arabian Gulf: Prospects of artificial
intelligence and bioremediation

Amani Almaabadi'*(V, Mona Alshahrani**(, Bandar Sendy'?, and

Hany M. Almotairy3*

'Institute of Wellness and Preventative Medicine, Health Sector, King Abdulaziz City for Science and
Technology, Riyadh, Saudi Arabia

2Research and Development Center, Saudi Aramco, Dhahran, Saudi Arabia

3Executive Department of Monitoring and Risk Assessment, Food Sector, Saudi Food and Drug
Authority, Riyadh, Saudi Arabia

Abstract

Microplastics (MPs) have emerged as contaminants of growing concern due to their
widespread distribution, high mobility, and ability to act as vectors for pollutants
in marine ecosystems. This review examines MP contamination in the Arabian Gulf,
one of the world’s most environmentally vulnerable semi-enclosed seas. The Gulf’s
extreme conditions, including high salinity, elevated temperatures, restricted water
circulation, and intensive coastal development, promote MP accumulation and
biological exposure, increasing potential risks to marine organisms, aquaculture,
and human health. Conventional detection and quantification techniques,
including Fourier-transform infrared (FTIR) and Raman spectroscopy, as well as
pyrolysis—gas chromatography/mass spectrometry, are critically assessed with
emphasis on limitations related to size detection thresholds, analytical throughput,
and processing efficiency. The review highlights artificial intelligence (Al) as a
transformative approach for MP analysis. Machine-learning algorithms applied to
FTIR and Raman spectral data improve polymer classification accuracy, whereas
computer-vision models such as U-Net and Mask R-convolutional neural network
enable automated particle segmentation and sizing. These tools reduce manual bias,
enhance reproducibility, and facilitate high-throughput analysis across laboratories.
Meanwhile, eco-friendly bioremediation strategies are reviewed. Microorganisms,
algae, and aquatic plants have demonstrated the ability to adsorb, colonize, or
partially degrade MPs, offering sustainable alternatives to conventional remediation
methods. However, the effectiveness of these biological approaches under the
harsh environmental conditions of the Arabian Gulf remains limited. Finally, this
review proposes a Gulf-specific roadmap that includes standardized monitoring
protocols and shared spectral and image databases to support Al-based detection,
interlaboratory proficiency testing, and pilot-scale bioremediation studies tailored to
regional conditions.

Keywords: Microplastic; Arabian Gulf; Marine pollution; Artificial intelligence prediction;
Artificial intelligence in pollution management; Machine learning; Bioremediation;
Aquatic ecosystems
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1. Introduction
1.1. History

The history of plastics can be traced back over a century,
with significant developments in our understanding of
their environmental impact. In 1972, Carpenter and
Smith' published a study that marked an early examination
of marine plastic pollution. In the early 1980s, small-
scale research and case studies began highlighting the
detrimental effects of plastic in the ocean. By 1988,
governmental policies were implemented to prevent ships
from discharging plastic waste into marine habitats, driven
by concerns over the impact of plastic on marine life.?

Further insights into the role of plastic deformation in
the cracking process of metallic materials were discussed
by Wang et al.’ in 1998. However, it was not until 2004 that
serious discussions and analyses specific to microplastics
(MPs) emerged, primarily led by Thompson et al.>* Their
study introduced the term “microplastics” to describe these
minuscule plastic particles, sparking a significant increase
in research interest.’

The growing awareness of the MP issue led to a research
revolution after 2004. In a milestone event, the National
Oceanic and Atmospheric Administration organized
the First International Research Symposium on the
Occurrence, Effects, and Fate of Microplastic Marine
Debris, during which MPs were well-defined as plastic
particles <5 mm in diameter.®

To date, numerous studies have underscored MPs
as a global threat to various living organisms, including
potential effects on human respiratory health,” the well-
being of aquatic life, such as fish,® and even microbial
communities.” These findings emphasize the need for
continuous research and proactive measures to address
MP pollution.

Plastics, in general, are characterized as long chains of
high molecular-weight organic polymers.'” The significant
components of plastics’ organic composition are derived
from fossil fuels, reflecting the recurring hydrocarbon-
based chemical structures that constitute plastic polymers.*!

The inception of plastics marked a significant
advancement in materials science, with early household
products made from materials such as bakelite, a
phenol-formaldehyde thermoset, representing one of the
earliest synthetic plastics produced in the 20" century.!?
Subsequently, after World War II, plastic production
experienced exponential growth, with annual production
reaching approximately 5 million tonnes in the 1950s."
This accelerated production trend continued, dramatically
increasing, reaching 359 million tonnes by 2018. Global

plastic production is projected to continue increasing,
reaching 590 million tonnes by 2050 (Figure 1)."*'

Plastics possess various unique characteristics, making
them highly desirable for consumers and industrial
applications. These attributes include strength, cost-
effectiveness, extended durability, lightweight properties,
resistance to corrosion, and flexibility.'® These inherent
qualities have facilitated the incorporation of various plastic
polymers, such as polyethylene (PE), nylon, polystyrene
(PS), and polypropylene (PP), in diverse roles such as
fillers, plasticizing agents, antimicrobial components,
adhesives, and coloring agents. This versatility enhances
plastic performance and accessibility for end-users.”

1.2. MPs classification: A closer look

MPs encompass a wide array of particle sizes, shapes,
and polymer types.' These plastic fragments can be
categorized by size into several groups: Macroplastics (over
25 mm), mesoplastics (5-25 mm), and MPs (<5 mm)."”
Interestingly, small-scale plastic particles were detected
in aquatic habitats as early as the 1970s before they were
formally recognized and labeled as MPs.*” To date, any
fragments smaller than 5 mm are referred to as MPs,”' and
it is well understood that plastic particles can continue
to degrade into even smaller sizes, eventually producing
nanoplastics.”

Other than size categorization, MPs are generally
categorized into two main classes: primary and
secondary MPs.? Primary MP particles are intentionally
manufactured at the microscale. They can be found in
products such as scrubs, handwashing soaps, cleansers,
toothpaste, and biomedical products.’* These particles,
especially those with diameters between 1 um and 5 pm,
tend to be spherical and are typically composed of materials
such as PP, PS, or PE.*®* Notably, some of these particles
can bypass filtration systems during sewage treatment and
enter freshwater environments, posing a threat to various
living organisms.*

2019

2018

Year

2016

2014

0 100 200 300 400 500
Plastic production (million tonnes)

Figure 1. Global plastic production (million tonnes) has steadily
increased from 2014 to 2019. Image created by the authors.
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Meanwhile, secondary MPs are formed when larger
plastic waste is fragmented.”” Physical forces and ultraviolet
(UV) radiation from the sun play a role in breaking down
larger plastics into micro- and nanoparticles.?® Exposure to
waves, sunlight, and high temperatures can make plastics
brittle, rendering them more susceptible to fragmentation.”

The main objective of this study is to shed light on the
MP issue in the Arabian Gulf as an example and evaluate its
negative impact on marine ecosystems and human health.
We discuss promising methods for monitoring, detecting,
and mitigating the risk of MPs, highlighting the central
role of artificial intelligence (AI) in improving detection
accuracy and the potential of bioremediation strategies
as an eco-friendly tool to address this environmental
threat, with particular applicability to the Arabian
Gulf. In addition, we highlight how these innovations
can be integrated into broader resource management
and governance strategies, such as Circular Economy
approaches, to help mitigate the region’s growing plastic
dependency. With rapid urbanization, high consumption
patterns, and heavy reliance on single-use plastics shaping
daily life, the challenge is both urgent and complex. By
connecting technological tools, such as Al-powered
monitoring, with policy measures that promote recycling,
sustainable waste practices, and eco-friendly product
design, this study suggests a practical and forward-
looking pathway for building stronger, more resilient
environmental governance across the Arabian Gulf. This
compelling analysis underlines the pressing nature of
the MP pollution crisis, proposing innovative solutions
that can guide policymakers and shape future research
endeavors in marine conservation.

The methodology for this review involved a systematic
survey of literature on MP contamination in marine
environments, emphasizing the Arabian Gulf. Articles
from 2000 onwards were retrieved by searching scientific
databases such as the Web of Science, Scopus, and PubMed.
The focus was on peer-reviewed articles discussing MP
types, sources, impacts, and remediation. Information
on study location, MP concentration, and remediation
effectiveness was extracted and compiled. The data were
synthesized narratively to present an updated overview of
MP pollution and potential solutions.

1.3. MPs in the Arabian Gulf

The MP issue has garnered increasing global attention.
Recent evidence suggests that MPs are found in different
habitats around the globe, such as the deep sea of the
western Pacific Ocean,” the Indian Ocean,” and the
Atlantic Ocean.*> However, there has been relatively little
focus on MPs in the Gulf Cooperation Council countries,

particularly in the Arabian Gulf region of Saudi Arabia.
The Arabian Gulf, a geologically young sea basin, boasts
rich and diverse marine habitats, including mangrove
forests, seagrass beds, and coral reefs.” This unique region
is surrounded by eight countries: Saudi Arabia, Qatar,
Oman, the United Arab Emirates (UAE), Kuwait, Bahrain,
Iraq, and Iran.**

Several factors contribute to the Arabian Gulf s relevance
as a setting for MP research. First, it receives minimal river
inflow into the Gulf.*® Second, rainfall is limited between
October and January.* Third, the region experiences high
salinity (44 practical salinity units) and extreme thermal
variations, with surface seawater temperatures ranging
from 20°C in spring to 38°C in summer.”” Given the impact
of global warming on seawater temperature, the Gulf’s
environment has become a focal point for researchers
studying climate change.

Despite these favorable conditions, limited studies have
assessed the presence of MPs in the Arabian Gulf, particularly
from the perspective of Saudi Arabia (Table 1).**** One such
study analyzed 18 MP particles—13 isolated from sediments
and 5 from seawater **. Their findings revealed the ubiquitous
presence of MPs in beach sediments and surface seawaters
along the coast of Qatar. PP and PE polymers dominated
the MPs in intertidal sediments and seawater samples.
Furthermore, fibers, measuring 1-5 mm in size, represented
the dominant type of particle in all samples, comprising
93.8% of the total isolates.

Naji et al* examined the presence of MPs in several
types of shellfish found in the coastal waters of the Arabian
Gulf. Their study confirmed the presence of MPs through
Fourier-transform infrared (FTIR) analysis with common
polymers, including PE, polyethylene terephthalate (PET),
and nylon. Notably, their study highlighted fibers and
microfibers as the most prevalent shapes of MPs in the
marine environment and shellfish.

A study investigated the  bioaccumulation,

Table 1. Timeline of the significant stages in microplastic
research in the Arabian Gulf

Time Location Sample source Reference
2017 Qatar Sediments/seawater 37
2018  Arabian Gulf Shellfish 38
2019  Arabian Gulf Fish, crab, prawn 39
2020  Kuwait Fish, sediments 40
2021  Arabian Gulf Sediment and bivalve 41
2022 United Arab Emirates Sediment and oysters 42
2023  East of the Arabian Gulf ~Sediments 43
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biomagnification, and potential human exposure to MPs
in the muscles and gills of five commonly consumed
species (including three fish, one crab, and one prawn)
from the Arabian Gulf.* Among the species examined,
Penaeus semisulcatus and Epinephelus coioides had the
highest (average of 0.360 items/g muscle) and lowest
(average of 0.158 items/g muscle) levels of MPs in their
muscles, respectively. Interestingly, the number of MPs
extracted from the gills exceeded that from the muscle
tissue. Calculations of the trophic magnification factor
and biomagnification factor indicated that MPs did not
biomagnify within the edible portions of the marine
food web in the Arabian Gulf. Contrary to prior beliefs,
MPs experienced dilution rather than concentration in
seafood’s edible parts. Assessing the human intake of
MPs highlighted potential risks associated with seafood
consumption, particularly for individuals with a seafood-
heavy diet.

Saeed et al.** studied MP influences in Kuwait’s coastal
areas using several sampling techniques to collect data. For
example, sediment samples were taken from 44 intertidal
locations, short trawls were conducted at 40 sites to gather
samples from the water, and the gastrointestinal contents of
87 fish and mussels were examined to assess the ingestion of
materials. MPs were identified using Raman spectroscopy,
and contrary to expectations, the results revealed a
relatively low presence of MP particles. Only 37 MPs were
found in beach sediments at 15 locations, and seawater
trawls detected MPs in just 2 samples from Kuwait Bay and
2 from the southern areas. In biota, only three pieces of
plastic were recovered from the gastrointestinal tracts of
Hamour fish. Moreover, they found that the most common
MPs were PP, PE, and PS. While MP levels in Kuwait were
lower than in neighboring areas, they were comparable to
those in Qatar and Oman.

Jahromi et al.** investigated heavy metals and MPs in
coastal sediments and edible bivalves along the Arabian
Gulf in the Hormozgan province. Sampling sites were
strategically selected to represent industrial, urban, and
protected forest areas. The results indicated heavy metal
concentrations in sediments were generally below typical
geological baseline values, except for nickel (Ni) and
cadmium (Cd). Furthermore, areas with significant human
activity, such as ports, exhibited elevated concentrations
of several heavy metals. The study identified a moderate
environmental risk associated with arsenic (As), cobalt,
zinc, and copper (Cu). However, it concluded that health
risks from heavy metals in bivalve consumption were
generally low, except for As, which posed a potential
carcinogenic risk. Regarding MPs, the predominant type
identified was fibrous, with lengths ranging from 100 to
250 pm, primarily composed of PET and PP.

Al Hammadi et al.*® examined MP pollution in the
UAE oyster bed ecosystems. They assessed MP levels in
sediment and oysters from five coastal sites, considering
abundance, shape, size, color, and composition. MPs
averaged 191.7 + 95.5 MPs/kg of dry weight in sediment
samples, whereas in oysters, it was 101.2 £ 93.8 MPs/kg.
MPs were found in all sediment samples and 51% oysters,
with no clear correlation between sediment and oyster
MP levels. Fibers were the primary MP shape (93%), and
black was the most common color (53%). This study, the
region’s first investigation into oyster bed MPs, highlights
the widespread presence of MPs in sediment, necessitating
further research into sources and management to protect
the marine ecosystem.

In a more recent study, Ali et al.** aimed to be the first
to assess MP pollution in Saudi Arabia’s east coast sediment,
specifically at beaches in four cities: Khafji, Jubail, Dammam,
and Salwa. Samples were collected from high and low tide
zones. A total of 586 MP particles were found, with an average
size of 1.55 £ 0.94 mm. Most particles (77%) were with a
size smaller than 2 mm. The MP levels exhibited a range
of values, with the low tide region ranging from 5.5 + 1.55
to 21.2 + 0.68 particles/kg and the high tide region ranging
from 6.3 +£4.05 to 16.5 + 4.98 particles/kg. Transparent (34%)
and blue (30%) were the predominant colors, whereas fibers
(96%) were the most common shape. PET was the common
polymer type in fibers, whereas PE and high-density PE were
prevalent in fragments and filaments.

Nevertheless, comprehensive datasets on MP
abundance, polymer typology, and degradation behavior
within the Arabian Gulf are notably limited, highlighting an
urgent need for systematic, region-specific investigations
that account for its distinct hydrographic and climatic
characteristics.

2. Impacts of MP pollution on the marine
ecosystem

Saudi Arabia’s aquaculture sector has shown remarkable
growth, with total production reaching approximately
140,000 tonnes in 2023, reflecting a 56.4% increase
compared to previous years.”” Shrimp (66,000 tonnes)
and Nile tilapia (45,000 tonnes) dominate aquaculture
output, driven by intensive marine and freshwater farming
practices. However, the sector may face significant
challenges due to MP contamination in the Arabian
Gulf, a major production area. MPs threaten the health
and reproduction of key species and compromise water
quality, impacting aquaculture sustainability and regional
food security. These risks emphasize the urgent need for
monitoring and mitigation strategies tailored to the Gulf’s
unique environmental conditions.
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2.1. Impact on aquatic life

Marine organisms consuming MPs can experience severe
physical harm, including digestive blockages, reduced
feeding efficiency, and internal injuries. These impacts have
been documented across various species, from plankton
to top predators. For example, an increasing trend of MP
ingestion, including PE and PP, has been observed globally
in commercially important fish species (Acanthopagrus
latus and E. coioides) from the Arabian Gulf.***” MPs
tend to accumulate in the digestive tracts of plankton and
small fish, impairing nutrient absorption and disrupting
metabolic processes, adversely impacting growth and
reproduction.®

In the Arabian Gulf, economically valuable species
face heightened risks due to high levels of plastic
pollution predominantly originating from fishing gear,
domestic wastewater, and industrial activities.*”** These
MPs disrupt physiological functions and introduce
contaminants such as heavy metals and persistent organic
pollutants, exacerbating their impacts. Recent studies have
highlighted that MPs in the region are dominated by fibers
and fragments, commonly ingested by fish, mistaking
them for prey.*** The ingestion of MPs by these species
poses significant threats to fisheries production and food
security.

Furthermore, the trophic transfer of MPs within
marine ecosystems can result in the bioaccumulation of
contaminants, leading to cascading ecological effects.*®*
This emphasizes the need for rigorous research to quantify
MP ingestion rates and assess long-term ecological
consequences in the Arabian Gulf. Strategic policy
measures targeting plastic waste reduction and improving
wastewater treatment systems are essential to mitigate
these risks.**

MPs are ubiquitous in marine environments and linked
to biochemical disturbances in aquatic organisms. They
interact with cellular processes, disrupting metabolic
pathways and overall organismal health. Understanding
these biochemical interactions is essential for assessing
the broader ecological implications of MPs in marine
ecosystems.

Recent studies have demonstrated the extent and
complexity of these disruptions. For example, adult
zebrafish exposed to high-density PE and PS MPs exhibited
altered gene expression, notably impacting immune
system functions and epithelial integrity.®® Histological
assessments further revealed increased neutrophils in the
gills and intestinal epithelium, suggesting vulnerabilities in
defense mechanisms and altered energy utilization due to
MPs exposure.

MPs exacerbate biochemical risks in the Arabian
Gulf by acting as vectors for hazardous substances,
including heavy metals and endocrine disruptors.”® These
contaminants amplify physiological stress, resulting in
oxidative damage, diminished immune responses, and
cellular dysfunction. Such impacts may jeopardize marine
food web stability and ecosystem health in this unique and
vulnerable region.*!

Moreover, oxidative stress caused by MPs is a primary
biochemical concern. MPs promote the generation of
reactive oxygen species, leading to lipid peroxidation,
protein denaturation, and DNA damage.” These processes
impair organism health and disrupt trophic interactions,
amplifying ecological consequences across marine
systems.™

The dual role of MPs as physical and biochemical
disruptors underscores the urgency of further research,
particularly in regions such as the Arabian Gulf, where
unique environmental conditions may exacerbate these
impacts. Identifying Gulf-specific biomarkers for oxidative
stress and immune dysfunction could aid in effectively
monitoring and mitigating these risks.

MPs are ubiquitous across marine ecosystems and pose
substantial risks to the reproduction and growth of marine
organisms. When ingested, MPs can release harmful agents
that disrupt endocrine systems and inhibit reproductive
success in marine species.”** These disturbances have
cascading effects on population dynamics and marine
ecosystem stability. Studies have highlighted the
reproductive challenges faced by key species. For example,
MPs have been shown to impair oyster reproduction by
interfering with gamete development and larval growth.**
Similarly, zooplankton exposed to MPs experience feeding
disturbances that reduce reproductive output, threatening
their critical role in the marine food web.*

In the Arabian Gulf, unique environmental conditions
such as high salinity and elevated temperatures may
exacerbate the reproductive impacts of MPs on local
species. A study has reported significant MP ingestion
among commercially valuable species, including shrimp
and groupers, potentiallyleading to reproductive challenges
such as reduced fecundity and growth disturbances.’”
Although specific data quantifying these effects are sparse,
the ecological implications of chronic MP exposure
underline the urgent need for targeted research in the
region.””

Marine turtles are particularly vulnerable to MP
ingestion, which has been documented to cause
gastrointestinal blockages, reduced stomach -capacity,
and mortality. Such outcomes indirectly affect turtle
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populations by limiting reproductive potential and
disrupting nesting success.” These findings highlight the
urgent need for targeted research in the Arabian Gulf to
evaluate the long-term reproductive consequences of MPs
on ecologically and economically significant species.

Exposure to and ingestion of MPs by marine
organisms have prompted various behavioral shifts. For
example, post-MP consumption, zooplankton have been
observed to alter their swimming behaviors, increasing
their susceptibility to predators.” Similarly, when
exposed to MPs, mussels exhibit diminished mobility
and compromised defensive reactions.”” Research on
gastropods links MP interactions with various adverse
effects, from developmental issues to behavioral shifts.®

The proliferation of MPs, especially in delicate
areas such as coral reefs and benthic habitats, is also a
growing concern. Reports indicate that MPs injure corals,
hampering their growth, smothering entire communities,
and transmitting toxic substances.®** Furthermore, MPs
serve as vectors for detrimental pathogens, potentially
altering benthic community structures and threatening
their diversity.® These extensive damages (Figure 2)
highlight the urgency of addressing this rising menace to
uphold marine ecosystem health.®

2.2. Responses and adaptive mechanisms

Marine organisms exhibit a range of responses to MP
exposure. Recognizing these intrinsic tactics can offer
valuable insights for devising holistic solutions.

Mollusks, such as oysters, have been observed to
incorporate MPs into their shells as a potential defense
mechanism.” According to a study by Onyena et al.,®
essential marine organisms such as phytoplankton and
zooplankton alter their feeding habits to avoid MP-rich
areas. Several other studies have investigated the impact of
MPs on the feeding of phytoplankton and zooplankton.®"*
The effects depend on various factors, including size, shape,
concentration, organism species, and polymer type. Table 2
concludes the most significant findings. These studies
indicated that at elevated concentrations of spherical
MPs, algal consumption of certain organisms, such as
cladocerans, diminished. In contrast, realistic microfiber
concentrations (5.7-9.0 fibers/mL) do not inhibit diatom
clearance in calanoid copepods or doliolids, regardless of
observable ingestion and egestion through fecal pellets.
Most promisingly, recent research hints at the capability
of certain marine species to biodegrade MPs courtesy of
unique enzymes or metabolic processes.”

These findings could pave the way for biotechnology-
based solutions to combat MP pollution. One such
initiative includes incorporating Ballast Water Treatment
Systems (BWTSs) filtration chambers in vessels, as
previously suggested.” This would prevent MPs from being
further spread during ballasting procedures. However,
the utilization of BWTS has several drawbacks, including
unsustainability from both economic and environmental
perspectives. For example, factors such as the use of UV,
particularly in high turbidity conditions, and maintenance
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Figure 2. Comprehensive overview of microplastic (MP) impacts on aquatic life. The flowchart summarizes various MPs’ effects on marine organisms
(solid square), detailing specific consequences and citing relevant research examples (dashed square). Flowchart created by the authors.
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costs are considered significant factors in energy
consumption.””’”® Moreover, carbon dioxide emissions
that can be generated from BWTSs” and persistent
toxic chemicals, such as the formation of disinfection
by-products, are further environmental challenges.® These
observations emphasize the dual nature of the solutions
needed to alleviate the consequences of MP pollution in
our oceans, encompassing natural adaptations and human-
driven interventions.

2.3. Environmental impacts of MP contamination
2.3.1. Influence on water quality

Marine water quality is fundamental for maintaining
marine biodiversity and habitat well-being. MPs have been
shown to harm various elements of water purity, leading to
increased water cloudiness and hindering light penetration
crucial for aquatic plant life, such as influencing the process
of microalgal photosynthesis. Moreover, MPs play a role in
introducing pollutants into marine waters.*'* Intriguingly,
previous studies by Liu et al. and Pestana et al.**® have
linked MPs to the proliferation of harmful algal blooms.
In a broader context, a study by Hale et al.** highlighted
the compounded threats of MPs to marine life and its food
chains, from zooplankton to finfish.

2.3.2. Sediment quality deterioration

The omnipresence of MPs in marine sediments raises
alarms due to sediments’ importance in marine ecosystems.
Previous studies by Kane and Clare, Barrett et al3%*” have
detailed the widespread occurrence and retention of MPs
in marine sediments. Delving into the repercussions for
bottom-dwelling organisms, MPs’ negative impacts were
discussed.”®® Another study, Waldschldger et al.® further
pointed out potential geophysical changes induced by MPs.

2.3.3. Disruption of nutrient cycles

For marine ecosystems, nutrient cycling is vital. It has
been discussed how MPs can adversely affect nutrient
dynamics by disrupting the nutrient cycles within the
plant-soil system.”®*" For example, MPs have been found
to have a direct and/or indirect impact on the essential
nutrients, such as magnesium and potassium, necessary
for chlorophyll synthesis in plants.” MPs disrupt the plant-
soil nutrient dynamics by altering soil nutrient availability,
enzyme activities, and functional microbial communities,
compromising the natural nutrient cycles essential for
sustainable agriculture and land use.”® Moreover, another
study by Gerstenbacher et al®* has provided insights
into the effects of MPs on seagrass and aquatic nutrient
balances. MPs impede light and gas exchange, increasing
toxin concentrations and disrupting metabolic processes. It
has been reported that specific MPs, such as polyurethane

foam and polylactic acid, can enhance nitrification and
denitrification processes. Moreover, polyvinyl chloride
(PVC) inhibited both these processes, highlighting the
differential impacts of MPs on sedimentary nitrogen
cycling.”

2.3.4. Persistence and potential irreversibility

The long-lasting nature of MPs poses persistent challenges.
The studies by Amelia et al.>* and Ma et al.** emphasized
the enduring threats of MPs, especially their toxicological
effects. Global perspectives by Ziani et al> and Yang
et al.”® highlighted the near-impossible removal of MPs.
Pourebrahimi and Pirooz* foresaw long-term ecological
shifts due to MP pollution. MPs, resulting from the
degradation of larger plastic materials, have become
pervasive pollutants in marine environments, where their
ability to adsorb and transfer other harmful pollutants
poses significant challenges to their effective removal and
management.

2.3.5. Bioaccumulation and transfer of MPs in the
food chain

The prevalent presence of MPs in marine ecosystems
has severe implications for bioaccumulation and
their movement through food webs. Organisms such
as plankton, foundational to marine food webs, are
particularly vulnerable.** Li et al.*® have detailed the
dangers of MP transfers to higher trophic organisms. At
the end of many marine food chains, humans also face
risks from MP consumption via seafood.*

2.4. Pollutants associated with MPs and their impact

In addition to their intrinsic dangers, MPs are a significant
problem due to their propensity to serve as carriers for
various environmental contaminants. MPs are inclined
to bind with diverse toxins within aquatic systems, from
heavy metals and persistent organic pollutants to harmful
microbes. Such relationships amplify the ecosystem risks
of MPs, enabling the transfer of these toxins into marine
life and, subsequently, apex predators, including humans.
Addressing these dual threats requires an in-depth
understanding of the relationship between MPs and the
myriad pollutants they may carry. This section elucidates
this intricate relationship, considering the modes of
attachment, ecological implications, and potential health
consequences.>>*>%’

2.4.1. Introduction to the concept of MPs as pollutant
vectors

MPs, abundant within marine ecosystems, mainly result
from the breakdown of larger plastic items. Their persistent
nature and expansive surface area bolster their potential

Volume 3 Issue 1 (2026)

doi: 10.36922/EER025370068


https://dx.doi.org/10.36922/EER025370068

Explora: Environment
and Resource

Al and bioremediation for Gulf microplastics

to adsorb toxins.**>* Agboola and Benson® detailed the
critical interactions between MPs and organic pollutants,
emphasizing the significance of physisorption and
chemisorption. Tragically, these pollutants might alter their
bioactivity when attached to MPs, introducing enhanced
risks for marine organisms.'® As MPs navigate marine
environments, they scatter these pollutants, potentially
extending the reach of these toxins.** Recognizing MPs as
carriers of these pollutants is pivotal for comprehensive
risk assessment and informed remediation tactics.

2.4.2. Types of pollutants associated with MPs

The relationship between MPs and pollutants has gained
significant attention due to its amplifying effect on
ecological consequences. MPs, especially PVC and PP, can
adsorb heavy metals such as lead, Cu, and Cd, emphasizing
the potential environmental risks. Moreover, persistent
organic pollutants present long-lasting challenges for
marine environments, with MPs depicted as carriers of
these pollutants.'*#1!

2.4.3. Mechanisms of association

The relationship between pollutants and MPs entails
complex physicochemical interactions, predominantly
governed by adsorption and desorption processes.
Agboola and Benson® distinguished physisorption
and chemisorption as the main drivers behind these
interactions. Factors such as MP properties, pollutant type,
and surrounding environmental conditions, including
pH and salinity, influence these interactions, for example,
influencing As adsorption on MPs.” The large surface of
MPs provides numerous binding sites, further enhancing
their pollutant-carrying capacity.®

2.4.4. Bioavailability and trophic transfer

Analyzing the relationship between pollutants and MPs
is critical to understanding their marine ecosystem
implications. Once attached to MPs, pollutants can
infiltrate aquatic food chains, leading to bioaccumulation
and ecotoxicological impacts on marine organisms. This
underscores their potential adverse effects on human health
through dietary exposure, with varied toxin accumulations
due to differential ingestion rates among marine
species.>**¥12 The tendency of hydrophobic toxins to prefer
specific MPs and become bioavailable post-ingestion poses
substantial threats.”® Recognizing the risks, research by
Agboola and Benson” suggested enhanced bioavailability
of MP-bound pollutants than those freely present. Costa
et al.'® documented evidence of these pollutants even in
brief food chains, highlighting the bioaccumulation risks
in top predators.

2.4.5. Ecological and health risks

The intertwining of MPs and pollutants poses multifaceted
ecological and health challenges. Adverse effects on
marine organisms due to toxins such as organic pollutants
and heavy metals are evident,'”** ranging from oxidative
stress to developmental irregularities. The risk of toxin
magnification across food chains is particularly emphasized
by Bhuyan.!” From a human health perspective, toxin
exposure through seafood ingestion is concerning.
Research has demonstrated potential health impacts of
MPs, from hormonal imbalances to DNA damage.*>'**

2.5. Human health implications of MP
contamination

The pervasive presence of MPs in marine ecosystems has
invoked heightened scrutiny due to the potential health
risks for humans. These minute fragments originate
from the disintegration of larger plastic pieces. They
are integrated into numerous trophic levels, presenting
potential channels for human contact primarily through
seafood consumption and inhalation of airborne MPs.

Current studies have continually illustrated the health
risks associated with such exposures. Evidence suggests that
MP consumption mightlead to cellular anomalies, including
endocrine system disruptions.'” Moreover, MPs serve as
carriers for various pollutants, further exacerbating health
dangers and even posing risks of disease transmission.”

2.5.1. Introduction to the human health context

Since MPs are ubiquitous in the marine environment,
assessing their potential entry into the human diet is crucial.
As has been outlined in an earlier study,'”” MPs can invade
various marine segments, resulting in their accumulation
in organisms that humans consume. Furthermore, a study
by Chen et al'® revealed that besides seafood, humans
could also encounter MPs by inhaling airborne particles or
through water consumption, highlighting the importance
of expansive research.

2.5.2. Routes of exposure

Humans primarily encounter MPs via three routes:
consumption, inhalation, and, to a lesser degree, direct
skin contact. Seafood, especially from significant fishing
regions such as China, bottled water, and atmospheric
MPs originating from urban areas are potential sources of
exposure.'7'9%1% Kiran et al."” pointed out the inhalation
risk of atmospheric MPs from urban areas. Skin absorption
from MPs in cosmetics and personal care products is
another channel that warrants further exploration.”
Meanwhile, nanoplastics may enter through physical
piercing and endocytosis/phagocytosis.'”
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2.5.3. Bioaccumulation and toxicology

Bioaccumulation refers to a living organisms gradual
concentration of substances, such as MPs and associated
pollutants. MPs can accumulate in human tissues and act
as transporters of organic chemicals, indicating potential
health risks when these chemicals are ingested®'*. The
toxins binding to MPs might enhance their availability in
the body, leading to heightened adverse health reactions,
including endocrine system disturbances.'*

2.5.4. Endocrine disruption and other biological
effects

The binding propensity of MPs to various contaminants
has raised concerns about their physiological impact
on humans. MPs can transport chemicals that disrupt
the endocrine system, leading to potential hormonal
imbalances. Certain plastic additives can also induce
cellular stress and inflammation, potentially compromising
cellular well-being.'*"1%

2.5.5. Public health perspective

MPs widespread environmental presence highlights
potential community health dangers, including their
ability to transport marine pollutants and the associated
risk of disease transmission, primarily through seafood
consumption. Therefore, ensuring water quality, especially
in urban aquatic systems, is paramount.®>'®

The pervasive impacts of MPs extend beyond biological
disruptions in marine organisms to broader environmental,
ecological, and human health challenges. MPs alter nutrient
cycling, destabilize food webs, and accumulate as pollutants
in aquatic habitats, amplifying risks to biodiversity and
ecosystem functioning, particularly in vulnerable regions
such as the Arabian Gulf. Furthermore, their role as
vectors for harmful substances, such as heavy metals and
endocrine disruptors, adds another layer of ecological and
public health complexity. Addressing these interconnected
challenges requires a detailed understanding of MPs’
environmental pathways and impacts, which are explored
in the following sections.

These widespread impacts of MPs on marine ecosystems
underscore the urgent need for innovative solutions, such
as Al-driven detection and bioremediation strategies, to
mitigate their effects, particularly in vulnerable regions
such as the Arabian Gulf.

3. Traditional techniques for MP detection
and identification

Before utilizing methods for counting and distinguishing
MPs, a range of preparatory steps is typically undertaken.

The preparation of MP samples is influenced by their
environmental origin, such as marine, terrestrial, and
atmospheric contexts'”. Standard procedures, including
sampling, density separation, filtration, sieving, digestion,
and visual categorization, are applied across different
sample types to isolate MPs from other particulate matter
in the Arabian Gulf.*#!°

Additional procedures are incorporated based on the
distinct characteristics of the sample under investigation.
For example, atmospheric MPs can be collected passively
from environmental degradation or via an air pump
directing the air toward a sensor. The critical step post-
collection involves separating MPs from organic materials
to reduce analysis disruptions.

In marine contexts, MPs are usually collected through
pumping systems or with a Manta trawl, a specialized
net for aquatic sampling. MPs within the 1-5 mm range
are typically examined through direct observation or
microscopictechniques, contingenton operatorexpertise.'"!
Due to these requirements, automating the identification
and quantification of MPs to facilitate environmental risk
evaluations presents challenges. Therefore, enhancing MP
detection focuses on shortening analysis time, maintaining
the integrity of MP samples, implementing on-site real-
time assessments, and advancing automated identification
technologies.'"

Optical imaging methods are prevalent to detect MPs,
as they influence light in various ways, including reflection,
absorption, transmission, diffraction, scattering, and
creating interference, which are determined by their
optical attributes. The following subsections discuss the
main optical imaging techniques.

3.1. Microscopy methods

Microscopic imaging provides essential details on MPs’
morphological structure and surface texture. The selection
of microscopy techniques is contingent on MP size: Optical
microscopy for MPs under 1 mm, stereomicroscopy
for MPs between 0.1 and 1 mm, and scanning electron
microscopy for MPs smaller than 0.1 mm, despite its low
throughput. Polarized light optical microscopy is utilized
to identify MPs in wastewater by leveraging the anisotropic
optical properties of specific polymers such as PE, PP, and
PET.'B

3.2. Spectroscopic analysis

Spectroscopic analysis is critical for the nondestructive,
precise, and accurate chemical characterization of
MPs, distinguishing them based on spectral signatures.
FTIR and Raman spectroscopy can reveal MP chemical
makeup and structure. However, Raman spectroscopy
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distinguishes itself by providing higher spatial resolution.
The micro-FTIR and micro-Raman spectroscopies enable
the identification of smaller MPs with specific detection
capabilities for various polymers. Challenges include
specific sample preparation to avoid fluorescence in
Raman spectroscopy and the requirement for dehydrated
and regularly shaped samples for practical FTIR analysis.'*

3.3. Thermal analysis

Techniques such as differential scanning calorimetry and
thermogravimetric analysis (TGA) assess physical and
chemical properties based on thermal stability. These
are considered destructive and require skilled operation.
They are helpful for bulk samples and often complement
spectroscopic methods. TGA, combined with other
analytical methods such as FTIR, enhances the specificity
of MP material identification."® Table 3 summarizes
commonly used analytical techniques for MP identification
and characterization, highlighting their size detection
limits, cost, and analysis speed.''¢'*!

In summary, the identification and analysis of MPs
involve a combination of microscopy for morphological
assessment and spectroscopy for chemical characterization,
each with specific applications and limitations. Thermal
analysis provides additional physical and chemical data,
while alternative methods such as fluorescence staining
offer the potential for simpler identification, albeit with
their challenges. The following section focuses on Al and
bioremediation technologies as promising and highly
applicable approaches for researchers studying the Arabian
Gulf.

4, Artificial intelligence and bio-
remediation technologies

4.1. Introduction to artificial intelligence

At its core, Al is the domain of computer science that
endeavors to emulate human intelligence processes

through the design and development of algorithms.
These algorithms let machines carry out activities that
traditionally necessitate human intellect, such as visual
perception, speech recognition, decision-making, and
language translation. The following four distinct phases
have marked the evolution of AL It started with the
early foundations phase, in which the seeds of AI were
sown in the 1940s and 1950s. Alan Turing, a pioneering
computer scientist, introduced the Turing test as a
criterion of intelligence, suggesting that a machine could
be considered “intelligent” if it could imitate a human
to the point of being indistinguishable from one. This
was followed by the knowledge-based systems phase in
the 1970s, which witnessed the rise of expert systems,
attempting to mimic the decision-making of human
experts by encoding knowledge in rule-based systems.'*
The machine learning phase gained momentum in the
late 1980s and 1990s, and the focus shifted to developing
algorithms that could learn from data. The machine
learning subfield enabled computers to improve task
performance through experience.'”? The deep learning
phase and the recent renaissance in Al, particularly in
the 2010s, have been powered by advances in neural
networks and deep learning. Inspired by the human brain’s
architecture, these systems have significant advancements
in image and speech recognition, as demonstrated by the
notable success gained by Goodfellow et al.'** in 2016.

4.2, Challenges of artificial intelligence in marine
MP applications

Despite rapid progress, applying Al to marine MPs faces
two immediate hurdles. First, data standardization,
where models trained on FTIR/Raman spectroscopy
and microscopy data require large, well-labeled,
standardized datasets with consistent metadata (polymer,
size class, morphology, weathering state, additives, and
imaging/spectral settings). Lack of shared schemas and
benchmark splits leads to overfitting and irreproducible

Table 3. Comparative summary of microplastic analytical techniques

Technique Size detection Cost Analysis Reference
limit (wm) speed
Optical microscopy >1,000 Low Fast 116
Stereomicroscopy 100-1,000 Moderate Moderate 117
Scanning electron microscopy <100 High Slow 118
Polarized light optical microscopy 50-1,000 Moderate Moderate 119
Fourier-transform infrared spectroscopy 10-20 High Moderate 116
Raman spectroscopy ~1 High Slow 120
Differential scanning calorimetry Bulk sample Moderate Moderate 121
Thermogravimetric analysis Bulk sample Moderate Moderate 121
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results. We recommend Gulf-wide templates for sample
preparation, spectral/image formats, and labels, as well as
interlaboratory ring trials and model cards with uncertainty
calibration. Second, generalization, where domain shift—
caused by the Arabian Gulf’s high salinity, temperature,
biofouling, oxidation, and distinct polymer use—can
degrade accuracy for models trained elsewhere. Transfer
learning, domain adaptation (e.g., feature alignment), self-
supervised pretraining, and synthetic data augmentation
can mitigate shift, but require external validation on Gulf
field samples and stress-testing across salinity/temperature
gradients. Practical guardrails include holding out Gulf test
sets, reporting calibration error, and publishing inference
latency to ensure edge/boat-side deployability.

4.3. Promising artificial intelligence application
domains in MP research

4.3.1. MP detection and classification

MPs from diverse everyday products, with varied chemical
structures and shapes, can be visualized through scanning
electron microscopy and other advanced microscopy
methods,'” making these methods suitable for utilizing
recent advancements in Al applications for images.

Image segmentation techniques distinguish specific MP
images from background visuals and other particles. While
automated identification and classification techniques have
excelled in medical imaging, applying these methods to
MP imaging remains challenging due to the nuances in size
class distribution, which is highly sensitive. Several studies
have been conducted on MP detection and identification.
For example, a combination of holographic imaging and
transfer learning using convolutional neural networks
(CNNs) has been explored and shown to improve the
results.'?

In a 2019 study, Mukhanov et al.'"¥ employed Image]
software to convert red, green, and blue (RGB) images
into binary formats, enabling the classification of MPs
into four morphological categories—rounded, irregular,
elongated, and fibers—using a combination of infrared
spectrometry and Raman spectroscopy integrated with a
hyperspectral imaging system. Similarly, Serranti et al.'*
utilized multivariate image analysis and designed analytical
techniques to identify the type and morphology of plastics.
Although these advanced imaging methods have achieved
accurate classification, their widespread application
is limited by high costs and accessibility challenges.
Meanwhile, Gauci et al.'” applied a least-squares approach
to assessing MP size and surface textures from samples
collected in Malta in the Central Mediterranean. They
further analyzed color metrics by calculating mean square
error across RGB channels. While these techniques

demonstrate efficiency in tasks such as edge detection
and area estimation, they rely heavily on pre-configured
algorithms and subjective human interpretation. As a
result, there remains a pressing need for integrative and
standardized methodologies, leveraging advancements in
Al to enhance MP detection and classification accuracy.

In the study by Shi et al,” scanning electron
microscopy was utilized to capture images of MPs from
everyday products (Figure 3). A deep learning method
was employed to quantify and categorize MPs using
a hand-labeled dataset containing 237 images of MP
particles (fragments or beads) sized between 50 pm and
1 mm and fibers approximately 10 um in diameter. For
quantification, the U-Net and MultiResUNet deep learning
models were used for semantic segmentation. Both models
surpassed traditional computer vision methods, achieving
a high average Jaccard index above 0.75. In another study,
Ronneberger et al.®! merged the U-Net with object-aware
pixel embedding to further quantify densely packed and
intertwined fibers. A modified VGG16 neural network
was used for categorizing by shape, achieving a remarkable
98.33% accuracy. New images can be segmented and
categorized accurately using these trained models in
seconds, a more efficient and cost-effective process than
manual methods. As datasets expand, this approach could
aid in identifying and measuring MPs in environmental
samples in subsequent studies.

Recent studies have shown that 1D-CNNs enhance
Raman/FTIR classification under noise/weathering;'*
U-Net-family models deliver pixel-accurate masks for
sizing;'*® Faster/Mask R-CNN support high-throughput
detection in brightfield and UV;"**"* and holography/
phone-microscopy enables rapid, low-cost screening.
These findings underscore the need for Gulf-specific
datasets and external validation.

4.3.2. MP quantification

Quantifying MPs is essential for tracking their progression
and predicting their actions. Traditionally, this task has been
both time-consuming and reliant on costly instruments.
Several studies have introduced deep learning-based
architectures designed to automatically enumerate and
categorize MP particles, ranging from 1-5 mm, captured
in photos from digital cameras or smartphones with a
resolution of 16 megapixels or more. They employed
several algorithms, such as the U-Net neural networks,"
which are designed for object detection and classification.

The quantification of plastics from images falls under
object detection.'* In object detection, not only is the
object identified, but its position within the image is
also determined using a bounding box. Notable deep
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Figure 3. Segmentation models for microplastic image analysis. Adapted from Shi et al.'*’

learning architectures that utilize bounding boxes include
algorithms such as Fast Region-based CNNs (RCNN),"”
You Only Look Once,*® and Single Shot MultiBox
Detector.!® These methods excel in scenarios where the
primary objective is determining the object’s location and
frequency in an image.

However, for MP classification, pinpointing the exact
pixels of the particle is crucial, especially for size estimation.
This requirement makes object instance segmentation or
semantic segmentation techniques more appropriate, as
they detect the object and categorize each pixel according
to its corresponding object class. Some prominent deep
learning architectures for this purpose include Fully
CNN,"** Mask-RCNN,"*! and U-Net.""!

A particular study has demonstrated AI applications in
both quantifying and classifying MPs."** In that research,
the initial phase of the proposed framework utilized the
U-Net neural network for segmenting particles within
images. Once these particles were singled out, the
subsequent phase employed the VGG16 neural network
to categorize them into three primary types: fragments,
pellets, and lines. These categories were chosen due to their
prevalence within the specified size range, as described in
Figure 4.

4.3.3. MP monitoring

Achieving effective MP monitoring is a pivotal long-term
objective to grasp the impact and progression of MP
contamination comprehensively. Despite its importance,
current research in this field is notably demanding in terms
of time and effort. Present monitoring methods involve

collecting, processing, and manually examining vast sample
quantities, but these methodologies lack uniformity and
standardization. It is essential to understand the movement
patterns of MPs to improve monitoring effectiveness,
allowing for optimizing the placement and application of
monitoring instruments. There is a growing interest in
establishing high-throughput and automated monitoring
systems to streamline the analysis of MP distribution
on a grand scale. One promising approach is employing
models to study MP behaviors, providing deeper insights
into their distribution, origins, endpoints, and movement
trajectories. For example, modeling has demonstrated
its potential in pinpointing optimal global locations for
effective plastic waste collection.

Though modeling offers insights into certain MP
behaviors, it is grounded in tangible data concerning
MPs’ observed and measured attributes. The complexity
within model equations is imperative to truly encapsulate
the intricate dynamic forces that steer inertial particle
movement. Machine learning and deep learning models
can address these numerous challenges that involve vast
data, thereby optimizing efficiency.'*® Specifically, image-
centric machine learning has been pivotal in material
science, assisting in analyzing extensive image sets to
decipher the correlation between material structures and
their properties.'**

4.3.4. MP source tracking

In the context of MPs, pinpointing the source of pollution
becomes essential, whether it stems from industrial
activities, consumer goods, or waste disposal methods.
Given the intricate nature of MP dispersal, which is
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shaped by elements such as aquatic flows, wind directions,
and human interventions, there is a pressing need for
sophisticated analysis methods. Through machine
learning, scientists can identify potential origins of MP
emissions and anticipate areas of future buildup. This
knowledge guides precise remediation actions and policy
decisions to curb additional contamination. Wu et al.'®
employed random forest, multilabel decision trees, and
support vector machines, which are all supervised machine
learning algorithms, to determine the origins of the
contaminants by analyzing data such as physicochemical
properties.

4.3.5. MP data aggregation

A pressing issue arises from the vast and varied types
of data, making data preprocessing challenging.
Preprocessing the enormous variety of MP imagery,
especially regarding data scaling, can be difficult when
preparing it for use with deep CNN algorithms. Depending
on the specific deep CNN algorithm used, it is essential to
rescale the extensive MP imagery datasets, which come in
various ranges, units, and scales, to ensure they match the
required standardization and prerequisites. As illustrated
in Figure 5, this preprocessing stage constitutes a critical
component of the overall machine learning workflow for
the MP analysis platform. The sheer volume of this data

Image acquisition

Original image

U-Net
particles
segmentation

adds to the complexity, making it a significant hurdle in the
automated processing of high-volume imagery.

5. MP biodegradation

MP contamination can be controlled or even eliminated
in specific circumstances through biodegradation.
Biodegradation is a natural process by which organic
compounds in the environment are broken down and
converted to simpler compounds, mineralized, and
redistributed back to the environment.** It not only
applies to organic compounds but also to some inorganic
complexes, such as macroplastics and MPs. Biodegradation
of MPs involves fragmentation into smaller sizes and,
eventually, mineralization, a process entirely driven
by microorganisms.'” It occurs almost everywhere in
the biosphere, including the soil rhizosphere, aquatic
environments, and landfills.**® There is growing exploration
of microbial degradation as a promising, eco-friendly
method for removing MPs from the environment.

The typical microorganisms associated with the
biodegradation of MPs include bacteria, fungi, and
algae.'” These microorganisms vary in their mode of MP
degradation and the type of polymers they degrade, as
shown in Table 4.°°'*¥ The fungal class, for example, has
been reported as a common candidate for bioremediation

VGG16
particles
classification

Segmented image

Figure 4. An example model showcases the quantification and classification of three primary MP types. Adapted with permission from Lorenzo-Navarro

et al.'*> Copyright 2020, Elsevier.

BN

Data

exploration

Figure 5. The primary machine learning workflow for developing the microplastic analysis platform. Image created by the authors.
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Table 4. Examples of bacteria, fungi, and algae in the
biodegradation of plastics

Biodegrading  Example Type of Reference
microorganism plastic
Bacteria Staphylococcus aureus PE 150
Bacillus gottheilii PE, PP, 151
PET, and
PS
Bacillus subtilis PE 152
Pseudomonas aeruginosa ~ PE 153
Fungi Penicillium species PHB 153
Pestalotiopsis microspora PUR 153
Zalerion maritimum PE 154
Aspergillus species PE 155
Algae Anabaena spiroides PE 156
Spirulina species PE and PP 157
Phaeodactylum tricornutum PET 156
Chlamydomonas reinhardtii PET 158

Abbreviations: PE: Polyethylene; PET: Polyethylene terephthalate;
PHB: Poly-3-hydroxybutyric acid; PP: Polypropylene; PS: Polystyrene;
PUR: Polyester polyurethane.

in almost every ecosystem due to its diverse environmental
adaptability as well as the capacity to secrete a wide
range of enzymes and amino acids, such as manganese
peroxidase, laccase, aspartate, histidine, serine, and lignin
peroxidase, that can degrade macroplastics and MPs until
mineralization.” According to Ameen et al,’*® some
fungal mycelia discharge extracellular enzymes that aid
in breaking down plastics into small pieces (oligomers,
dimers, and monomers), which are subsequently
absorbed by the fungi and mineralized with the help of
internal enzymes. The success of fungi in the degradation
of plastics has also been associated with producing
numerous polysaccharides and proteins that enable them
to attach to plastic surfaces and secrete extracellular
enzymes that help disintegrate the plastics.”®® The
common fungi that have been used in the biodegradation
of plastics include Penicillium species, Pestalotiopsis
microspore, Zalerion maritimum, Aspergillus species,
Phanerochaete chrysosporium, Trametes versicolor, and
white rot fungi. These fungal species’ degradation ability
varies with the type of plastics and the duration taken to
break down the plastics. For example, Penicillium species
and Z. maritimum have been reported to break down the
PE MPs, whereas Aspergillus species can break down the
high-density PE plastics."®!

Apart from fungi, bacteria are also known to play
a significant role in the degradation of plastics in the
environment.””! Like fungi, bacteria also secrete both

intracellular and extracellular enzymes that aid in the
degradation of plastics. These enzymes include hydrolases,
xylanase, depolymerases, protease, and chitinase."”® The
commonly used bacteria for MP biodegradation belong
to the genera Bacillus, Rhodococcus, Escherichia, and
Pseudomonas.'™ Bacillus species are the most researched
bacteria in bioremediation, with different species showing
variations in their degradation efficiencies. For example,
Bacillus cereus has been shown to degrade PE, PET, and
PS plastics, leading to weight losses of 1.6%, 6.6%, and
7.4%, respectively. Meanwhile, Bacillus gottheilii has
been reported to degrade the same polymers, leading to
weight losses of 6.2%, 3%, and 5.8%, respectively. Bacillus
subtilis, on the other hand, has been reported to degrade
high-impact PS, resulting in 23% weight loss. Other
bacterial species, for example, Pseudomonas aeruginosa
and Penicillium simplicissimum, have also been reported
to degrade PE plastics, resulting in 20% and 7.7% weight
loss, respectively.'® Studies have also shown that different
bacterial species can be combined to have a synergistic
effect on MP degradation. A significant example is the
combination of Actinobacteria and Firmicutes, which led
to the degradation of low-density PE plastics by 60% in
3 weeks.'®?

Algae are also categorized as microorganisms
that are capable of degrading plastic materials. These
microorganisms produce toxins that effectively break down
polymeric materials.'®* Like fungi and bacteria, microalgae
species degrade different MPs at varying rates. For example,
Anabena spirodes takes 45 days to degrade 8.18% of PE
plastics. Other microalgae associated with the degradation
of plastics include Spirulina species, Phaeodactylum
tricornutum, Chlamydomonas reinhardtii, Cryptomonas
species, and Phormidium lucidum (Table 4).'*

Irrespective of the microorganisms involved, the
biodegradation of MPs occurs through a sequence of
steps, starting with biofilm formation, deterioration,
fragmentation,  assimilation, and  mineralization
(Figure 6). Biofilm formation occurs on the surface of the
plastic, where microbes attach to the surface, reducing
the hydrophobicity of the plastic'®. Deterioration of the
plastic occurs due to biofilm formation and the release of
extracellular enzymes or toxins by microorganisms, leading
to the fragmentation of plastics into monomers, oligomers,
or dimers'®. Assimilation involves taking up fragmented
plastic molecules by microorganisms, converting them to
soluble organic compounds with the help of intracellular
enzymes. The last process of converting MPs to carbon
dioxide, water, and methane is mineralization.'”

Environmental factors and plastic properties drive the
efficacy of MP biodegradation. Environmental factors such
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Figure 6. Illustration of the steps in microplastic biodegradation. Image created by the authors.

as oxygen level, pH, sunlight, and temperature directly or
indirectly affect biodegrading microorganisms’ growth,
enzymatic production, and performance.” The abiotic
environmental factors also affect the plastic decomposition
rate as they affect these compounds’ chemical
composition. For example, a study by Gutiérrez-Silva
et al.'” showed that an increase in UV light and moisture
led to an increased hydrolysis rate of poly (butylene
adipate-co-terephthalate)-thermoplastic starch blends
and, consequently, the rate of polymer biodegradation.
Another study by Katarzyna Swiderek,'®® showed that
biodegradation of PET is directly affected by pH levels,
as acidic conditions (pH 5) induced the hydrolysis of the
two ester bonds forming bis-(hydroxyethyl) terephthalate,
whereas only one ester bond was hydrolyzed in neutral
and alkaline conditions (pH 7 and 9). Plastic properties
such as molecular weight, crystallinity, shape, and size
affect the polymer deposition rate. Polymers with high
molecular weight, such as high-density PE, decompose
gradually compared to low-density PE."”® Other factors,
such as crystallinity and the composition of co-polymers,
affect the degradation rate as they determine plastic
microbial accessibility and water.'®®

the Arabian Gulf, extreme environmental
conditions such as high salinity and elevated temperatures
(>30°C) may limit the effectiveness of many plastic-
degrading microorganisms. For example, halophilic
bacteria such as Halomonas profundus and Marinobacter
hydrocarbonoclasticus have shown plastic-degrading
potential in saline environments, whereas thermophilic
species such as Thermobifida fusca and engineered
Clostridium thermocellum have demonstrated efficient
PET degradation under elevated temperatures.'s®'”
These findings suggest that the selection of native or
adapted halo- and thermotolerant strains, as well as
the development of engineered enzymes, is critical for
effective biodegradation under Gulf conditions. Recent
advances in protein engineering have enabled the
development of thermostable PET hydrolases such as
IsPETase and Cut190 variants, which retain high catalytic
efficiency under elevated temperatures typical of the Gulf
environment.””"'"”* Direct evolution and computational
enzyme design are further enhancing the substrate range
and stability of these enzymes, opening new opportunities
for scalable bioremediation strategies tailored to extreme
marine ecosystems.

In

6. Conclusion

The widespread presence of MPs in marine environments
poses a complex environmental and health issue. Beyond
direct physiological effects, MPs may disrupt marine
ecosystems, including reproduction in marine organisms
and, consequently, food-web dynamics. Furthermore,
consuming seafood contaminated with MPs may pose
health risks to consumers. A multifaceted approach,
including thorough research, is needed to address this
problem. In addition to proactive legislative actions to
reduce plastic waste, developing AI-powered technologies
will improve monitoring and detection.

To implement this agenda, we propose a staged roadmap
linking standards, shared data, validated Al and field-tested
bioremediation to policy uptake. Short-term actions establish
common protocols and a regional repository; medium-
term efforts deploy pilots and low-cost sensing; long-term
measures embed Al- and nature-based solutions into coastal
management and plastics policy. Measurable targets—
including a 50% reduction in coastal MP concentrations
within 10 years, repository growth to >1 million labeled
spectra/images, and region-wide monitoring coverage—
provide accountability while fostering international
collaboration and academic-industry consortia.

Addressing MPs with particular emphasis on
cutting back on single-use plastic bags is a global steady
movement to control the contamination of ecosystems.
While limited policies directly target primary MPs (e.g.,
bans on microbeads), interventions such as bans, fees,
and taxes on plastic bags have gained traction globally.
Many European nations have implemented widespread
tariffs for plastic bags, greatly decreasing consumption.
As effective efforts of Gulf nations to protect local,
including marine environments, the UAE, through the
Ministry of Climate Change and Environment, plans to
implement a full ban on single-use plastics on January
1, 2026." Similarly, the efforts on MPs in Saudi Arabia’s
marine environments, including the Arabian Gulf Sea,
have been emphasized in a number of relevant national
and international reports. According to the Minister of
Environment, Water, and Agriculture, Saudi Arabia has
joined the Alliance to End Plastic Waste in the Ocean
and the World Ocean Council on a global scale.'”” As
sustainable innovation is promoted locally in Saudi Arabia,
plastic has been recycled in road construction to improve
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quality and lower costs.'”> While significant progress has
been made through these initiatives, enforcement issues
and unequal implementation remain challenges, especially
at the national level. Although its efforts are mainly
concentrated on more general environmental projects,
Saudi Arabia has been making progress in combating
plastic pollution. For example, the Saudi Green Initiative
prioritizes environmental sustainability, aiming to preserve
30% of Saudi Arabias land and marine regions by 2030.
This initiative includes the national efforts that indirectly
support the reduction of plastic waste and pollution in
marine environments, such as waste management and
afforestation projects. Second, innovative solutions such
as cleaning robots have been implemented in Saudi
Arabia to reduce plastic waste along coastlines. Red Sea
Global, a developer of regenerative tourism destinations,
leads programs to promote clean beaches and sustainable
practices.'”® Such coastal cleanliness and sustainability
efforts also support Saudi Arabia’s broader Vision 2030
objectives for developing a sustainable tourism sector.'”
Third, recent life-cycle assessment evidence from Saudi
Arabia indicates that advanced waste management
strategies, including pyrolysis and mechanical recycling,
can lessen the environmental impact of plastic waste.'”®
These strategies seek to reduce dependency on landfills
and produce high-quality recycled products, emphasizing
a transition toward a circular economy concept.'*!”® Public
awareness and responsible consumption can also play vital
roles in mitigating this growing environmental challenge.

These national and regional initiatives align with
general global perspectives that highlight advanced 2D
nanomaterial-based treatment solutions and the crucial
role of atmospheric transport and deposition as primary
routes for MP exposure, underscoring the necessity for
comprehensive, cross-media mitigation strategies.'”*!%
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Integrating algal consortia into domestic
wastewater biorefineries: Mechanisms,
efficiency, and circular economy perspectives
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West Bengal, India

Abstract

Urbanization is occurring on a large scale at an unprecedented pace. In this context,
algal consortia represent a sustainable and environmentally friendly solution for
domestic wastewater remediation. This review focuses on mixed algal consortia as
a treatment approach for domestic wastewater containing organic and inorganic
pollutants, including nitrogen, phosphorus, heavy metals, and other chemicals.
These consortia demonstrate enhanced pollutant removal efficiencies through
synergistic biosorption, bioaccumulation, and biodegradation mediated by multiple
algal species. Indeed, algal biomass can be valorized in biorefineries to produce a
range of resources, including biofuels, biopolymers, and organic phyco-fertilizers,
thereby advancing the circular bioeconomy. Overall, this review positions algal
consortia as a potentially low-cost platform that integrates wastewater remediation
with bioresource recovery, promoting the transformation of urban ecosystems
toward a greener, more resilient future.

Keywords: Algal consortia; Phycoremediation; Domestic wastewater; Biorefinery; Circular
bioeconomy; Biosorption; Bioaccumulation; Sustainable wastewater treatment

1. Introduction

Algal consortia are complex living communities in which multiple algal species coexist
and interact to enhance efficiency across processes, including wastewater treatment,
biomass processing, bioenergy production, farming, and medical biotechnology.' Algae
are adaptable photoautotrophic organisms that grow rapidly, sequester carbon dioxide,
take up nutrients, and release valuable bioactive compounds, making them significant
ecological resources for sustainability and environmental management.>* Compared to
monocultures, algal consortia exhibit improved nutrient removal potential, stability, and
environment-responsive characteristics.* Phycoremediation uses micro- or macroalgae
to remove or transform pollutants, such as toxic chemicals, from wastewater.” Heavy
organic loads in municipalities generate nutrient-rich wastewater that is discharged
into water bodies either untreated or only partially treated. Furthermore, the microalgal
consortium used to treat wastewater is advantageous because it sequesters carbon and
removes nutrients while generating high biomass.® Microalgal consortia can be applied
to municipal wastewater and industrial effluents, and to certain waste-derived streams
(e.g., leachates), under aerobic or anaerobic process configurations. Numerous studies
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have examined the feasibility of using microalgae for
wastewater treatment, including their use for nitrogen and
phosphorus removal from effluents, commonly recognized
as a driver of eutrophication when discharged into aquatic
ecosystems.” Common wastewater treatment techniques
are energy-intensive and not cost-effective in developing
countries.® This review aims to shed light on the role of
algal consortia in domestic wastewater remediation, the
mechanisms of pollutant removal, and their potential
integration into a circular bioeconomy framework.
Furthermore, the paper offers suggestions for future
research on the challenges that limit the deployment of algal
consortia systems at scale and provides recommendations
on their efficacy and sustainability.

2. Composition of domestic wastewater and
algal systems for wastewater treatment

Domestic wastewater refers to household and residential
wastewater (i.e., wastewater generated from toilets,
kitchens, bathrooms, and floor drains in houses and similar
residential buildings). Because domestic wastewater
contains varying concentrations of carbon, nitrogen,
and phosphorus, its organic and nutrient loads can be
substantial. Several studies have explored the capacity and
advantages of microalgal growth for treating wastewater
from various sources and have reported on its potential
and benefits.” Microalgal cultivation on sewage wastewater
can enhance the removal efficiencies of nitrogen, carbon,
and phosphorus, as well as pollutants, with lower
environmental impacts (Figure 1). Globally, microalgal
cultivation is being promoted as a sustainable alternative
nutrient source, as the long-term application of chemical

fertilizers is increasingly recognized as unsustainable and a
contributor toland pollution.'” Wastewater characterization
typically includes measurements of physicochemical and
biological parameters, including biochemical oxygen
demand, chemical oxygen demand, dissolved oxygen,
total solids, total suspended solids, total dissolved solids,
total ammonium, total nitrate, soluble phosphorus, total
phosphorus, total iron, total chlorine, total magnesium,
total calcium, surface-active agents, electrical conductivity,
pH, turbidity, total coliform, and heavy metals (Table 1).
With regard to chemicals, sewage and domestic wastewater
contain inorganic (30%) and organic (70%) substances, as
well as various gases."! Organic compounds consist mainly
of proteins, carbohydrates, and lipids that are indicators of
human dietary habits. Inorganic materials include acids,
bases, chlorides, trace elements, and toxic compounds.
Various biotic and abiotic constituents and pollutants
are present in home wastewater, including biodegradable
organic materials and other organic matter.'* Algal
coexistence within consortia can generate both cooperative
and competitive interactions; metabolite exchange
and other cross-feeding processes can increase biomass
productivity and pollutant removal efficiency, improving
system stability."* The effectiveness of algal consortia has
been demonstrated across multiple wastewater types,
and these systems may be more adaptable to changing
environmental conditions (Table 2).

3. Mechanisms of domestic wastewater
remediation by algal consortia

Understanding the mechanisms of nutrient removal by
microalgae is essential for designing effective wastewater

Chemical contaminants
eavy metals

Organic CO2
H2PO4

Atmosphere

Nutrients addition:
Biostimulation

NHa4
Nitrification

NOs3

Sunlight  Atmospheric CO:

Photosynthesis

Natural attenuation

Figure 1. The schematic presentation of algal consortia being used as a bioremediation agent. Image created by the authors.
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Table 1. Physico-chemical characteristics of domestic
wastewater and their permissible standard limits

Physico-chemical and Unit Permissible References
biological analysis parameters standard
limits

pH - 6.0-9.0 4,8,15
Nitrate mg/L 89.0-99.2
Biochemical oxygen demand mg/O,/L  90.0-99.0

Chemical oxygen demand mg/O,/L  85.0-99.8

Total solids gSS/M?  83.0-97.0

Total Kjeldahl nitrogen gN/m? 85.0-97.0

Total carbon gC/m? 93.2-99.0

Total phosphate gP/m’ 86.0-98.0

Phosphate mg/L 85.0-98.0

treatment systems. Suspended-cell cultivation-based
systems have been predominantly used to treat domestic
wastewater.”” In immobilized-cell systems, microalgal
cells are entrapped within a polymeric matrix, and
substrates diffuse into and out of the matrix through its
pores.” Integration of these systems with biopolymers has
been reported to improve biomass yield, photosynthetic
pigment production, and lipid accumulation. Organic
substances present in wastewater during phycoremediation
are converted into algal biomass through metabolic
pathways that degrade carbohydrates, proteins, lipids,
and other bioactive components (Table 3)."° Microalgae
use various remediation pathways, which can be classified
into three main types: Biosorption, bioaccumulation, and
biodegradation (Figures 2 and 3).”

Table 2. Reports of microalgal consortia and their effective removal efficiencies in organic wastewater

SL.No  Algal consortia Source Wastewater parameter Days Efficiency (%)  References
1. Chlorella sorokiniana, Chlorella Meat processing COD 7 days 91 4
vulgaris, Scenedesmus obliquus wastewater TN 67
TP (PO,™) 69
2. Chlorella saccharophila, Dairy wastewater oD 7 days 82.60 4
Chlamydomonas pseudococcus, COD 88.90
Scenedesmus spp., Neochloris TSS 88.25
oleoabundans
TDS 77.23
TKN 98.33
Nitrogen (NH,") 99.61
Nitrogen (NO,") 96.97
Phosphorus (PO,*) 93.02
3. Chlorella vulgaris, Chlorella Municipal Wastewater TN 7 days 35.4 4
protothecoides TP 74.4
TOC 22.2
COD 60.0
Orthophosphate 87.0
4. Chlorella spp., Scenedesmus spp., Domestic wastewater Phosphorus (PO,*) 7 days 53-100 4
Sphaerocystis spp., Arthrospira spp. Nitrogen (NH,*) 39
4
5. Phormidium spp., Chlorella Municipal wastewater ~ COD 7 days 5342 4
pyrenoidosa TAN 81+3
TP 75%2
Nitrogen (NO,") 87+5
6. Nostoc muscorum, Anabaena Sewage wastewater Phosphorus (PO,*) 8 days 20.8-95 8
subcylindrica Nitrogen (NO,") 19.6-80
Nitrogen (NH,") 20.9-96
7. Chlorella spp., Merismopedia spp., Municipal wastewater TP - 98.28 4
Closteriopsis spp., Scenedesmus spp. Nitrogen (NH,") 88.23
. .
Nitrogen (NO,") 86.55
COD 82.45
8. Oscillatoria pseudogeminata, O. proteus, Dairy wastewater pH - - 16
O. trichoides, and Lyngbya ceylanica
(Contd...)

Volume 3 Issue 1 (2026)

doi: 10.36922/EER025460078


https://dx.doi.org/10.36922/EER025460078

Explora: Environment
and Resource

Domestic wastewater treatment with algae

Table 2. (Continued)

SI.No  Algal consortia Source Wastewater parameter Days Efficiency (%)  References
Color
Odor
TDS
COD
BOD
9. Mixed algae culture of Microspora Sewage wastewater COD 8 days 683.6 mg/O,/L 8
spp-» Navicula spp., Lyngbya spp., BOD 389.8 mg/O,/L
gﬁfﬁ%ﬁ?ﬁi"fﬁfwmgym oppand Tss 891.9 gSS/m’
TDS 4,546.2 g/m’
TP 20.9 mg/L
Nitrogen (NO,") 11.7 mg/L
Phosphorus (PO,*) 9.4 mg/L
Sulfate ion 53.5mg/L
Chloride ion 51.5 mg/L
10. Ulothrix zonata, Ulothrix aequalis, Dairy manure N 7 days 62 10
Rhizoclonium hieroglyphicum, and wastewater P 70

Oedogonium spp.

Abbreviations: BOD: Biochemical oxygen demand; COD: Chemical oxygen demand; NH,": Ammonium ion; NO,™: Nitrate ion; OD: Dissolved oxygen;
PO,>: Phosphate ion; TDS: Total dissolved solids; TKN: Total Kjeldahl nitrogen; TN: Total nitrogen; TOC: Total organic carbon; TP: Total phosphorus;

TSS: Total suspended solids.

Table 3. Mechanisms of nutrient uptake into the algal biomass

Nutrients Mechanisms of uptake into the algal References
biomass

Dissolved Integration into the Calvin cycle 20

carbon dioxide

Organic Integration into the respiratory 21

carbon metabolism pathways

Nitrogen Fixation into ammonia, followed by 22
conversion into amino acids

Nitrates and Reduction into ammonium, followed by 23

nitrites conversion into amino acids

Ammonium  Direct conversion into amino acids 24

Phosphorus  Phosphorylation and chemical 25

precipitation

3.1. Biosorption

Biosorption is one of the earliest and most rapid
mechanisms by which algal consortia remove contaminants
from domestic wastewater. This process is largely
physicochemical and occurs at the cell surface, without
requiring metabolic energy. The outer wall of microalgae
is rich in functional groups, such as hydroxyl, carboxyl,
amino, phosphate, and sulfate moieties, that provide
multiple binding sites for dissolved pollutants.® Through
electrostatic attraction, ion exchange, complexation, and
van der Waals forces, contaminants, including nutrients,
heavy metals, dyes, and organic molecules, can be passively
immobilized onto the algal surface.”” A key characteristic

of biosorption is its speed, as pollutant binding occurs
almost immediately upon contact with the algal biomass.
This makes biosorption particularly effective during the
initial stages of wastewater treatment, especially under
fluctuating or high pollutant loads.?® In algal consortia, the
diversity of cell wall compositions among species further
enhances biosorption capacity by providing a broader
range of binding sites than monocultures. The other major
advantage of biosorption is that it does not rely on active
metabolism, allowing both living and non-living algal
biomass to participate in pollutant removal. This feature
is especially beneficial in unfavorable environmental
conditions, where algal growth may be limited. However,
biosorption also has inherent limitations. The process is
reversible, and changes in pH, ionic strength, or competing
ions may lead to desorption of bound pollutants. Moreover,
biosorption alone does not transform contaminants, but
merely transfers them from the aqueous phase to the
biomass, necessitating careful handling or downstream
processing of the spent algal material.*

3.2. Bioaccumulation

Bioaccumulation is the active uptake and internalization
of pollutants into algal cells and is therefore metabolically
driven. Unlike biosorption, this mechanism requires
living cells and energy-dependent transport systems.
Pollutants first cross the cell membrane via diffusion,
facilitated transport, or active transport, and are
subsequently ~compartmentalized within  cellular
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Figure 2. Mechanistic events during algal remediation. Image created by the authors.

organelles, such as vacuoles, chloroplasts, or the
cytoplasm.* One defining feature of bioaccumulation is
its selectivity, and algal cells regulate nutrient and certain
contaminant uptake based on physiological demand and
environmental stress. In domestic wastewater systems,
bioaccumulation plays a critical role in the assimilation
of nitrogen, phosphorus, and trace metals, which are
incorporated into cellular components, including
proteins, nucleic acids, and pigments. Exposure to toxic
elements often induces oxidative stress, leading to the
activation of antioxidant enzymes and metal-chelating
molecules, thereby enabling detoxification while
maintaining cellular function.’

The principal advantage of bioaccumulation lies
in its ability to permanently remove pollutants from
wastewater through intracellular sequestration and
metabolic assimilation. In algal consortia, species-
specific uptake capacities complement each other,
resulting in enhanced overall remediation efficiency.
This mechanism is constrained by algal growth rates and
physiological tolerance thresholds. Excessive pollutant
concentrations may inhibit cellular metabolism, reduce
photosynthetic efficiency, or lead to cell death. In
addition, bioaccumulation is inherently slower than
biosorption, as it depends on active growth and cellular
adaptation.”

3.3. Biodegradation

Biodegradation is the most complex and transformative
mechanism of wastewater remediation by algal consortia.
In this process, organic pollutants are enzymatically broken
down into simpler, less toxic molecules that can be further
metabolized or released as end products, such as carbon
dioxide, water, or inorganic ions. Microalgae secrete a
range of enzymes, including oxidoreductases, hydrolases,
and oxygenases, that play a central role in degrading
complex organic compounds, such as hydrocarbons,
pharmaceuticals, and dyes.*® A distinguishing characteristic
of biodegradation is its integrative nature, as it often occurs
alongside biosorption and bioaccumulation. Pollutants
initially adsorbed to the cell surface or internalized into the
cell may subsequently undergo enzymatic transformation.
In algal consortia, interspecies interactions further
enhance biodegradation, as different species contribute
complementary enzymatic capabilities, creating a more
robust and versatile degradation network.’

The major advantage of biodegradation is its capacity
to detoxify pollutants rather than merely immobilizing
them. This makes it particularly valuable for long-
term wastewater treatment and environmental safety.
Biodegradation is sensitive to environmental conditions
such as light availability, oxygen concentration, pH, and
temperature. The process is also slower compared to
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Figure 3. Holistic mechanism of using algal consortia in domestic wastewater treatment. Image created by the authors.

biosorption and may be inhibited by highly recalcitrant
or toxic compounds. In addition, incomplete degradation
can sometimes lead to the formation of intermediate
byproducts, which may pose environmental risks if not
fully mineralized.*

4. Efficiency comparison: Algal consortia
versus monocultures

Microalgae are used to remove nutrients and contaminants
from various types of domestic wastewaters. Because of
environmental and nutrient-level variations, as well as
contamination, it is challenging to maintain a continuous,
stable monoculture throughout the entire operational cycle.
Controlling pollutant concentrations, biomass production,
and process stability in wastewater during treatment is
difficult to achieve with monocultures. In contrast, the
contributions of microalgal consortia surpass those of
single-species systems in pollutant removal, biomass
production, and process stability."” The biggest advantage
of consortia is their metabolic diversity and functional
complementarity (Figure 4). Different algal species
have different nutrient uptake rates, growth rates, and
pollutant tolerance. Together, these species have synergistic

§47

Algal consortia

A

LY

Easy
Harvesting

Oxygen
production

Figure 4. Advantages of using algal consortia. Image created by the
authors.

interactions while simultaneously removing various
contaminants, nitrogen, phosphorus, carbon compounds,
and heavy metals. Mixed-algal systems are therefore capable
of performing complex degradation processes that are
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commonly inefficient in monocultures. Algal consortia are
often more resilient to fluctuations in light, temperature,
and pH, reducing the risk of invasion or culture collapse.
This ecological stability can translate into more reliable
biomass yield and temperature performance.” On the other
hand, monocultures are susceptible to rapid collapse, for
example, due to environmental stressors or biological
activity. The heterogeneous physiological requirements and
photosynthetic efficiencies of algal species enable consortia
to use resources more effectively than individual species.®
These collaborative exchanges can involve metabolites,
signaling compounds, and growth-promoting substances,
enabling greater nutrient removal and biomassaccumulation.
The most frequently used systems are naturally occurring
prokaryotic and eukaryotic in aquatic settings or engineered
for purpose-optimized performance.'

It is important to note that reported removal efficiencies
across studies are strongly influenced by experimental
design and operating conditions. Variations in wastewater
composition, reactor configuration, light availability,
hydraulic retention time, and cultivation scale make direct
comparison of efficiency values challenging. Numerous
high removal rates reported under laboratory conditions
are achieved using synthetic or well-controlled wastewater,
which may not fully reflect the complexity of real domestic
effluents. Consequently, efficiency metrics should be
interpreted within their experimental context rather than
as universally comparable benchmarks. Recognizing
these limitations is essential when assessing the scalability
and reproducibility of algal consortia-based systems for
practical wastewater treatment applications.

When comparing algal consortia with monocultures,
the most meaningful difference lies not in, but how in
quickly nutrients are removed under ideal conditions, but
how reliably the system performs over time. Monocultures
can show high removal efficiencies in controlled
environments; however, their performance often becomes
unstable when wastewater composition, light intensity,
or temperature varies. In contrast, the algal consortia
tend to buffer these variations because different species
contribute complementary metabolic and physiological
functions. When one species is stressed or temporarily
underperforms, others can continue to sustain nutrient
uptake and biomass production. This ecological balance
reduces the risk of culture collapse and helps maintain the
consistent removal of organic components. Consequently,
for domestic wastewater treatment where influent quality
is inherently variable, long-term stability, adaptability, and
operational reliability become more relevant performance
indicators than short-term peak efficiencies, making algal
consortia a more practical choice than monocultures.

| Bioremediation
\ of contaminants

N - Algal
consortia

P
| Feedstock
=

~ N

/' Animal feed
| and

\®

Figure 5. Different applications of biomass from algal consortia. Image
created by the authors.

5. Valorization of biomass from algal
consortia: The algal biorefinery approach

A biorefinery is a facility that uses algal biomass to produce
bioenergy and value-added products. Waste-to-worth is
the idea of using microalgae not only to capture nutrients
from water bodies, but also to convert nutrient-rich
algal biomass into useful products, thereby stimulating
a circular bioeconomy.** On the other hand, there is a
platform that develops sustainable technologies and could
go one step beyond the “trash-to-cash” idea by producing
industrially important renewable chemicals or minerals. In
this section, details of several microalgae-derived biomass
for valorization are discussed (Figure 5).

5.1. Feedstock potential of algal biomass

Algal biomass is referred to as a 3G feedstock because
it has higher biomass productivity than plant-based
lignocellulosic biomass. Previous studies focused on
biodiesel production, but reported limitations, including
low yield and high production cost.”” Recently, research
has focused on using algal biomass as a feedstock for
multiple biobased products due to its high carbohydrate
and protein content. A study reported that microalgal
biomass mostly contains ash (5-17%), crude protein
(18-46%), carbohydrates (18-46%), and crude lipid (12-
48%) along with the embedded energy content of 19-27
MJ kg™’ Algae are a rich source of metabolically active
compounds, including amino acids, carotenoids, lipids,
fatty acids of dietary value, polysaccharides, and proteins.
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Recent studies have identified antibacterial, antioxidant,
anti-inflammatory, antitumor, and antiviral properties,
in addition to the well-established finding that algal
biomass itself serves as a dietary and nutrient source for
food and feed standards.*® Although algal carotenoids are
secondary pigments, they possess therapeutic properties.
The nutritional value of algal metabolites is notable, as
they can replace animal protein and lipid sources in the
aquaculture industry. Arthrospira and Chlorella are well
known for their very high protein content, ranging from
50% to 70% of their dry weight, along with essential fatty
acids, antioxidants, and micronutrients crucial for the
health of livestock and fish.?” Algal species have evolved
carbon-concentrating mechanisms and can thrive in
complex waste streams and polluted environments,
making them promising bio-factories for biorefinery
approaches. Algal fuels, including both liquid fuels
(biodiesel and bioethanol) and gaseous fuels (biomethane,
biogas), are renowned in global energy markets as a
promising alternative to conventional fossil fuels.** The
remarkable activities of algal biomass have upsurged its
value in the global market, which has demanded intensive
research on cultivation and valorization methods to attain
a sustainable supply chain.

5.2. Biodiesel

Algal oleochemicals are a sustainable environmental
solution for producing green energy (biodiesel) that
integrates carbon dioxide sequestration and waste
minimization through a biorefinery approach. Lipids, being
low-value compounds, are used to produce a byproduct
or for bioremediation, although biodiesel recovery is the
primary target.”! It is a liquid fuel derived from algal lipids
and valorized through various conversion technologies
such as transesterification and thermochemical
conversion.”>”®  Chlorella spp. is among the most
commercially used algae for biodiesel production and has
been genetically modified in a few cases for enhanced lipid
yield and carbon capture.** As a carbon-neutral fuel, algal
biodiesel can effectively replace conventional fuels, thereby
reducing harmful greenhouse gases in the atmosphere.
Bioenergy supply chains could be improved by new and
emerging technological platforms that process feedstock
biomass into one or more forms of energy in a closed-loop
system. In this way, algal biomass could be used to produce
algal fuels and serve as a potential candidate in the green
energy sector with biorefining value.*®

5.3.Biohydrogen

Biohydrogen is a promising renewable energy carrier
because it produces no direct carbon dioxide emissions
at the point of use. After lipid recovery, delipidified

microalgae residue (DMR) remains a rich source of
carbohydrates and proteins, serving as an organic substrate
for various hydrogen-producing microbes. DMRs undergo
a harsh oil-extraction process and are therefore expected
to be directly converted to hydrogen or other fuels after
standard pre-treatment procedures.*’ Wieczorek et al*
investigated the potential of Chlorella vulgaris for the
production of biohydrogen, wherein enzymatic pre-
treatment of dry biomass (10 g volatile solids [VS] L™)
resulted in sevenfold higher biohydrogen production
(135 + 3.11 mL hydrogen g™ VS) than corresponding
untreated biomass (19 + 2.94 mL hydrogen g VS). On the
other hand, microalgal species such as Chlamydomonas
reinhardtii can produce hydrogen in the presence of
light due to the enzymatic activity of chloroplast [Fe]-
hydrogenase.* Due to its high energy content (120 k] g™')
and sustainability, biohydrogen can be used as a “classic
fuel” to support our energy infrastructure and to replace
the current fossil-based fuels.

5.4. Biomethane

Biomethane, one of the major constituents of biogas, is
produced by anaerobic digestion of organic wastes. Biogas
generation from organic waste depends on the feedstock’s
carbon-to-nitrogen ratio. DMR has a high carbon-
to-nitrogen ratio and is well-suited to methanogenic
microbes for producing methane-rich biogas. Various algal
species, such as Nannochloropsis salina and C. variabilis,
have been applied.” Biomethane has a high calorific value
and can enhance the biorefinery process. Biogas contains
70% methane, which can be used for cooking, heating,
and lighting. It is a promising value-added product of
microalgae biorefinery.*"*

5.5. Bioethanol

Bioethanol is considered a sustainable fuel because it
is non-toxic and produced efficiently from renewable
feedstocks. Delipidified biomass is a byproduct of algal
industries. It acts as a potential source for bioethanol
production. Enzymatic hydrolysis of raw or pre-treated
DMR has yielded sugar at 37-43% (w/w). Bioethanol yield
from DMR after saccharification and fermentation has
been reported by various researchers, ranging from 0.14 to
0.26 g/g DMR 542

5.6. Biopolymers

DMR is an excellent source of biopolymers, such as
polyhydroxybutyrate (PHB) and polyhydroxyalkanoates,
which are important for their biodegradability, chemical
diversity, biocompatibility, and production from renewable
carbon resources.”® Numerous strains, particularly
cyanobacteria such as Anabaena spp., Synechocystis spp.,
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and Synechococcus spp., can accumulate PHBs when
cultivated in wastewater with PHB content ranging from
2.4% to 7.4% dry cell weight.” Furthermore, the biomass
itself can serve as a source for developing starch-based
bioplastics or as a reinforcing agent to enhance the
properties of existing bioplastics through blending.

5.7. Algal metabolites

According to the Food and Agriculture Organization,
algal proteins have high nutritional value and are
competitive as food and feed ingredients.”® Research
has shown that marine algal polysaccharides have
immense potential as a source of industrially viable and
novel products. Polysaccharides are used worldwide as
nutraceuticals, cosmeceuticals, pharmaceuticals, drug-
delivery vehicles, fertilizers, and aquafeed. Microalgae
are sustainable sources of essential oils with large amounts
of long-chain n-3 polyunsaturated fatty acids, omega-3
fatty acids, docosahexaenoic acid, and eicosapentaenoic
acid, and moderate percentages of monounsaturated fatty
acids and lesser amounts of saturated fatty acids. Vegan
diets are low in vitamins, so algal foods are a source of
folate, Vitamin B12, and niacin. Chlorella pyrenoidosa and
Arthrospira platensis are largely cultured for the purpose
of commercial Vitamin B.*® Algae are rich in carotenoids;
for example, Dunaliella salina and A. platensis have high
carotenoid levels. Algal carotenoids act synergistically
to prevent cellular damage in cancer patients, reduce
cardiovascular disease risk, and lower blood cholesterol,
and are used as antioxidants.”

5.8. Organic phyco-fertilizers

Algal biomass acts as an effective source of biofertilizer
for food crops. Besides increasing the micronutrient
availability in the soil, mainly iron, copper, zinc, and
manganese, algal consortia can also enhance their
organic-carbon content. This increase in soil quality is
accompanied by higher grain yields and product quality,
as the grains are more nutritious. For instance, Ferreira
et al.*® achieved significant improvement in root length
and GI of some seed types (tomato, watercress, cucumber,
soybean, wheat, and barley seeds) after application
of the biomass of a microalgal consortium composed
of Tetradesmus obliquus, Chlorella protothecoides,
C. vulgaris, and Synechocystis spp. at 0.5 g/L. Microalgae
utilization in sustainable agriculture is likely to be one of
the most important applications of microalgal biomass
in the short term, particularly for biomass cultivated
from domestic wastewater in wastewater treatment
and agriculture, and will also improve the economic
feasibility of microalgal production and downstream
processing.>

While algal consortia offer the dual benefits of
wastewater remediation and biomass valorization, they
also entail inherent trade-offs. High pollutant removal
efficiency can sometimes lead to changes in biomass
composition, such as altered lipid, carbohydrate, or
protein content, which may affect the quality and yield
of downstream products, such as biofuels, biopolymers,
and fertilizers. Conversely, optimizing biomass for
specific biorefinery applications may slightly compromise
nutrient uptake or treatment performance. Understanding
and balancing these interactions is crucial to designing
consortia that effectively support circular bioeconomy
frameworks without significantly sacrificing either
remediation efficiency or product suitability.

6. Environmental and socioeconomic
implications

Beyond nutrient removal, such systems contribute to
environmental sustainability by reducing organic load,
lowering greenhouse gas emissions through carbon
sequestration, and enabling the recovery of water, nutrients,
and biomass within a circular economy framework.
From a socioeconomic perspective, algal consortia offer
opportunities for decentralized, low-energy wastewater
treatment, particularly in resource-limited regions,
while simultaneously generating numerous value-added
products. By linking wastewater remediation with resource
recovery and local economic benefits, this approach aligns
environmental protection with social and economic
sustainability, making it a viable strategy for long-term
urban and peri-urban water management.

Sustainability, based on the effective integration of
product recovery and waste management, is a key element
of the future bioeconomy, which relies on sustainable
biological feedstocks and biotechnology methods for
valorization, looped through biorefineries.®® Microalgal
biomass incorporation into bioprocesses increases carbon
utilization and supports a sustainability-integrated,
low-carbon economy. Growing algae in carbon dioxide-
rich habitats reduces greenhouse gas emissions and
produces renewable feedstocks for various purposes.’
The fermentative valorization of algal biomass yields
biorenewable resources that produce biofuels, such as
hydrogen and methane, as well as renewable short-chain
fatty acids. These may be used as biopolymer molecules
to produce stable solids, such as biopolymers and carbon
fixation, or as eco-compliant plastics for waste materials
without the consumption of chemical substances. Algae
possess the metabolic versatility to transform a single
biomass into several value-added products.®? Algal
biomass is a valuable raw material for food, feed, and
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fuel production, where renewability is a key requirement
in sustainable sectors. Integrated algal processing can
enable zero-waste, carbon-neutral technologies and lower
reliance on synthetic metabolites and land-based crops.>"*
In addition, algae are contributing to environmental
remediation in their generation of renewable fuels with
no sulfur, their removal of complex waste products, and
storage of atmospheric and industrial carbon dioxide. Most
fundamentally, algae may provide promising solutions
to environmental challenges by generating clean, zero-
sulfur, carbon-neutral renewable fuels and, eventually, by
degrading complex waste streams and reducing the effects
of a changing world by sequestering atmospheric carbon
dioxide and industrial carbon dioxide emissions.®® Algal
biotechnologies integrated into wastewater treatment
and bioresource recovery systems form the backbone
of such a comprehensive solution—a model which
combines environmental restoration, climate intervention,
and socioeconomic progress, characteristics of a truly
sustainable circular bioeconomy.

7. Challenges and limitations

While algal consortia have shown great potential for
wastewater remediation and bioenergy production,
they still pose numerous concerns surrounding their
application. Growth optimization, biomass harvesting,
and process scalability are major bottlenecks that prevent
the implementation of cost-effective, energy-efficient
approaches. Stable algal growth under variable wastewater
conditions requires a balance among various physical,
chemical, and biological parameters, including nutrient
composition, light intensity, and hydraulic retention
time.* Challenges remain in tuning these parameters
for large-scale cultivation. Engineering synthetic or semi-
synthetic algal consortia is an emerging approach to
improve pollutant degradation efficiency.®® Communities
with at least one genetically altered strain would enable
targeted changes in specific metabolic pathways that
are required for nitrogen, phosphorus, or heavy metal
removal. Yet, bioengineered systems require robust
regulation and long-term ecological monitoring to ensure
environmental safety and stability. A significant limitation
also resides in the heterogeneity and complexity of
wastewater composition. There is very little metabolic
flexibility for one type of algal species to degrade or
assimilate all types of contaminants. Therefore, selecting
strains for consortium formation is important. Certain
pollutants may block photosynthesis or inhibit enzyme
activity, reducing remediation efficiency.®” Furthermore,
most efforts have taken place in laboratory environments;
therefore, applying laboratory parameters to field-
scale systems is limited by environmental variability,

microbial contamination, and variable lighting or nutrient
availability. Economic and technological limitations also
exist for commercial algal cultivation. High operational
costs, energy-intensive harvesting systems, and the
use of costly chemical solvents for recovery pose the
primary challenges. Efficient extraction of value-added
metabolites from algal biomass requires cost-effective,
environmentally friendly, and productive solvents.*

Despite  promising laboratory- and pilot-scale
outcomes, comprehensive life-cycle assessment and
techno-economic analysis of algal consortia-based
wastewater treatment systems remain limited. Most
available studies focus on short-term performance metrics,
while long-term operational stability, energy balance, and
cost efficiency under real wastewater conditions are rarely
evaluated. The scarcity of full-scale case studies further
restricts direct assessment of economic feasibility and
environmental trade-offs. Addressing these gaps through
integrated life-cycle assessment-techno-economic analysis
frameworks and extended field-scale investigations will be
essential for translating algal consortia from experimental
systems to reliable wastewater treatment technologies.
Accordingly, the sustainability and cost-effectiveness of
algal consortia should be viewed as potential outcomes
rather than established attributes. While existing studies
suggest promising environmental benefits and resource
recovery opportunities, these advantages are strongly
dependent on system design, operational scale, and local
conditions. A cautious interpretation is therefore necessary
until economic and systems-level assessments become
widely available.

8. Future prospects and conclusion

Growing algal consortia in nutrient-rich domestic
wastewater provides an environmentally sustainable
solution for pollutant removal and waste disposal,
generating usable biomass. Not only are environmental
problems addressed, but valuable goods such as biofuels,
biofertilizers, and organic soil boosters are also harvested.
As algal consortia grow, their synergistic metabolic
functions enable them to increase nutrient uptake and
remove contaminants more efficiently compared to a single
species. These cooperative communities convert wastewater
into aliving resource and provide environmental resilience.
In the future, promising prospects include creating algal
consortia that integrate species with complementary
traits, such as metal-binding properties and nitrogen- or
carbon-assimilation capabilities. This is important for
understanding how these microorganisms interact with
one another, how they conduct metabolic exchanges, and
how they can also balance in common environments.
Globally, the use of algal products is on the rise, as they

Volume 3 Issue 1 (2026)

10

doi: 10.36922/EER025460078


https://dx.doi.org/10.36922/EER025460078

Explora: Environment
and Resource

Domestic wastewater treatment with algae

are widely used in nutrition, pharmaceuticals, energy, and
agriculture. Algae are a highly suited biological solution for
a waste-to-value-oriented next generation, equipped with
the rapid expansion, carbon dioxide fixing, and valuable
metabolite formation needed for exploitation. Advances in
genetics, metabolic engineering, and process design enable
us to more effectively extract pollutants, maximize biomass
production, and recover energy and materials from waste
streams. Microalgae also show promise as a pre-treatment
step in wastewater treatment; they reduce the organic
load and suspended solids before traditional treatment
is required. Such systems can be embedded in existing
infrastructure, making them environmentally friendly
and cost-effective for water management. From a broader
perspective, success in algal consortia will require sustained
participation of researchers, engineers, and policymakers.
Innovatively developed together and brought into the open
with sufficient awareness, these living systems may pave
the way for sustainable resource use.

This review demonstrates that algal consortia provide
a stable and adaptable option for domestic wastewater
treatment, largely because the coexistence of multiple
algal species allows key remediation functions to be
shared and sustained under variable conditions. Through
the combined action of surface interactions, intracellular
uptake, and enzymatic transformation, algal consortia can
remove major nutrient loads and associated contaminants
more consistently than single-species systems. At the same
time, the biomass produced during treatment is a usable
resource rather than residual waste, with demonstrated
potential to be converted into bioenergy, biofertilizers,
and other value-added products. Taken together, these
features position algal consortia not simply as a treatment
technology, but as a practical link between wastewater
management and resource recovery, where environmental
remediation and material reuse can be addressed within
the same operational framework.
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Abstract

Constructed wetlands are engineered ecosystems composed of substrates,
vegetation, and microorganisms that serve as a sustainable alternative for
wastewater treatment. Despite their benefits, greenhouse gas emissions continue
to pose a challenge. Consequently, increasing research efforts focus on developing
cleaner strategies to reduce overall global warming potential while enhancing
carbon sequestration. This perspective outlines the current status of carbon
sequestration and wastewater treatment, highlighting the close coupling between
pollutant removal and carbon cycling. It also describes existing limitations and
explores future prospects.

Keywords: Carbon sequestration; Constructed wetlands; Greenhouse gas emissions;
Pollutants; Wastewater treatment

1. Introduction

Wetlands are found across diverse landscapes and may contain either permanent or
temporary shallow water. Their soils, substrates, and biological communities are specially
adapted to flooding and waterlogging, which promotes the development of anaerobic
conditions.! Wetlands occupy approximately 5-8% of the Earth’s land surface. They
typically consist of freshwater, soil, vegetation such as macrophytes and microphytes,
and diverse microbial communities.?

Wetlandsare generally classified into two categories: Natural wetlands and constructed
(man-made) wetlands. The most widely used classification systems categorize wetlands
into five types: marine (coastal wetlands), estuarine (including mangrove swamps,
deltas, and tidal marshes), lacustrine (associated with lakes), riverine (along rivers and
streams), and palustrine (bogs and swamps). These divisions are based on hydrological,
ecological, biological, and environmental characteristics.?

Wetland vegetation plays a key role in wastewater treatment, as plants can directly
absorb nutrients from the water, thereby enhancing the overall efficiency of contaminant
removal. Natural wetlands—such as wet grasslands, mangroves, and salt marshes—are
characterized by static or flowing water, and their soils are rich in carbon (C), functioning
as major C sinks. These ecosystems also serve as hotspots for biogeochemical cycling
of C.? The C sequestration rate of wetlands, expressed as the amount of C stored per
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hectare per year, ranks just below that of forests and is
comparable to agroecosystems. In coastal wetlands,
frequent tidal inundation alters the environment and
slows the decomposition of plant organic matter, which
can enhance long-term C retention; however, site-specific
hydrodynamics can also limit soil C density.” Studies
have shown that methane (CH,) fluxes from natural
wetlands (15.6-49.5 mg CH,/m’/day) are substantially
higher than those observed in disturbed wetlands
(-1.4-4.0 mg CH, /m’/day).* Despite these emissions,
natural wetlands remain prominent C sequesters,
underscoring the importance of their protection in the
context of a growing global population.

In contrast, constructed wetlands (CWs) are engineered
systems designed to harness natural processes involving
soils, vegetation, and associated microbial communities
for wastewater treatment.® For instance, vertical flow CWs
equipped with gravel substrates achieve less than 50%
removal of emerging organic contaminants, including
acesulfame, carbamazepine, benzotriazole, and naproxen.”
Similarly, Muduli et al.® reported that a baftled horizontal
subsurface-flow CW efficiently removed the following
contaminants: Chemical oxygen (O,) demand (COD;68.1%),
total suspended solids (86.5%), total phosphorus (64.8%),
total nitrogen (N) (78.25%), and NH,*-N (95.2%). CWs
generally exhibit shorter C accumulation periods and lower
soil C density compared with coastal wetlands. However,
due to the high net primary productivity of wetland plants
and the continuous input of organic matter and nutrients
from wastewater, CWs achieve high C sequestration rates in
soil, resulting in considerable C storage potential.’

Asroots release C and N, they stimulate microbial activity
in the soil. These interactions often lead wetlands to function
as C sinks, where C storage exceeds C release. The root zone,
or rhizosphere, is defined as the soil region influenced by
hydraulic, chemical, and microbial processes associated
with roots and has been shown to enhance immobilization
of contaminants.” CWs are recognized as crucial systems for
wastewater treatment, where the influx of diverse pollutants
often creates redox gradient that can increase CH, emissions,
and under certain conditions, promote N,O production,
thereby contributing to global warming."

Research on wetlands primarily focuses on their
ecological functions, conservation, biodiversity, water
quality improvement, nutrient cycling, and ecosystem
restoration. This perspective highlights the critical role
of CWs as platforms for both wastewater treatment and
biological C sequestration. However, their net climate
benefit is constrained by greenhouse gas (GHG) emissions,
particularly N O and CH,. Addressing these trade-offs
through essential design and management measures is

necessary to maximize climate mitigation while ensuring
the primary treatment function remains intact.

2. CW designs and their functional variants

CWs are established according to specific guidelines to
function as buffer zones, protecting aquatic ecosystems
and nearby species from both point and non-point
source pollution." CWs for C sequestration are primarily
classified into free-water-surface flow and subsurface-flow
systems. A hybrid system can also be created by combining
these two designs. The classification of these wetlands
generally depends on the water flow path and the type of
vegetation planted.' Floating treatment wetlands replicate
natural floating islands using buoyant platforms planted
with emergent vegetation."”

In surface flow CWs, water moves through open
channels with diverse vegetation, where factors such as
depth, plant types, and flow velocity influence C storage
and treatment efficiency." Subsurface flow CWs include
horizontal and vertical systems. In horizontal subsurface
flow wetlands, wastewater flows beneath the substrate
through porous media, passing through O, -rich and
anoxic zones that enhance pollutant removal.’? Vertical
subsurface flow CWs use gravel or sand beds with
intermittent batch feeding; “fill-and-drain® operations
improve contact between wastewater and microbes,
increasing purification efficiency.! Vertical subsurface
flow CWs are widely applied for domestic, dairy, landfill
leachate, and food processing wastewater, requiring less
space than horizontal systems. Variants include vertical
upflow and downflow configurations.'»"® While effective,
vertical systems face challenges such as clogging under
high wastewater loads.

3. Wetland ecosystems as carbon sinks and
sources

Wetlands serve as major hotspots for C sequestration.
Water saturation creates anoxic conditions that slow
decomposition and lead to the accumulation of total
soil C. However, alterations in evapotranspiration and
precipitation patterns can significantly influence C cycling
in CWs."* C sequestration is further mediated by vegetation
through photosynthesis, in which atmospheric carbon
dioxide (CO,) is converted into glucose and subsequently
transformed into complex compounds such as cellulose
and lignin, which are deposited in plant tissues. Thus, it is
essential to understand the potential of C sequestration in
CWs while simultaneously addressing C emissions.*

Some studies report that wetlands acquire 200 times
more C in soils than in vegetation. C can accumulate
rapidly as organic matter, while anoxic conditions
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slow decomposition, increasing C residence time and
reducing C losses through mineralization. The potential
of C sequestration through wetland restoration has been
estimated at approximately 0.4 ton C/ha/year over a
50-year period, based on direct system measurements.?
CH, emissions in CWs occur through three primary
pathways: Molecular diffusion, ebullition, and plant-
mediated transport through aerenchyma. Among
these, plant-mediated release is the dominant process,
accounting for approximately 70% of total CH,
emissions. Ebullition contributes nearly three times
more flux than diffusion. Plant transport occurs
either by diffusion or by faster convective processes,
which deliver O, to the roots while venting microbial
byproducts to the atmosphere.'® Figure 1 provides an
overview of C sequestration in CWs.

During CH, transport in CWs, oxidation can
occur through either anaerobic or aerobic pathways,
influencing overall fluxes. Aerobic oxidation, carried out
by methanotrophic bacteria, converts CH, into CO, at
zones where CH, and O, overlap, including the water-
air interface, substrate-air interface, rhizosphere, and
internal plant tissues,"” depending on O, availability."® This
process is regarded as the principal CH, sink in wetland
systems and is capable of oxidizing more than 50% of CH,
production in CWs."

Anaerobic oxidation of methane (AOM) refers
to the microbial oxidation of CH, in the absence of
oxygen, utilizing alternative electron acceptors such
as sulfate (sulfate-reduction-dependent AOM), metal
oxides like Fe** and Mn*, and nitrite or nitrate (nitrite-
dependent AOM), as well as through direct interspecies

C fixaj
on
\_/ throygy, Phota, .
Nthegjg

Atmosphere

Water level

electron transfer.**?' Although often overlooked, AOM
is increasingly recognized as an important CH, sink. For
instance, Guerrero-Cruz et al.! demonstrated that AOM
reduced CH, emissions by more than 50% in freshwater
wetlands. It is also estimated that wetlands are significant
C sinks, sequestering around 830 Tg C/year.

Since CWs have been shown to sequester more C than
natural wetlands, it is essential for researchers to investigate
the factors influencing C storage in these systems,
particularly those that can reduce CH, emissions. Ma et al.**
demonstrated that CWs act as both C sources and sinks,
thereby contributing to the global warming potential. For
example, in most intact wetlands (about 67%) where CH,
fluxes remain low, the initial surge of CH, released during
wetland establishment is offset over time by continuous
CO, uptake, resulting in a net CO,-equivalent C sink. By
contrast, intact wetlands with high CH, fluxes act as net
C sources, although their cumulative source strength
increases only modestly over a 500-year timescale.

Similarly, CH, emissions at the Lankheet CW varied
with temperature and vegetation density, averaging
7.8 mg/m*/h at 15°C and increasing to 24.5 mg/m*h at
24°C. When expressed as CO, equivalents, the wetland still
functions as a net CO, sink under current conditions, with
an annual sequestration rate of 0.27-2.4 kg/m?*/year. This
represents 12-67% of the C fixed in plant biomass.”

To ensure maximum societal, environmental, and
economic benefits, comprehensive management plans
tailored to different CW types and functions should be
developed, accounting for both their ecological services
and cost-saving potential.
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Figure 1. Overview of carbon (C) sequestration in constructed wetlands. Image created by authors using Microsoft powerpoint (version 2019).

Volume 3 Issue 1 (2026)

doi: 10.36922/EER025480082


https://dx.doi.org/10.36922/EER025480082

Explora: Environment
and Resource

Wetlands for climate and wastewater solutions

4. Dynamics of CWs in wastewater
treatment

CWs have emerged as a versatile, nature-based technology
for wastewater treatment. Recent advances include hybrid
configurations for enhanced N removal, targeted removal
of specific contaminants, reactive media for phosphorus
retention, characterization of microbial communities,
and hydraulic modeling.** Growing demand for NH,*-N
removal has accelerated the adoption of hybrid CWs,
which demonstrate superior performance compared to
single-unit systems. CWs have been applied not only to
municipal sewage but also to industrial effluents from
tanneries, wineries, composting facilities, and aquaculture.
Researchers have highlighted the effectiveness of
CWs in removing emerging pollutants, such as linear
alkylbenzenesulfonates and pharmaceutical or personal
care products, underscoring them as a sustainable, nature-
based solution for diverse wastewater streams.’

For instance, Li et al.*® reported that phytoremediation
in CWs is regarded as an effective secondary wastewater
treatment approach for pharmaceutical contaminants,
particularly within decentralized systems. Their study
examined rhizosphere dynamics and the associated
microbial communities, demonstrating that the removal
of pharmaceutical compounds such as ibuprofen occurs
through the co-metabolism of root exudates, including
lipids, fatty acids, amino acids, and organic acids.
Furthermore, they established a positive correlation
between rhizosphere microbial activity and COD,
indicating that COD serves as a C source that supports
microbial nutrition and enhances pollutant degradation.

Microbes, including cyanobacteria, algae, and
heterotrophic microorganisms, are collectively referred to
as periphyton and are located on the submerged surfaces
of aquatic plants. They can account for the removal of up
to approximately 90% of contaminants from wastewater; in
turn, aquatic vegetation provides nutrients to the microbial
community.”” In addition, the selection of suitable bed
material supports vegetation growth and biofilm formation,
playing a crucial role in wastewater treatment.'”

Zhang et al* reported that CWs provide C
sequestration and wastewater treatment simultaneously.
For example, a system planted with Trema orientalis
achieved high pollutant removal efficiencies, reducing
NH,*-N by 89.07%, COD by 79.32%, total phosphorus
by 66.33%, and total N by 98.31%. At the same time, C
fixation was enhanced, with a sequestration capacity
of 1,806.94 g C/m*/year. GHG fluxes included CH, at
2.37 mg/m¥/h (14.35%), CO, at 362.69 mg/m*/h (81.36%
of global warming potential), and N,O at 0.07 mg/m?/h

(4.29%). These findings highlight that nutrient removal
from wastewater directly fuels plant growth and microbial
activity, thereby enhancing C storage while simultaneously
influencing net GHG emissions. This demonstrates that
wastewater purification and C cycling are tightly coupled,
with hydrophytes driving both pollutant removal and C
sequestration.

Furthermore, CWs have been widely explored to
decontaminate nitrogenous substances through processes
such as denitrification, anaerobic ammonia oxidation
(anammox), and dissimilatory nitrate reduction to
ammonium (DNRA). The efficient removal of N is
mediated by rhizospheric microbes, including anaerobic,
aerobic, and anoxic bacteria.”’ Nitrification occurs near
the rhizosphere due to radial oxygen loss mediated by
root activities, while denitrification is facilitated in the
non-rhizosphere zone under anaerobic conditions. Recent
evidence suggests that DNRA and anammox processes are
hindered in the rhizosphere. This inhibition is linked to the
presence of humic acid-like substances in root exudates
and the accumulation of hydroxylamine during ammonia
oxidation, which interferes with anammox activity and the
expression of key functional genes.

In addition, the disruption of the symbiotic relationship
between anammox and DNRA microorganisms further
contributes to reduced N cycling efficiency in the
rhizosphere.”” Moreover, wastewater management through
CWs facilitates nutrient recovery, promotes the reuse of
treated effluent, and enables the extraction of valuable
byproducts; it is also economically sustainable compared
to conventional treatment infrastructure, thereby
advancing the principles of the circular bioeconomy and
supporting urban irrigation** (Figure 2). The key findings
are summarized in Table 1, which presents selected studies
demonstrating the role of CWs in wastewater treatment
and C sequestration.

5. Challenges and future scope

Advanced CWs are widely recognized as reliable
technologies for treating a broad range of wastewater types.
However, limitations remain, particularly the relatively low
efficiency of phosphorus removal, which mustbe considered
when selecting treatment technologies. Earlier concerns
regarding their safety and dependability have largely been
dispelled. In addition, studies have demonstrated that CW's
perform efficiently even under cold climatic conditions,
and their relatively modest land requirements make them
suitable for use in densely populated countries such as
Denmark and the Netherlands.”® CWs are also increasingly
harnessed for their ability to mitigate non-point source
pollution from agricultural runoff and livestock effluents,
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Figure 2. Representation of wastewater treatment through constructed wetlands. Image created by the authors by Microsoft power point (version 2019).

Table 1. Key findings on constructed wetlands for wastewater treatment and carbon sequestration

Key finding (s)

References

Restored inundated wetlands function as potential carbon sinks; however, their sequestration efficiency is influenced by restoration 28
design, operational practices, and vegetation cover, with implications for climate change mitigation.

Coastal wetlands have a strong potential for carbon sequestration, but their efficiency is influenced by climate change, nitrogen inputs, 29

vegetation management, and conservation practices.

The Zoige alpine wetland functions as a carbon sink; however, degradation alters environmental factors, reducing its sequestration 30

efficiency.

Wetlands in West Bengal act as stronger carbon sinks than upland sites, storing 48.53-143.17 Mg C/ha in soils, with sequestration 31
potential varying by wetland type and positively correlated with macrophyte coverage.

Montane fen wetlands in Korea act as significant carbon sinks (58.29-125.31 g C/m?/y; 14.13-138.00 t C), with sequestration strongly 32
influenced by dominant plant species (notably Sphagnum palustre) and reduced by disturbance, underscoring the importance of

vegetation composition and conservation in wetland restoration.

In the Hangzhou Bay coastal wetlands, long-term reclamation (>1,000 years) increases surface soil carbon storage, with agricultural soils 33
exhibiting the highest organic carbon content due to fertilization. However, SOC declines with depth, highlighting the importance of
careful land management during early reclamation stages to minimize carbon loss.

CWs vegetated with Pistia stratiotes achieved significant pollutant removal (BOD=82%, total dissolved solids=83%, COD=81%, 34
chloride=80%, sulfate=77%, TSS=82%, oil and grease=74%, and NH,=84%), improved pH by 11.9%, and enhanced color and odor, with
optimum treatment at 30 day hydraulic retention time. The effluent met national standards for irrigation use, and the system proved

economical with minimal maintenance.

A pilot-scale CW-microbial fuel cell system using Typha angustifolia achieved high COD removal (97.56% in fedbatch; 82.8% in 35

continuous mode) and enhanced bioelectricity generation (up to 58.55 mW/m?

,229.6-283.3 mA/m?) through auxiliary terracotta-based

separator—electrode assemblies, demonstrating improved energetics and wastewater treatment efficiency.

Long-term monitoring of nature-based solutions in Italy showed that CWs and lagoon systems can improve reclaimed water quality 36
for agricultural reuse, with CWs more effective at nitrogen removal (3.4 mg/L) and phosphorus removal (0.4 mg/L). However, further
reductions in Escherichia coli (~100 CFU/100 mL), BOD (<25 mg/L), and TSS (up to 40 mg/L in the lagoon system) are needed to meet

EU 2020/741 class A standards.

The novel biological-CW-microalgal wastewater process (sequencing batch reactor+CW+microalgal photobioreactor) achieved high 37
PAH removal (90.58-97.50%), with adsorption dominating the removal of high-molecular-weight PAHs and microbial degradation

increasing for lower-molecular-weight PAHs. Although toxic substituted PAHs

removed 75.37-88.52% PAHs and 99.56-100% substituted PAHs via cytochrome P

formed during degradation, the microalgal unit
activity, reducing bacterial toxicity by 90.93%

450

and genotoxicity by 93.08%. This highlights the critical role of microalgae in water security and the need to address the ecotoxicity of

degradation byproducts.

Abbreviations: BOD: Biochemical oxygen demand; CFU: Colony-forming unit;

COD: Chemical oxygen demand; CW: Constructed wetland;

PAH: Polycyclic aromatic hydrocarbon; SOC: Soil organic carbon; TSS: Total soluble solid.

even under challenging conditions such as high altitudes.
However, they still encounter significant challenges
related to variable pollutant loads, climatic fluctuations,
and long-term operational stability, highlighting the need

for future designs that optimize treatment performance
while ensuring environmental sustainability. In addition,
tailored management strategies for different types and
functions of CWs should be formulated to maximize their
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societal, environmental, and economic benefits, while
accounting for the ecological services and cost savings they
can provide.

6. Conclusion

CWs are engineered systems that can achieve relatively low
net C emissions while enhancing C sequestration, thereby
reducing the C footprint and mitigating GHG emissions.
In addition, they improve water quality by removing
contaminants such as pharmaceuticals, antiseptics, and
organic matter. Future designs must address current
challenges, particularly phosphorus removal efficiency,
resilience to climate change, and long-term operational
stability. Optimizing hydrophyte selection and microbial
communities will be critical to simultaneously enhance
pollutant removal and C sequestration while minimizing
CH, emissions. By integrating these approaches, CWs can
provide resilient ecosystem services, improve water security,
and safeguard communities when their deployment is
supported by policies that tackle global climate change.
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Abstract

The development of efficient and chemically stable photocatalysts with improved
charge separation is critical for the remediation of dye-contaminated wastewater.
In this study, graphene oxide-magnesium oxide (GO/MgO) nanocomposites with
ultralow GO loadings (0-0.05 wt.%) were synthesized through a co-precipitation
route and evaluated for ultraviolet (UV)-driven methylene blue (MB) degradation.
X-ray diffraction (XRD) results were consistent with the retention of the cubic MgO
phase (JCPDS 45-0946) with crystallite refinement from 20.26 to 13.26 nm, while
the slight peak-position variations were more consistent with interfacial strain
than definitive lattice substitution. UV-visible diffuse reflectance spectra revealed
a red shift and bandgap reduction from 5.11 to 4.71 eV. Fourier transform infrared
(FTIR) and Raman spectra showed GO-related functional signatures and a decrease
in the / /I ratio (0.886 — 0.830), suggesting strengthened interfacial interactions
with increasing GO loading. The optimized 0.05 wt.% GO/MgO sample achieved
91.6% MB degradation within 180 min and exhibited a 5.24-fold enhancement
in the apparent pseudo-first-order rate constant (k = 0.00290 min™') relative to
pristine MgO (0.01518 min™'). Photocatalytic efficiency was maximized at pH 7-9
with a catalyst dosage of 0.75 g L™', and post-reaction XRD/FTIR analysis indicated
good structural stability. The enhancement is attributed to crystallite refinement
and GO-MgO interfacial charge-transfer pathways inferred from consistent
structural/optical-kinetic correlations.

Keywords: Graphene oxide; Magnesium oxide; Nanocomposites; Photocatalysis; Charge
separation; Dye degradation

1. Introduction

The escalating discharge of synthetic organic dyes from textile, pharmaceutical, and
food processing industries poses severe environmental and health hazards due to their
recalcitrant nature and toxic degradation products.”? Methylene blue (MB), a cationic
thiazine dye extensively used in textile manufacturing, exhibits high stability and
persistence in aquatic ecosystems, necessitating the development of efficient remediation
strategies. Among various treatment technologies, heterogeneous photocatalysis has
emerged as a promising approach for mineralizing organic pollutants into harmless
products, such as CO, and H,O, under ambient conditions.’
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Metal oxide semiconductors, particularly TiO, and
ZnO, have dominated photocatalysis research over the
past decades. Recently, magnesium oxide (MgO) has
garnered considerable attention due to its exceptional
chemical stability, low toxicity, abundance on Earth,
and unique surface basicity. The wide band gap of MgO
(~5.0-5.5 eV) primarily limits its photocatalytic activity
to the Ultraviolet (UV) region, while rapid electron-hole
(e7/h*) recombination further diminishes the quantum
efficiency. Therefore, strategic band gap engineering and
improved charge-carrier utilization are imperative to
unlock the full potential of MgO-based photocatalysts.**

Graphene oxide (GO), a two-dimensional carbon
nanomaterial  decorated with  oxygen-containing
functional groups (hydroxyl, epoxy, carbonyl, and
carboxyl), has emerged as an efficient interfacial
modifier for semiconductor photocatalysts due to its
conjugated m-electron system and electron-acceptor
characteristics.® The integration of GO with metal oxide
semiconductors can enhance photocatalytic performance
primarily by facilitating interfacial charge transfer and
improving pollutant-catalyst contact, while also enabling
modest tuning of optical absorption depending on
the oxide system. Recent studies on GO-based binary
composites with TiO,, ZnO, and SnO, have reported
substantial enhancements in photocatalytic activity.
However, GO/MgO nanocomposites remain relatively
underexplored despite their promising theoretical
framework.”* Ikram et al’ reported that GO-doped
MgO nanostructures achieve rapid degradation of MB
and ciprofloxacin under acidic conditions, demonstrating
the potential of this system. Similarly, composite
systems incorporating reduced GO with MgO have
shown improved photocatalytic activity. Nevertheless,
systematic investigations correlating GO content with
structural, optical, and photocatalytic properties, coupled
with mechanistic insights into interfacial charge-transfer
behavior and optimization of operational parameters,
remain limited.'>2

In this work, we present a comprehensive study on the
synthesis, characterization, and photocatalytic evaluation
of GO/MgO nanocomposites with systematically varied GO
content (0, 0.01, 0.03, and 0.05 wt.%). We employed a facile
co-precipitation method followed by thermal treatment to
promote GO-MgO interfacial coupling. The structural,
optical, and chemical properties were investigated using
X-ray diffraction (XRD), UV-visible diffuse reflectance
spectra (UV-vis DRS), Fourier transform infrared (FTIR),
and Raman spectroscopy. The photocatalytic performance
was evaluated through MB degradation under UV

irradiation, with detailed kinetic analysis and parametric
optimization (pH and catalyst dosage). Furthermore, post-
reaction characterization was conducted to assess catalyst
stability and reusability potential. Our results demonstrate
that ultralow GO loading induces bandgap tuning and
improved photocatalytic kinetics, suggesting improved
charge-carrier utilization through interfacial electron
transfer in the GO/MgO system.

2. Materials and methods
2.1. Materials

Magnesium nitrate hexahydrate (Mg(NO,),-6H,0, >99%),
sodium hydroxide (NaOH, >98%), and MB (C, H CIN.S,
>95%) were procured from Sigma-Aldrich (United States
[US]). GO aqueous dispersion (4 mg/mL, single-layer
content >95%) was purchased from Graphenea (Spain).
All chemicals were used as received without further
purification. Deionized water (resistivity 18.2 MQ-cm) was
used throughout all experiments.

2.2. Synthesis of GO/MgO nanocomposites

GO/MgO nanocomposites were synthesized through
a co-precipitation method adapted from the literature
with modifications." Briefly, appropriate volumes of GO
dispersion were diluted in 50 mL of deionized water under
vigorous stirring to achieve final GO concentrations of 0,
0.01, 0.03, and 0.05 wt.% relative to MgO. Subsequently,
0.1 M Mg(NO,),-6H,O solution (100 mL) was added
dropwise to the GO suspension under continuous stirring
at 60°C. The pH was maintained at 11-12 by dropwise
addition of 2 M NaOH solution to ensure complete
precipitation of Mg(OH),. The resulting suspension was
aged for 2 h at 60°C with constant stirring, then cooled to
room temperature and aged overnight. The precipitate was
collected by centrifugation (8,000 rpm, 10 min; [Hettich
EBA 20 centrifuge, Andreas Hettich GmbH, Germany]),
washed thoroughly with deionized water and ethanol to
remove residual ions, and dried at 80°C for 12 h. Finally,
the dried powder was calcined at 550°C for 3 h in an air
atmosphere (heating rate: 5°C/min) to obtain GO/MgO
nanocomposites. The samples were designated as pure
MgO, 0.01-GO/MgO, 0.03-GO/MgO, and 0.05-GO/MgO
based on their GO content.

2.3. Characterization techniques

XRD patterns were recorded using a Bruker D8 Advance
diffractometer (Germany) with Cu Ko radiation
(A = 1.54056 A) operating at 40 kV and 40 mA. Diffraction
data were collected over the range of 10-90° with a step
size of 0.02° and a scan rate of 2°/min. The crystallite size
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(D) was calculated from the most intense (200) reflection

using the Scherrer equation:

p=_KX* (1)
PcosO

where K is the shape factor (0.9), 4 is the X-ray
wavelength, £ is the full width at half maximum (FWHM)
in radians, and 0 is the Bragg diffraction angle. The
interplanar spacing (d) was obtained using Bragg’s law:

A

_ 2)
2sin6

The lattice parameter (a) of cubic MgO was then
determined using:

a=dJh* +K* +1° (3)

Microstrain () was estimated using:

e=t (4)
4tan0

and dislocation density (J) was calculated as:

6= o (5)

UV-visible diffuse reflectance spectra were obtained
using a Shimadzu UV-2600 spectrophotometer (Japan)
over the wavelength range of 200-800 nm with BaSO,
as a reference standard. The optical band gap (E) was
determined using Tauc plots for direct transitions
according to:

(ahv)? = A(hv—Eg) (6)

where «a is the absorption coefficient, hv is the photon
energy, and A is a constant. The band gap was estimated by
extrapolating the linear region of (ahv)® versus plots to the
energy axis.

FTIR spectra were recorded on a PerkinElmer Spectrum
Two spectrometer (US) in the range of 400-4,000 cm™
using the KBr pellet method (sample: KBr = 1:100). Each
spectrum was acquired with 32 scans at 4 cm™" resolution.
Raman spectroscopy was performed using a LabRAM
HR Evolution spectrometer (Japan) with 532 nm laser
excitation (power: 5 mW) to minimize sample heating.
Spectra were recorded in the range of 100-3,200 cm™ with
an acquisition time of 30 s and three accumulations.

2.4, Photocatalytic activity evaluation

Photocatalytic degradation experiments were conducted
using MB as a model pollutant under UV irradiation. In a
typical experiment, 50 mg of photocatalyst was dispersed in

100 mL of MB aqueous solution (15 mg/L) in a cylindrical
quartz reactor. Before irradiation, the suspension was
magnetically stirred in the dark for 30 min to establish
adsorption-desorption equilibrium. The reactor was
then exposed to UV light (4 = 365 nm, 36 W mercury
lamp positioned 10 cm above the solution surface) under
continuous stirring. At predetermined time intervals (0, 15,
30, 45, 60, 90, 120, 150, and 180 min), 3 mL aliquots were
withdrawn, centrifuged (10,000 rpm, 5 min) to remove
catalyst particles, and analyzed using UV-Vis spectroscopy
(Shimadzu UV-1800) at 2 = 664 nm. The degradation
efficiency was calculated using the following equation:

c,-C

Degradation (%) = £ x100 ?7)

0

Where C, is the initial concentration and C, is the
concentration at time t after adsorption equilibrium. All
experiments were performed in triplicate, and average
values with standard deviations are reported. For kinetic
analysis, the pseudo-first-order model was applied using:

C
oy (8)
ln(C )=kt

t

where k is the apparent rate constant (min™') and ¢ is the
irradiation time (min).

2.5. Effect of operational parameters

The influence of solution pH (3, 5,7, 9, and 11) and catalyst
dosage (0.2, 0.3, 0.5, 0.75, and 1.0 g/L) on photocatalytic
performance was systematically investigated using the
optimal 0.05-GO/MgO catalyst. pH adjustments were
made using 0.1 M HCI or NaOH solutions before catalyst
addition. All other experimental conditions remained
constant as described above.

2.6. Catalyst stability assessment

To evaluate the structural and chemical stability, the 0.05-
GO/MgO catalyst was recovered after the photocatalytic
reaction (180 min), thoroughly washed with deionized
water and ethanol, dried at 80°C overnight, and then
subjected to XRD and FTIR analysis. The pre- and post-
reaction characterization data were compared to assess
any structural or compositional changes that may have
occurred during the reaction.

3. Results and discussion
3.1. Structural analysis
3.1.1. XRD

Figure 1 presents the XRD patterns of pure MgO and
GO/MgO nanocomposites. All samples exhibited
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characteristic diffraction peaks at 20 = 37.0°, 43.0°, 62.5°, the observed variation is more reasonably attributed to
74.7°, and 78.8°, corresponding to the (111), (200), (220), interfacial strain and microstructural effects associated

(311),and (222) crystallographicplanes of cubic MgO (space with GO-MgO coupling, along with crystallite-size-related
group: Fm3m , JCPDS card no. 45-0946). The absence of broadening. Concurrently, progressive peak broadening
secondary phases confirms successful incorporation of GO was evident, suggesting crystallite size reduction.

into the MgO matrix without compromising phase purity.
Notably, the characteristic GO (001) peak expected at 20 =
10-11° appeared as a weak, broad feature in GO-containing
samples, becoming more pronounced with increasing GO
content, consistent with literature reports.'***

Quantitative structural parameters extracted from
XRD data are summarized in Table 1. The crystallite size,
calculated using the Scherrer equation (Equation [1])
from the (200) reflection, decreased systematically from
20.26 nm for pure MgO to 13.26 nm for 0.05-GO/MgO. This

A slight shift of the (200) peak to lower 28 values was reduction is attributed to GO sheets acting as nucleation
observed with increasing GO content (43.30° for pure sites and physical barriers that restrict the growth of MgO
MgO-42.94° for 0.05-GO/MgO). However, this shift was crystals during the synthesis process. The lattice parameter
modest and did not provide conclusive evidence for carbon increased marginally from 4.204 A (pure MgO) to 4.209 A
entering the MgO lattice. Considering the small magnitude (0.05-GO/MgO), corroborating the peak shift observations.
of this change and the lack of a clearly systematic shift of Microstrain values increased from 1.711 x 107 (pure

comparable scale across other major MgO reflections, MgO) to 2.613 x 107* (0.05-GO/MgO), while dislocation

(111) (200) (220) (311) (222)
Peak becomes more

discernible with GO loading (.05 wt.% GO/MgO

Minor loading-dependent
change in peak profile

500 1

GO (001) not resolved
at ultralow loadings

0.03 wt.% GO/MgO
400

0.01 wt.% GO/MgO
300 A

Intensity (a.u.)

Pure MgO

200 1

10 20 30 40 60 70 80

SIO
20 (°)
Figure 1. X-ray diffraction patterns of pure magnesium oxide (MgO) and graphene oxide (GO)/MgO nanocomposites with ultralow GO loadings (0.01,
0.03, and 0.05 wt.%). All samples exhibit the characteristic reflections of cubic MgO, confirming phase retention across the series. The respective patterns
are labeled according to GO loading to highlight the loading-dependent evolution of diffraction profiles. Any GO-related reflection is weak or not clearly

resolved at these ultralow contents, consistent with composite formation dominated by interfacial coupling rather than the emergence of additional
crystalline phases.

Table 1. Structural parameters of GO/MgO nanocomposites derived from X-ray diffraction analysis

Sample 20 (200) FWHM d-sp?cing Crystallite size Lattice ) Microstrain Dislocation

©) ©) (A) (nm) parameter (A) (x1073) density (x 10" m)
Pure MgO 43.30 0.421 2.102 20.26 4.204 1.711 2.437
0.01-GO/MgO 43.30 0.480 2.102 17.79 4.204 1.948 3.159
0.03-GO/MgO 43.25 0.501 2.104 17.03 4.208 2.036 3.450
0.05-GO/MgO 42.94 0.644 2.105 13.26 4.209 2.613 5.684

Abbreviation: FWHM: Full width at half maximum; GO/MgO: Graphene oxide-magnesium oxide.
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density rose from 2.437 x 10* m™ to 5.684 x 10" m7,
indicating enhanced lattice distortions and defect density
with GO incorporation. These structural defects can
potentially serve as charge-trapping sites, influencing the
photocatalytic performance.

3.1.2. UV-visible diffuse reflectance spectroscopy

Figure 2A displays the UV-vis DRS absorption spectra
of all samples. Pure MgO exhibited a sharp absorption
edge at ~243 nm, characteristic of its wide band gap.
GO incorporation induced a systematic red shift of the
absorption edge and enhanced visible light absorption,
particularly evident in the 0.05-GO/MgO sample. This
extended absorption can be attributed to: (i) charge transfer
transitions between MgO and GO, (ii) introduction of
defect states within the band gap, and (iii) light scattering
effects from the GO-MgO heterojunction.'

Band gap energies determined from Tauc plots
(Figure 2B) are presented in Table 2. Pure MgO exhibited
a band gap of 5.11 eV, consistent with literature values.
Progressive GO loading resulted in substantial band gap
narrowing: 5.01 eV (0.01-GO/MgO), 4.76 eV (0.03-GO/
MgO), and 4.71 eV (0.05-GO/MgO)—a total reduction
of 0.40 eV (7.8%). This narrowing is attributed to the
formation of intermediate energy states arising from GO’s
oxygen-containing functional groups and the m-conjugated
carbon network, both of which create electronic coupling
with MgO. The red shift of 20.46 nm for 0.05-GO/MgO
corresponds to improved visible light harvesting capacity,
potentially enhancing photocatalytic activity under solar
irradiation."”

3.2. Chemical bonding and surface analysis
3.2.1. FTIR spectroscopy

The FTIR spectra (Figure 3) provided crucial insights into
the chemical structure and bonding environment of GO/
MgO nanocomposites. All samples displayed characteristic
Mg-O stretching vibrations at 443 cm™ and 594 cm™,
confirming the formation of MgO. Surface hydroxyl
groups were evident from the sharp peak at 3,699 cm™
and the broad band centered at 3,340 cm™, attributed
to Mg-OH stretching and adsorbed water molecules,
respectively. The intensity of these peaks decreased with
increasing GO content, suggesting that GO sheets wrap
around MgO nanoparticles, thereby reducing the exposed
MgO surface area, which is consistent with XRD crystallite
size observations.'®"

GO-specific functional groups emerged
progressively with increasing GO content. The peaks
at 1,727 cm™ (C=O stretching of carbonyl/carboxyl
groups), 1,623 cm™ (C=C stretching of aromatic sp?

carbon), 1,398 cm™ (C-OH deformation), 1,132 cm™!
(C-O stretching of epoxy groups), and the band near
964 cm™ (C-O-C-related vibrations) indicate the
retention of oxygen-rich functionalities associated with
GO after thermal treatment at 550°C. The appearance
and gradual intensification of the ~964 cm™ feature with
increasing GO loading is consistent with strengthened
interfacial interactions between GO functional groups
and MgO surface sites. However, in the absence of the
FTIR spectrum of pristine GO and without XPS analysis,
this assignment should be regarded as suggestive rather
than definitive evidence of a specific covalent bonding
motif. Such interfacial contact is expected to promote
more efficient electron transfer across the heterojunction
interface, contributing to the enhanced photocatalytic
performance.” Carbonate-related peaks at 1,450 cm™
(C-O asymmetric stretching) and 865 cm™ (O-C-O
bending) were observed in all samples, arising from
atmospheric CO, adsorption on the basic MgO surface.
Interestingly, these peaks diminished with the increase in
GO loading, indicating that GO sheets may partially shield
the MgO surface and reduce carbonate formation.

3.2.2. Raman spectroscopy

Raman spectroscopy was employed to probe the
carbon structure and graphitic quality of GO in the
nanocomposites (Figure 4A). Pure MgO exhibited weak
features at ~275 cm™ and ~447 cm™, corresponding to
MgO transverse optical and longitudinal optical phonon
modes, respectively. These peaks were largely obscured in
GO-containing samples due to the strong Raman scattering
from GO.™

GO-doped samples displayed two prominent bands: The
D band at ~1,338 cm™ (A, g breathing mode of sp* carbon
atoms and structural defects) and the G band at ~1,598
cm™ (E,g phonon of sp, carbon networks). The D-band
intensity increased with the GO content, confirming
GO incorporation. The I /I ratio is a critical parameter
for assessing graphitic disorder and crystalline quality.
As shown in Figure 4B, our results (Table 3) revealed a
decreasing trend: 0.886 (0.01-GO/MgO) > 0.866 (0.03-
GO/MgO) - 0.830 (0.05-GO/MgO). This 6.3% reduction
indicates improved ordering of sp®> carbon domains at
higher GO concentrations, suggesting that GO sheets
self-organize more effectively when present at sufficient
loading, facilitating better m-electron delocalization. This
enhanced electronic structure is favorable for electron
transport and charge separation in photocatalysis.?*?*

The slight upshift of the G band position (1606.5
> 1611.5 cm™) with increasing GO content suggests
compressive strain arising from GO-MgO interfacial
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Figure 2. Optical properties of graphene oxide (GO)-magnesium oxide nanocomposites. (A) Ultraviolet-visible diffuse reflectance spectra showing a red

shift with GO loading. (B) Tauc plots for band gap determination using the direct transition model.

Table 2. Optical properties correlated with X-ray diffraction-derived structural parameters of GO/MgO nanocomposites

Sample GO loading Absorption Red shift Band gap Band gap Crystallite Lattice Microstrain Dislocation density
(wt.%) edge (nm) (nm) (eV) reduction (eV) size (nm) parameter (A) (x 1073) (x 10" m™)

Pure MgO 0 243 0.00 5.109 0.000 20.26 4.204 1.711 2.437

0.01-GO/MgO 0.01 247 4.69 5.012 0.097 17.79 4.204 1.948 3.159

0.03-GO/MgO 0.03 261 17.90 4.758 0.351 17.03 4.208 2.036 3.450

0.05-GO/MgO 0.05 263 20.46 4.711 0.397 13.26 4.209 2.613 5.684
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Figure 3. Fourier-transform infrared spectra of graphene oxide-magnesium oxide nanocomposites highlighting key functional groups

Table 3. Raman spectroscopy analysis of GO/MgO nanocomposites

Sample D-band position (cm™) G-band position (cm™) I/1, ratio FWHM,, (cm™) FWHM,, (cm™)
0.01-GO/MgO 1,330.4 1,606.5 0.886 77.8 71.2
0.03-GO/MgO 1,343.4 1,608.5 0.866 83.3 71.4
0.05-GO/MgO 1,345.4 1,611.5 0.830 84.1 69.5

Abbreviations: GO/MgO: Graphene oxide-magnesium oxide; FWHM: Full width at half maximum.

interactions, corroborating XRD findings of lattice
expansion and increased microstrain.

The formation of GO/MgO nanocomposites in this study
is inferred from the designed co-precipitation route and the
consistent, loading-dependent convergence of structural,
optical, and vibrational signatures. XRD confirms retention
of the cubic MgO phase with systematic microstructural
evolution on GO loading, while FTIR and Raman spectra
reveal GO-related functional and graphitic features that
evolve progressively with composition. The accompanying
red shift and bandgap reduction, together with the
monotonic enhancement in the apparent rate constant across
the GO series, further support the presence of an interfacially
coupled GO-MgO system rather than a simple physical
mixture. In the absence of direct morphological imaging,
these multi-technique correlations provide coherent evidence
for composite formation dominated by interfacial coupling.

3.3. Photocatalytic performance

3.3.1. MB degradation kinetics

The photocatalytic activity of GO/MgO nanocomposites
was evaluated through MB degradation under UV

irradiation. Figure 5A presents the temporal evolution of
relative MB concentration (C/C ) for all samples. Pure MgO
achieved only 44.3% degradation after 180 min, reflecting
its wide band gap and high charge recombination rate.
GO incorporation dramatically enhanced photocatalytic
performance: 61.8% (0.01-GO/MgO), 82.5% (0.03-
GO/MgO), and 91.6% (0.05-GO/MgO). The 0.05-GO/
MgO catalyst demonstrated a 2.07-fold improvement in
degradation efficiency compared to pure MgO.

Kinetic analysis (Figure 5B) revealed excellent
adherence to pseudo-first-order kinetics (R* > 0.98), as
evidenced by the linear relationship between In (C /C ) and
irradiation time. The apparent rate constants (k) increased
systematically with GO content (Table 4): 0.00290 min™!
(pure  MgO), 0.00527 min" (0.01-GO/MgO),
0.00910 min™ (0.03-GO/MgO), and 0.01518 min™" (0.05-
GO/MgO). The 0.05-GO/MgO catalyst exhibited a
remarkable 5.24-fold enhancement in rate constant relative
to pure MgO, corresponding to a half-life reduction from
239.1 min to 45.7 min.

These results surpass several recent reports on metal
oxide-graphene composites. For example, GO/ZnO
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Figure 4. Raman spectroscopic analysis of graphene oxide (GO)/magnesium oxide nanocomposites. (A) Raman spectra showing D and G bands for
GO-containing samples. (B) Variation of the I /I ratio as a function of GO content, demonstrating improved sp* ordering.

Table 4. Kinetic parameters for methylene blue photodegradation

Sample Rate constant k (min!) Half-life t , (min) Degradation at 180 min (%) R? Enhancement factor
Pure MgO 0.00290 239.1 443 0.9909 1.00
0.01-GO/MgO 0.00527 131.6 61.8 0.9951 1.82
0.03-GO/MgO 0.00910 76.2 82.5 0.9874 3.14
0.05-GO/MgO 0.01518 45.7 91.6 0.9845 5.24

Abbreviation: GO/MgO: Graphene oxide-magnesium oxide.
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Figure 5. Photocatalytic degradation kinetics of methylene blue over graphene oxide-magnesium oxide nanocomposites. (A) Degradation curves
(C/C, vs. time) for methylene blue photocatalysis. (B) Pseudo-first-order kinetic plots, In(Co/C ) versus irradiation time, with linear fits and corresponding

rate constants.

nanocomposites achieved 3.2-fold enhancement in
rhodamine B degradation, while GO/TiO, showed 4.1-
fold improvement in methyl orange removal.”*® Our
5.24-fold enhancement in the apparent rate constant

positions GO/MgO among the most effective graphene-
metal oxide photocatalysts reported to date. The
superior performance can be attributed to the synergistic
combination of: (i) narrowed band gap enabling enhanced
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photon absorption (Figure 2), (ii) reduced crystallite size
potentially increasing the density of accessible reactive
sites (Table 1), (iii) efficient electron scavenging by GO
sheets minimizing recombination, and (iv) intimate
interfacial contact/interactions facilitating rapid charge
transfer (suggested by FTIR features including the band
near 964 cm™).

3.3.2. Effect of solution pH

Solution pH has a critical influence on photocatalytic
processes through multiple mechanisms: catalyst surface
charge, pollutant speciation,and reactive species generation.
Figure 6 illustrates the pH dependence of MB degradation
over 0.05-GO/MgO. Optimal performance was observed
in the pH range of 7-9, achieving 94.9-95.8% degradation
with rate constants of 0.01669-0.01965 min™'. Degradation
efficiency decreased at both acidic (pH 3: 83.4%) and
strongly alkaline (pH 11: 91.2%) conditions.

The pH-dependent behavior can be rationalized as
follows. At acidic pH, the MgO surface becomes protonated
(Mg-OH,"), generating electrostatic repulsion with
cationic MB molecules (pK_ = 3.8), hindering adsorption.
In addition, reduced hydroxyl radical (-OH) generation
occurs due to lower OH™ availability. At neutral-to-
slightly alkaline pH (7-9), the surface carries a moderate
negative charge (Mg-0O), facilitating MB adsorption
while maintaining efficient -OH production. At a strongly
alkaline pH (=11), excessive OH™ ions compete for active
sites and may deactivate photogenerated holes through
direct reaction, diminishing oxidative potential. Our results
align with reports on MgO-based photocatalysts, where
near-neutral pH typically yields optimal performance.”**

3.3.3. Effect of catalyst dosage

Catalyst dosage optimization balances active site
availability with light penetration (Figure 7). Degradation
efficiency increased progressively with catalyst dosage:
47.1% (0.2 g/L), 61.9% (0.3 g/L), 79.4% (0.5 g/L), reaching
amaximum at 0.75 g/L (94.4%). Further increase to 1.0 g/L
caused a slight decline to 92.9%.

The initial enhancement stems from increased
availability of active sites and photon absorption. However,
excessive catalyst loading (>0.75 g/L) increases solution
turbidity, reducing photon penetration depth and
creating light-screening effects that limit photocatalytic
efficiency—a well-documented phenomenon. The optimal
dosage of 0.75 g/L represents a practical compromise
between catalytic activity and economic considerations.*%

3.4. Photocatalytic mechanism

Figure 8 schematically illustrates the proposed charge
transfer mechanism in GO/MgO nanocomposites. Under
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Figure 6. Effect of solution pH on photocatalytic degradation efficiency
and rate constant for 0.05-graphene oxide-magnesium oxide catalyst

100

0.0200

F0.0175
90

[ 0.0150

I
I
I
I
|
g : .
3. 80 1 : IE
1 | 0.0125
8 i g
v I ~
E 1 -
o 70 1 | 0.0100 §
[ I -
L ! 2
) I °
] I v
H] i [ 0.0075 &
‘6 60 1 %
] : [
a H I 0.0050
I Optimal
50151.1% 07N
- ! I 0.0025
1
I
40 T T T T r —L— T T 0.0000
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Catalyst dosage (g/L)

Figure 7. Effects of catalyst dosage on methylene blue photodegradation
efficiency and rate constant. Dual-axis plot showing optimization at
0.75 g/L.

UV irradiation (hv > E ), photons are absorbed by MgO,
promoting electrons from the valence band (VB) to the
conduction band (CB), leaving behind holes:

MgO+hv > ez, +hy,

In pure MgO, rapid e/h* recombination limits
photocatalytic efliciency. GO introduction provides
an efficient electron sink due to its work function
(~4.9 eV) being lower than MgO’s CB position (~—2.3 eV
vs. normal hydrogen electrode). Photogenerated electrons
spontaneously transfer from MgO CB to GO sheets, driven
by this energetic gradient:®

— GO

€cp(mg0)
This charge separation is potentially facilitated by
interfacial contact between MgO and GO. The FTIR

evolution of the band near 964 cm™ is consistent with
such interactions, although direct identification of
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Figure 8. Proposed photocatalytic mechanism of the 0.05-GO/MgO nanocomposite for methylene blue (MB) degradation under ultraviolet (UV) irradiation.
The MgO band-edge positions (estimated vs. NHE; E_, = ~1.18 V and E , = +3.54 V) are shown alongside key redox potentials (O,/+O,” = ~0.33 V and
H,0/+OH = +2.38 V) using the measured optical band gap (Eg =4.71eV). Upon UV excitation, electrons are promoted from the VB to the CB, generating e /h*
pairs (MgO +hv > e, +h' ). GO is proposed to act as an electron acceptor, facilitating interfacial charge transfer (e”,, , - €” ) and suppressing charge
recombination. The transferred electrons reduce dissolved oxygen to superoxide radicals (O, + e” > «O,"), while VB holes oxidize surface H,O/OH" to
hydroxyl radicals (H,O/OH™ + h* > «OH). The resulting reactive oxygen species (sO,”/«OH) subsequently oxidize MB to degradation products.

Abbreviations: CB: Conduction band; NHE: Normal hydrogen electrode; VB: Valence band; GO: Graphene oxide; MgO: Magnesium oxide.

specific bonding motifs would require XPS or related the density of accessible reactive sites, (iii) accelerating
surface-sensitive analysis. The trapped electrons on GO interfacial electron transfer, and (iv) likely suppressing
subsequently reduce molecular oxygen to form superoxide charge recombination through interfacial electron transfer
radicals: to GO. This mechanism is consistent with electron

paramagnetic resonance studies on similar GO-metal
oxide systems, which confirmed -OH and -O,~ as primary

Simultaneously, photogenerated holes in MgO VB reactive species.” Although XRD indicates crystallite

GO(e )+0, > GO +0,

oxidize water or hydroxyl ions to generate hydroxyl refinement with GO incorporation, direct visualization
radicals: and quantitative surface area analysis (scanning electron
microscopy [SEM]/transmission electron microscopy

hy, +H,0—>H" +OH [TEM] and Brunauer-Emmett-Teller [BET] method)

were not available in the present study; therefore, claims
related to surface-area-driven active-site enhancement
are stated as potential inferences based on crystallite-size
trends. In addition, direct verification of charge-separation
behavior through photoluminescence (PL), transient
photocurrent, or electrochemical impedance spectroscopy

hi, +OH —OH

These reactive oxygen species (-OH and -O,") are
powerful oxidants that react with MB molecules, cleaving
chromophoric bonds and ultimately mineralizing the dye:

MB + (OH, O,", h*)>Intermediates> CO, + (EIS) was not performed in the present study; therefore,
H,0 + mineral acids the recombination-suppression mechanism is presented
The synergistic enhancements observed in our study, as a supported inference based on kinetic enhancement

narrowed band gap (UV-vis DRS), reduced crystallite and interfacial/optical trends.
size (XRD), interfacial bonding (FTIR), and improved sp?
ordering (Raman spectrometry), collectively contribute to
theexceptional 5.24-foldrateenhancementby: (i) Increasing Long-term  stability is paramount for practical
photon absorption efficiency, (ii) potentially increasing photocatalytic applications. We assessed the structural

3.5. Catalyst stability and reusability
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and chemical integrity of 0.05-GO/MgO after 180 min of
photocatalytic reaction through comparative XRD and
FTIR analysis (Figure 9).

The XRD patterns (Figure 9A) of the post-reaction
catalyst exhibited no new crystalline phases, confirming
the cubic MgO structure remained intact. Peak positions
were unchanged, indicating no phase transformation
or chemical degradation occurred. A marginal FWHM
increase (~8%) was observed for the (200) reflection,

A

suggesting minor surface amorphization attributable
to prolonged UV exposure and interaction with the
aqueous environment, a common phenomenon that is not
detrimental to photocatalytic activity. The crystallite size
decreased slightly to ~12.2 nm (from 13.26 nm), within the
experimental variation. FTIR analysis (Figure 9B) revealed
that characteristic Mg—O vibrations (443 and 594 cm™)
and GO functional groups (1,727, 1,623, 1,132, and
964 cm™') were preserved at >96% intensity, confirming
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Figure 9. Comparative characterization of the optimized 0.05-GO/MgO catalyst before and after photocatalytic reaction. (A) X-ray diffraction patterns
indicate the retention of the cubic MgO phase. (B) Fourier-transform infrared spectra show no significant loss of the main functional-group features. These
results suggest excellent structural and chemical stability of the catalyst under the applied reaction conditions.
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the GO-MgO heterojunction remained stable. A slight
increase (12-15%) in hydroxyl peak intensity (3,699 and
3,340 cm™) was attributed to enhanced water adsorption
during aqueous reaction. Carbonate peaks showed 8-10%
reduction, potentially due to surface cleaning effects
during photocatalytic processes. These results demonstrate
excellent structural and chemical stability of GO/MgO
nanocomposites under operational conditions, suggesting
potential for multiple reuse cycles without significant
performance  degradation. = While  comprehensive
recyclability studies involving multiple degradation cycles
are beyond the current scope, our stability assessment
indicates  promising  reusability = characteristics—a
critical advantage for sustainable wastewater treatment
applications.

4, Conclusion

GO-MgO nanocomposites with ultralow GO loadings
(0-0.05 wt.%) were successfully synthesized through
a co-precipitation route and evaluated for UV-driven
MB degradation. XRD confirmed the retention of the
cubic MgO phase across the series, while crystallite size
decreased progressively from 20.26 nm for pristine MgO
to 13.26 nm for 0.05-GO/MgO, indicating GO-assisted
microstructural refinement. UV-vis DRS revealed a clear
red shift and bandgap reduction from 5.109 eV to 4.711 eV
with increasing GO content, suggesting an improved light-
harvesting capability. FTIR and Raman spectra showed
GO-related functional and graphitic signatures, indicating
interfacial interactions that evolve systematically with
GO loading. Photocatalytic experiments demonstrated a
substantial loading-dependent enhancement in activity,
with the optimized 0.05-GO/MgO sample achieving
91.6% MB degradation within 180 min. Kinetic analysis
confirmed pseudo-first-order behavior, and the apparent
rate constant increased from 0.00290 min™' (pure MgO) to
0.01518 min™" (0.05-GO/MgO), corresponding to a 5.24-
fold enhancement. Performance was maximized at pH 7-9
with a catalyst dosage of 0.75 g/L, and post-reaction
XRD/FTIR analysis indicated excellent structural stability
of the optimized catalyst. Overall, the enhancement is
attributed to the combined effects of crystallite refinement,
bandgap tuning, and GO-MgO interfacial charge-transfer
pathways, as inferred from consistent structural/optical-
kinetic correlations. Direct morphological visualization
and advanced charge-transport measurements (e.g., SEM/
TEM, BET, and PL/EIS) will be pursued in future work to
further refine the mechanistic understanding.
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Abstract

Rapid urbanization in Lagos, Nigeria, has intensified population density and altered
local microclimates, exposing residents to increased risks of heat stress. As one
of Africa’s largest megacities, Lagos faces challenges in balancing urban growth
with environmental sustainability. This study investigates the spatiotemporal
characteristics of heat stress vulnerability and the moderating effects of urban
green spaces (UGSs) across 11 local government areas (LGAs) in Lagos, Nigeria.
Land surface temperature (LST) for 2013, derived from Landsat 8 Operational Land
Imager imagery, was analyzed alongside 2013 population statistics and household
questionnaire data collected from residents nearest to 15 observation sites. Each
LGA was represented as a polygon feature in ArcGlIS. Exposure indicators included
LST, population density, and LST hotspot clusters; sensitivity indicators included
vulnerable age groups (0-4 and 65+ years), low educational attainment, and income
classes; and adaptive-capacity indicators included ownership of air conditioners and
fans, proximity to water bodies, and proximity to grass or green spaces. Results reveal
five population density categories across the metropolis. Yaba exhibits extremely
high density (93,320-339,100 persons/km?), while areas such as Abule-Egba, Mushin,
llupeju, and Shomolu fall within high to moderately high density ranges. LST hotspot
analysis indicates that Amuwo-Odofin, Isolo, Yaba, llupeju, Shomolu, Alagbado, and
Ikotun are statistically significant hotspot locations at the 95-99% confidence level.
Conversely, Oko-Afo, Ajangbadi, City Hall, Marina market, and Abule-Egba were not
classified as hotspots due to inherent adaptive capacities, while Oshodi and Ejigbo
emerged as cold spots. Adaptation measures vary across the metropolis. Ownership
of air conditioners and fans, along with proximity to vegetation and water bodies,
were the dominant strategies for mitigating heat exposure. The study underscores
the critical role of UGSs in reducing heat stress vulnerability and highlights the need
for strategic urban planning interventions to enhance adaptive capacity in Lagos.

Keywords: Heat stress; Urban green space; Population density; Land surface
temperature; Vulnerability; Lagos

1. Introduction

Urban green spaces (UGSs) are declining globally due to rapid urbanization, increasing
population density, and continuous spatial expansion. Lagos, like many large cities,
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has experienced a major reduction in vegetated areas
as built-up areas replace natural land cover. This trend
contributes to higher city temperatures and intensifies
the urban heat island (UHI) effect, a phenomenon widely
documented across different climatic regions.! Rising
temperatures in cities have been directly linked to the loss
of UGSs, which play important roles in regulating local
climates, improving air quality, supporting recreation,
maintaining hydrological balance, reducing pollution,
promoting social interaction, and enhancing the overall
quality of urban life.?

Several foundational studies have established strong
relationships between urban population characteristics
and the development of UHI conditions. Okes® early
work demonstrated that UHI intensity decreases with
higher regional wind speed and increases with city
population size.> Later studies by Jauregui,' Hogan and
Ferrick,” Montavez et al.,* and Smith and Levermore’ also
found that expanding cities with dense built surfaces and
increased human-generated heat tend to exhibit greater
UHI intensities. Debbage and Shepherd® showed that both
compact high-density areas and sprawling urban layouts
can intensify UHI conditions, while Steeneveld et al.’
confirmed strong correlations between population density
and extreme UHI events in European cities.

The combined influence of climate change, rapid urban
growth, and demographic pressure has increased heat
exposure risks in many tropical cities. In Lagos, where
temperatures remain high year-round, residents who
cannotafford cooling technologies, such as air conditioners,
are highly vulnerable to heat stress.'” High temperatures
have direct effects on public health by increasing heat-
related illness and physiological strain. Medical experts
warn that extreme heat in Lagos may worsen the spread
and severity of climate-sensitive diseases, including Lassa
fever, meningitis, and cholera, as well as other infectious
outbreaks.! The World Health Organization also notes that
rapid demographic and environmental changes, together
with climate change, are increasing the frequency and
severity of infectious disease events around the world."

Despite the pressures from urban growth, UGSs remain
essential for improving thermal comfort within cities.
Vegetation cools the environment through shading and
evapotranspiration, reducing the amount of heat absorbed
and re-emitted by built surfaces. Numerous studies have
confirmed that UGSs and blue infrastructure, such as tree
cover, parks, and water bodies, can reduce heat stress and
lower heat-related mortality in cities.” Their importance
is especially clear in fast-growing cities like Lagos, where
built surfaces dominate, and green space scarcity increases
heat accumulation.

Concerns about persistent extreme heat in Lagos
highlight the need to understand how different populations
experience heat risk and how UGSs can reduce that risk. The
vulnerability framework used in this study, encompassing
exposure, sensitivity, and adaptive capacity, provides a
comprehensive approach to assessing how heat impacts
diverse communities." By combining satellite-based land
surface temperature (LST), demographic information, and
data on household adaptation practices, this study explores
the spatial pattern of heat stress vulnerability in Lagos and
emphasizes the value of green infrastructure in building
environmental resilience.

Mitigating the impacts of the urban climate, especially
the UHI effect, requires deliberate planning strategies that
moderate thermal conditions within built environments.
One of the most effective approaches is integrating urban
greening initiatives, including planting trees and other
vegetation, implementing green roofs and cool roofs, and
using reflective paving materials on streets and sidewalks.
These interventions help regulate surface temperature,
reduce heat storage in buildings, and enhance overall
comfort within cities."”

Public parks and private green areas surrounding
residential and commercial buildings significantly
contribute to the quality of urban environments. They
help reduce surface and air temperatures, improve thermal
comfort, and promote various ecological benefits. Studies
have long recognized that even a single tree can contribute
to localize cooling, although the effect is limited to a
small area.'® In contrast, large urban parks can influence
thermal conditions beyond their boundaries and create
cooler microclimates in the surrounding built-up areas.
Vegetation does not always cool the air directly, but it
moderates temperatures by shading surfaces and reducing
the rate of heating.?

A growing body of research emphasizes that natural
elements, such as parks, forests, tree belts, and water bodies,
enhance the livability of cities. These features provide
environmental benefits, including water purification, air
filtration, noise reduction, and local climate stabilization.
They also support social and psychological well-being
by offering spaces for recreation and social interaction.”
However, without strategic design, maintenance, and
management, urban parks may become underutilized or
poorly maintained. Recent studies indicate that the value
of green spaces is contingent on their effective integration
into broader urban sustainability goals, particularly in
rapidly growing cities.'®

In rural landscapes dominated by vegetation, cooling
occurs primarily through shading and evapotranspiration,
which transfers moisture from the surface to the
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atmosphere.”” Urban environments, however, are
dominated by impervious materials, such as asphalt,
concrete, and metal surfaces that absorb large amounts of
heat during the day and release it at night. As cities expand
and vegetation is cleared, reduced surface moisture limits
the capacity for evaporative cooling. This contributes to
higher daytime temperatures and persistent nighttime heat,
intensifying both surface and atmospheric heat islands."

Areas with extensive impervious cover, sometimes
exceeding 75%, experience lower natural cooling than
vegetated areas where impervious surfaces account for
<10%.% To counter this, researchers have proposed several
mitigation measures, including roof ponds, evaporative
cooling systems, water features, and increased vegetation
cover around residential and commercial structures.”
Urban form also plays a crucial role; the orientation
and geometry of buildings influence solar access and
heat retention, making building design an important
consideration in reducing urban heat.*

Vegetation reduces ambient temperatures by shading
surfaces and through evapotranspiration, which converts
incoming solar radiation into latent heat rather than
sensible heat. The cooler surfaces then emit less long-
wave radiation, reducing human exposure to heat.”
The type, density, and spatial arrangement of vegetation
near buildings can greatly influence indoor and outdoor
temperatures, as well as energy demand for cooling. In
dense subtropical cities, vegetation has been shown to
reduce heat accumulation in buildings by more than 30%.*

Recent studies also highlight the role of urban
morphology in determining when and how cooling can
occur. For example, some cities experience morning cool
islands where urban areas are temporarily cooler than
surrounding rural areas. This effect depends largely on
building configuration, vegetation cover, and human-
generated heat* In Lagos, where rapid urban growth
has altered the landscape and reduced green cover,
understanding these dynamics is essential for developing
climate-resilient urban planning strategies.

2. Materials and methods
2.1. Study area

Lagos is the smallest state in Nigeria by land area, but it
remains the most urbanized and industrialized part of the
country. It ranks among the largest and fastest-growing
metropolitan regions in the world, and it is currently the
most populous urban center in sub-Saharan Africa. The
state comprises 20 local government areas (LGAs), of
which 16 form the densely populated metropolitan core.”
Geographically, Lagos lies between longitudes 2°42’ and

3°42’ east and latitudes 6°22” and 6°42’ north, occupying
a coastal zone that contains a network of lagoons, creeks,
barrier spits, and extensive wetlands (Figure 1).%

Population growth in Lagos is rapid. The population
rose from 345,137 in 1952 to more than a million in 1963,
over 5 million in 1988, and 9.1 million in 2006, according to
census data.”” Recent estimates suggest that the population
to be 17,156,400 in 2025, with a 3.2% annual growth rate
compared to 2.6% national population growth rate.?®*
This sustained expansion has made Lagos one of the most
rapidly growing cities in the world and a major destination
for internal migration. Lagos serves as an economic and
cultural hub, drawing residents from more than 250 ethnic
groups in Nigeria.

According to recent urban area assessments, Lagos
covers approximately 1,425 km? with a population
density estimated at about 9,000 persons/km.*** The city
consumes more than half of Nigeria’s electricity generation
and accommodates over half of the country’s vehicles, all
concentrated within an already stressed road network.
Nearly 80% of the population resides on just 37% of the
land area. Economic activities, administrative functions,
and commercial services are heavily concentrated within
this metropolitan zone.

2.2, Climate and vegetation

Lagos experiences a wet equatorial climate influenced by its
coastal location near the Gulf of Guinea and its proximity
to the equator. The region features deep, poorly drained
soils, and is characterized by a complex drainage network
comprising lagoons, wetlands, and waterways that account
for nearly one-quarter of the total land area.” Major water
bodies include the Lagos and Lekki lagoons, the Ogun and
Yewa rivers, and several creeks, such as the Ologe, Kuramo,
and Five Cowries creeks. Combined, these water bodies
and wetlands cover more than 40% of the state’s area, and
about 12% of the land is prone to seasonal flooding.”

Temperatures in Lagos remain high throughout the
year. The mean annual temperature is about 28°C, with
average maximum and minimum temperatures of 33°C
and 26°C, respectively. Rainfall is substantial from May
to November, though monthly variations in peak values
are significant.” This combination of high temperature
and high humidity increases the likelihood of urban heat
discomfort and heat stress.

2.3. Methods

This study developed a heat-stress vulnerability index
for Lagos by combining three components: exposure,
sensitivity, and adaptive capacity. These components were
used to assess how population characteristics, thermal
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Figure 1. Map of the study area showing the locations of the study sites

conditions, and local environmental features influence
vulnerability across different LGAs. The vulnerability
framework employed in this study followed the
exposure-sensitivity-adaptive capacity structure widely
used in Intergovernmental Panel on Climate Change
assessments and in several heat vulnerability index
studies. Indicators were selected based on conceptual
relevance and data availability within the Lagos context.
Variables such as population density, age group,
vegetation cover, and access to cooling devices have
also been used in similar studies globally to represent
components of heat exposure, sensitivity, and adaptative
capacity. While several indicators, such as ownership of
fans or air conditioners, function as proxies rather than
complete measures of adaptive capacity, they reflect
locally meaningful variations in a household’s ability to
regulate indoor temperatures. The conceptual framework
is summarized in Figure 2.

LST data for 2013 were obtained from Landsat 8
Operational Land Imager imagery (metadata are provided
in Appendix). Population data for the 11 LGAs included in
the analysis (Alagbado, Abule-Egba, Ikotun, Isolo, Oshodi,
Mushin, Shomolu, Yaba, Amuwo-Odofin, Ajangbadi and
Oko-afo) were based on projections from 2013. Each LGA
was represented as a polygon within ArcGIS (version 10.2,
Environmental Systems Research Institute, United States
of America), and spatial analysis incorporated population
density, LST wvalues, and cluster hotspot detection
(Figure 3). In addition, questionnaires were administered
to 200 households located near the 15 temperature
observation sites across the 11 LGAs. These surveys
provided information on exposure factors, sensitivity
indicators, and adaptation practices. The remaining
nine LGAs without temperature observation sites were
classified as “no data” areas. A multi-stage purposive
sampling procedure was employed to select respondents
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for the household survey. The 200 households were drawn
from communities located within the vicinity of the 15
temperature observation sites distributed across the 11
LGAs with available thermal and demographic data. This
exploratory sampling frame allowed the study to capture
adaptation behaviors and household-level characteristics
that spatially correspond to measured LST patterns.
The sample was therefore not intended to be statistically
representative of the entire Lagos population, but rather to
provide contextual insights into household-level sensitivity
and adaptive capacity in areas experiencing varying heat

Exposure Sensitivity
indices indices
T 1 I
Potential Adaptation
vulnerability measures

| |
|

Vulnerability

Figure 2. Conceptual model for heat stress vulnerability (adapted from
Schroeter et al.*® and Ebi et al.?")

3°1Q0°E

conditions.

Adaptation strategies considered in the analysis
included ownership of air conditioners and fans, proximity
to vegetation or green spaces, and proximity to water
bodies, such as open water or swimming pools. Adaptation
capacity was grouped into three categories:

(i) High adaptation: Households that primarily rely on
air conditioners and any other adaptation method

(ii) Medium adaptation: Households that rely mainly on
fans and at least one additional strategy other than air
conditioning

(iii) Low adaptation: Households that rely on any
adaptation strategy but fall below the mean values for
both air conditioner and fan ownership.

These adaptation measures, combined with exposure
and sensitivity indicators, formed the basis for constructing
the heat vulnerability index for Lagos. The analysis relied
on 2013 Landsat LST data and 2013 population estimates
because these were the only harmonized datasets that
aligned with the period of the original household survey
and were spatially complete for the 11 LGAs included in the
study. At the time of analysis, recent LST and population
datasets lacked full spatial coverage or consistent
methodological processing across all LGAs, which would
have introduced temporal or spatial inconsistencies into
the vulnerability assessment. Therefore, the results should
be interpreted as a 2013 baseline of urban heat exposure

3°200'E 3°300°E

F LAGOS METROPOLIS (LANDSAT 2013)

— f Y

LST (°C)
z High : 36.4582
Low : 25.317
0_ 2.25_ 45 9 135 18
300 3200°E 3300°E

Figure 3. Land surface temperature of Lagos, 2013
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and vulnerability rather than a representation of present-
day conditions.

3. Results and discussion

The results of this study are primarily descriptive and
reflect an exploratory spatial assessment of heat stress
vulnerability using available thermal, demographic, and
household-level data. The analysis provided insight into
relative patterns of exposure and vulnerability across
selected LGAs but does not constitute a predictive statistical
model of heat risk. The descriptive approach is appropriate
for the available data; however, advanced quantitative
modeling would further strengthen the understanding of
the drivers of vulnerability.

3.1. Exposure index
3.1.1. Heat exposure index of Lagos

Table 1 summarizes the heat vulnerability parameters
obtained from the questionnaire survey. The exposure
index included LST, population density, and LST hotspot
classification. Sensitivity factors comprised the most
vulnerable age groups (0-4 years and 65+ years), low
educational attainment (no formal education, trade
certificates, primary school certificates, and secondary
school certificates), and income categories, including
high income (¥ 100,000 and above), medium income
(¥ 50,000-99,900), and low income (below ¥ 50,000).
Adaptation factors included ownership of air conditioners
and fans, living near water bodies, and proximity to green
areas.

Figure 4 presents the population density distribution
of Lagos based on projections from 2013. Five
population density categories were identified. Yaba

Table 1. Vulnerability index parameters covered in the
questionnaire

Vulnerability Variables

index parameters

Exposure « Land surface temperature
« Population density

o LST hotspot analysis areas

Sensitivity » Most vulnerable age group (0-4 and 65+)

« Low education levels (no formal education,

« trade certificate, primary school certificate, and
West African Examinations Certificate)

o Income class (high [> ¥ 100,000], medium

[¥50,000-99,900], and low [< ¥ 50,000])

Adaptation » Ownership of air conditioners
» Ownership of fans
« Living close to a water body

« Proximity to grass/green space

Abbreviation: LST: Land surface temperature.

recorded the highest density, ranging from 93,320 to
339,100 persons/km® Abule-Egba, Mushin, Ilupeju, and
Shomolu fell within the moderately high-density range
of 45,360-93,310 persons/km?> Isolo, Oshodi, and Ejigbo
were classified as medium-density areas with populations
ranging from 16,980 to 45,350 persons/km?” Alagbado
and Ikotun fell within the lower-density range of 6,417—
16,970 persons/km?. The observation sites with the lowest
densities (88-6,416 persons/km?*) were City Hall, Marina
market, Amuwo-Odofin, Ajangbadi, and Oko-Afo.

These variations in density have direct implications
for heat exposure. Densely populated areas, such as Yaba,
experience greater heat stress because built-up areas replace
natural cover and limit passive cooling opportunities, such
as airflow, tree shade, and contact with water bodies. This
pattern aligns with findings from other megacities. For
example, in Mumbai, rapid urban expansion led to a nearly
20% loss of green spaces over three decades and a threefold
increase in high-temperature zones.”” Similar processes are
occurring in Lagos.

3.1.2. LST cluster hotspot analysis

Figure 5 shows the LST cluster hotspots across Lagos. At
the 95-99% statistical confidence level, Amuwo-Odofin,
Isolo, Yaba, Ilupeju, Shomolu, Alagbado, Mushin, and
Ikotun were classified as significant temperature hotspots.
These areas are characterized by dense built environments
and limited vegetative cover, conditions that promote the
absorption and retention of heat.

In contrast, Oko-Afo, Ajangbadi, City Hall, Marina
market, and Abule-Egba were not classified as hotspots.
These areas possess natural or built features that enhance
adaptive capacity, including open spaces, tree cover, and
proximity to water bodies. At the same confidence level,
Oshodi and Ejigbo were categorized as cold spots, likely
due to the influence of surrounding vegetation, open land,
or lower built density.

These observations correspond with recent findings.
In eastern India, rapid urban expansion resulted in an
8.62% reduction in vegetated areas over a 10-year period,
while the relationship between LST and the normalized
difference vegetation index weakened significantly.®
Similarly, research in Thiruvananthapuram, India,
documented a 118% increase in built-up areas that resulted
in a measurable rise in mean LST.* Additional studies
show that expanding tree canopy cover can reduce peak
thermal stress by more than 2°C in certain urban settings,
demonstrating the moderating effect of vegetation on
extreme heat.”® These findings strongly mirror the thermal
conditions observed in Lagos.
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Figure 5. Land surface temperature cluster hotspot of Lagos metropolis
Abbreviation: GI: The Getis-Ord, Getis statistic at location i.

3.1.3. Heat exposure index of Lagos metropolis

Figure 6 shows the heat exposure index generated by
combining population density and LST hotspot patterns.
Yaba and Mushin were designated as high-exposure zones
due to their high built density and limited natural cooling
resources. Amuwo-Odofin, Isolo, Ilupeju, and Shomolu

constituted moderate-exposure zones, reflecting a mix of
built-up areas and available green spaces. Alagbado and
Ikotun exhibited low exposure levels, while Oko-Afo,
Ajangbadi, City Hall, Marina market, Oshodi, Ejigbo,
and Abule-Egba showed minimal exposure, attributed to
vegetation cover, open areas, or proximity to water bodies.

These patterns follow trends observed in other cities. For

Volume 3 Issue 1 (2026) 7

doi: 10.36922/EER025170034


https://dx.doi.org/10.36922/EER025170034

Explora: Environment
and Resource

Urban density, heat risk, and green spaces in Lagos

example, a fine-scale assessment in Augsburg, Germany,
reported that vegetation cover and surface imperviousness
have a strong influence on daytime temperatures, while
building form affects nighttime conditions.?’ Lagos exhibits
similar dynamics, with densely occupied neighborhoods
displaying higher heat exposure and areas with vegetation
and open land demonstrating greater thermal resilience.

3.2. Sensitivity index for Lagos

300E
1

3.2.1. Distribution of the sensitive age group in Lagos
metropolis

Figure 7 shows the spatial distribution of the most
vulnerable age groups, specifically children aged 0-4 years
and adults aged 65 years and above. These groups are
widely recognized in heat-vulnerability studies as the
most physiologically sensitive to extreme temperatures
due to limited thermoregulatory capacity and higher
susceptibility to heat-related illness.*
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Figure 6. The land surface temperature (heat) exposure index of Lagos metropolis
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Figure 7. Distribution of the sensitive age group in Lagos metropolis
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In Lagos, high populations of these age groups
were found in Alagbado and Ikotun. A medium-sized
population resided in Ajangbadi, Amuwo-Odofin, Oshodi,
Ejigbo, and Mushin. Areas such as Oko-Afo, Isolo, Yaba,
City Hall, Marina market, Shomolu, Ilupeju, and Abule-
Egba had relatively low populations of the vulnerable age
groups.

These patterns suggest that the western and
northwestern parts of the metropolis have a higher
proportion of residents susceptible to heat stress, whereas
the central business district and coastal zones have lower
populations of these demographic categories.

3.2.2. Educational attainment of the population in
Lagos

Figure 8 illustrates the distribution of individuals with low
levels of education, defined as residents without formal
schooling, trade certificates, primary school certificates, or
secondary school certificates. Educational attainment is a
key determinant of heat vulnerability because it influences
access to information, awareness of heat risks, and the
ability to adopt effective adaptive behaviors.

The map indicates that the highest distribution of
populations with low educational attainment was observed
in Isolo, Mushin, Oshodi, and Ejigbo. High populations
of low-educated individuals were also observed in Oko-
Afo, Alagbado, and Ikotun. A moderate number of
low-educated individuals resided in Abule-Egba. Low
populations of individuals with low education levels were
found in Yaba, City Hall, Marina market, and Ajangbadi,
whereas Amuwo-Odofin, Ilupeju, and Shomolu have the
lowest populations of individuals with low education levels.

These spatial patterns reflect the socioeconomic
landscape of Lagos, where low-income, high-density

zzzzzzzzzzzz

neighborhoods often overlap with areas of limited
educational opportunities. Such areas are likely to exhibit
greater heat sensitivity due to reduced access to resources
and lower adaptive capacity.

3.2.3. Population distribution of Lagos by income level

Figure 9 presents the income-based population
distribution for Lagos. Income level is a major determinant
of vulnerability because it affects the capacity to acquire
cooling technologies, modify living environments, or
relocate during extreme heat events.

High-income areas included Amuwo-Odofin, City Hall,
and Marina market. These neighborhoods have access to
better infrastructure, improved housing conditions, and
greater purchasing power for cooling devices. Middle-
income areas included Yaba, Mushin, Oshodi, and Ejigbo,
whereas low-income areas included Oko-Afo, Ajangbadi,
Alagbado, Ikotun, Abule-Egba, Isolo, Ilupeju, and Shomolu.

Low-income households often face the greatest
challenges during extreme heat due to overcrowding, poor
building materials, and limited access to cooling strategies.
These socioeconomic factors strengthen the heat sensitivity
component of the vulnerability assessment.

3.2.4. Combined heat sensitivity index

Figure 10 presents the combined heat sensitivity index,
integrating vulnerable age groups, low educational
attainment, and income levels. The results reveal that
Abule-Egba, Alagbado, Ikotun, Isolo, and Oko-Afo
exhibited high heat sensitivity. A medium sensitivity was
observed in Ajangbadi, Oshodi, Ejigbo, Mushin, and
Yaba, whereas Amuwo-Odofin, City Hall, Marina market,
Ilupeju, and Shomolu exhibited low sensitivity.
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Figure 8. Distribution of population with low educational levels in Lagos metropolis
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Figure 9. Population distribution in Lagos metropolis by income level
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Figure 10. Overall heat sensitivity index of Lagos Metropolis

These findings align with broader research on urban
heat vulnerability. For instance, a recent assessment in
the Pearl River Delta region of China found that heat
vulnerability is driven primarily by frequent heatwave
events, demographic sensitivity, and disparities in economic
and healthcare infrastructure.?! Similar drivers are evident
in Lagos, where densely populated neighborhoods with
limited incomes and educational opportunities face
heightened heat sensitivity.

3.3. Adaptation strategies to heat stress in Lagos

Adaptation capacity reflects the resources available to
households to cope with high temperatures. In this study,

adaptation strategies included ownership of air conditioners
or fans, proximity to trees or green spaces, and proximity
to water bodies. These strategies help reduce exposure to
heat and are important indicators of communities” ability
to manage thermal discomfort.

High adaptation capacity was defined as locations where
the mean air conditioner ownership exceeds the overall
average of 3.36 recorded across the 11 LGAs. Medium
adaptation capacity refers to locations where fan ownership
exceeds the overall mean of 6.63 and where residents
employ at least one additional cooling strategy beyond air
conditioning. Low adaptation capacity refers to LGAs that fall
below the mean for both air conditioner and fan ownership
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Figure 11. Distribution of adaptive strategies to heat stress in Lagos metropolis

and that rely primarily on other cooling strategies.

Figure 11 presents the spatial distribution of adaptation
strategies across Lagos. The results show that Amuwo-
Odofin, Oshodi, Ejigbo, Marina market, City Hall, and
Yaba demonstrated high adaptation capacity. These
locations benefited from relatively better housing quality,
higher income levels, or improved access to infrastructure
that supports mechanical cooling.

A moderate adaptation capacity was observed in Oko-
Afo, Ajangbadi, Abule-Egba, and Mushin. These areas rely
primarily on fans and complementary strategies, such
as shading from trees or the presence of nearby water
bodies. Although mechanical cooling is used, it is not as
widespread as in high-adaptation zones.

A low adaptation capacity was reported in Alagbado,
Ikotun, Isolo, Ilupeju, and Shomolu. These areas have
limited access to mechanical cooling technologies and
rely heavily on informal or natural methods to reduce heat
stress. Lower adaptation levels in these neighborhoods
may be linked to socioeconomic constraints, housing
characteristics, or limited access to green spaces.

Overall, the spatial pattern of adaptation capacity
suggests that thermal resilience in Lagos is unevenly
distributed. Areas with greater economic resources
and improved infrastructure exhibit greater adaptation
potential, whereas low-income areas face greater challenges
in coping with extreme heat conditions. These disparities
highlight the need for targeted interventions that expand

access to cooling resources and enhance environmental
infrastructure in the most heat-sensitive communities.

3.4. Potential vulnerability to heat stress in Lagos

The combined effects of exposure, sensitivity,and adaptation
determine the potential vulnerability of communities to
heat stress. Figure 12 presents the integrated vulnerability
classification for the 11 LGAs examined in this study.
The results show distinct spatial variations, reflecting the
interaction between demographic characteristics, built
environment features, and access to cooling resources.

High potential vulnerability was observed in Mushin
and Yaba. These neighborhoods experience combinations
of high sensitivity, moderate-to-high exposure, and low
adaptation capacity. In most of these areas, built density is
high, informal settlements are widespread, and household
access to air conditioners is limited. These conditions limit
the ability of residents to cope with extreme heat. Medium
vulnerability was observed in Ajangbadi, Ejigbo, Isolo,
and Oshodi. A low adaptation capacity was reported in
Alagbado, Ikotun, Isolo, Ilupeju, and Shomolu. These areas
have limited access to mechanical cooling technologies
and rely heavily on informal or natural methods to reduce
heat stress. Lower adaptation levels in these neighborhoods
may be linked to socioeconomic constraints, housing
characteristics, or limited access to green spaces. Although
not as vulnerable as the high-risk zones, these areas still
require targeted interventions to improve heat resilience.
From the figure, these locations fall into low-income
categories.
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Figure 12. Potential heat vulnerability map of Lagos metropolis

The spatial distribution of potential vulnerability
in Lagos reflects broader global patterns in tropical
megacities, where vulnerability is often the highest in
low-income areas with poor infrastructure, limited green
spaces, and high population densities. Studies in cities
such as Manila, Rio de Janeiro, and Dhaka similarly report
that vulnerability hotspots are concentrated in rapidly
urbanizing districts with limited adaptive capacity and
high environmental stress.”® The results for Lagos align
with this trend, underscoring the importance of equity-
focused adaptation strategies that prioritize the most
vulnerable communities.

3.5. Heat vulnerability index and spatial distribution

Figure 12 shows the heat vulnerability index of Lagos
and the spatial distribution of vulnerability across the
metropolitan area. The results demonstrate that most
of the study area falls within the medium- to high-
vulnerability zones, reflecting the combined influence of
dense built environments, demographic pressure, and
limited adaptation capacity.

High vulnerability was observed in Abule-Egba,
Ajangbadi, Alagbado, Tkotun, Ilupeju, Isolo, Oko-Afo, and
Shomolu. These areas exhibit persistent high temperatures,
significant proportions of sensitive populations, and
limited access to cooling resources such as air conditioners
or shade from vegetation. Many of these neighborhoods
contain informal settlements, inadequate housing, and
limited access to green spaces. These factors heighten
susceptibility to heat stress and reduce households’ ability
to manage extreme temperatures.

Medium vulnerability was recorded in Mushin, Oshodi,
and Ejigbo. These areas experience moderate exposure and
sensitivity but have relatively higher adaptation capacity
than the high-vulnerability zones. Residents of these areas

frequently rely on mechanical cooling devices, such as fans
and, in some cases, air conditioners, to reduce exposure
to daytime heat. However, their vulnerability remains
significant due to high population density and limited
access to natural cooling features.

Low vulnerability occurred in Amuwo-Odofin, City Hall,
Marina market, and Yaba. These locations benefit from lower
exposure levels, reduced sensitivity, and strong adaptation
capacity. Higher income levels, better building materials,
and proximity to vegetated or water-based environments
contribute to improved resilience. These neighborhoods
demonstrate the importance of socioeconomic advantages
in moderating the impacts of extreme heat.

The overall vulnerability pattern in Lagos mirrors
findings from other tropical megacities. Studies in cities
such as Bangkok, Jakarta, and Ho Chi Minh City show that
vulnerability is shaped by a combination of demographic
characteristics, LST, and access to cooling infrastructure.**
As in Lagos, the urban poor tend to reside in the most heat-
exposed and least adapted neighborhoods, reinforcing the
need for policies that enhance resilience in underserved
communities.

This study has several limitations. First, the use of 2013
LST and population data reflects the period for which
complete and harmonized datasets were available and
should be interpreted as a baseline rather than current
conditions. Second, the analysis was restricted to 11 LGAs
due to the absence of comparable temperature observation
points and survey data in the remaining LGAs, which may
limit the generalizability of the results to the wider Lagos
metropolis. Third, the household survey sample of 200
respondents is small relative to the population of Lagos and
was selected purposively near observation sites; therefore,
the findings describe local adaptation behaviors but are
not statistically representative of the entire population.
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Fourth, some indicators used to operationalize exposure,
sensitivity, and adaptive capacity are proxies, and the
composite vulnerability index has not been validated with
independent datasets. Fifth, the mapping outputs represent
relative classes of vulnerability and are not probabilistic
risk estimates. Future research should incorporate recent
thermal datasets, larger probability-based surveys, and
formal statistical or machine learning models to strengthen
the predictive capacity of heat vulnerability assessments.

4, Recommendations

This study highlights the need for a more systematic
approach to understanding and managing heat stress
across Lagos. Future assessments should use recent,
high-resolution thermal datasets, updated demographic
information, and complete spatial coverage across all LGAs.
Large and representative household surveys, combined
with advanced analytical methods such as multivariate
regression, geographically weighted regression, and
machine learning, can improve scientific understanding
of the relationships among LST, vegetation, population
density, and social vulnerability.

From a policy perspective, Lagos requires a coordinated
and proactive framework to mitigate heat-related risks.
Priority actions include expanding and protecting urban
green areas, incorporating heat-risk indicators into land-
use planning and building regulations, promoting cool
roofs and reflective building materials, and improving
ventilation and shading in high-density neighborhoods.
Strategies such as strengthening early warning systems,
improving access to cooling options, and directing support
to vulnerable groups, such as low-income households, the
elderly, and those living in densely populated settlements,
can help mitigate the impacts of heat.

Effective action will require collaboration among urban
planners,environmental agencies, publichealthinstitutions,
researchers, and community organizations. Integrating
heat risk considerations into urban development, housing,
public health, and climate adaptation strategies will help
build a more heat-resilient and sustainable Lagos.

Continuous monitoring of LST, urban vegetation,
and population health outcomes will help policymakers
evaluate the effectiveness of adaptation measures and
improve resilience strategies.

5. Conclusion

This study assessed the spatial pattern of heat stress
vulnerability in Lagos by integrating LST, population
density, demographic sensitivity, and adaptation capacity
across 11 LGAs. The results show that vulnerability to heat
stress varied considerably across the metropolitan area,

with the highest levels concentrated in densely populated
and economically disadvantaged neighborhoods. These
areas experience higher temperatures, contain larger
proportions of sensitive populations, and have limited
access to cooling resources or green spaces.

Medium vulnerability areas benefit from improved
adaptation practices, although high built density and
persistent warm temperatures still present significant risks.
Low vulnerability zones display strong adaptation capacity,
lower sensitivity, and, in some cases, reduced exposure,
largely due to better infrastructure, improved housing, and
access to vegetation or water bodies.

The findings demonstrate that heat vulnerability in
Lagos is shaped by the combined effects of rapid urban
growth, limited green space, socioeconomic inequality, and
uneven access to cooling infrastructure. As Lagos continues
to expand, addressing these factors will be critical for
reducing the health and environmental impacts of extreme
heat. The framework from this study provides a valuable
spatial insight into developing targeted adaptation strategies
that support resilience in the most vulnerable communities.
While the present analysis provides a useful exploratory
baseline of heat vulnerability patterns across the selected
LGAs, the findings highlight the need for future studies to
integrate more recent thermal datasets, expand the spatial
extent to include all LGAs, and apply quantitative modeling
techniques, such as regression or geographically weighted
regression, to further examine the relationships between
vegetation cover, population density, and LST.
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LANDSAT 2013 METADATA

ORIGIN = “Image courtesy of the U.S. Geological Survey”
LANDSAT_SCENE_ID = “LC81910552013352LGN00”
TARGET_WRS_PATH =191

TARGET_WRS_ROW =55

DATE_ACQUIRED = 2013-12-18 December 18, 2013 (DAY-TIME)
SCENE_CENTER_TIME = 10:04:25.3497966Z (10:04 am GMT)
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Abstract

The contamination of water resources by pathogenic microorganisms remains
a critical global challenge, predominantly in low- and middle-income countries.
Conventional water treatment technologies, such as chlorination and filtration, often
face drawbacks, including the formation of harmful byproducts and high operational
costs. The increasing demand for efficient, sustainable, and scalable solutions
necessitates the exploration of advanced materials for water disinfection. This study
investigates the potential of silver-iron (Ag-Fe)-modified biochar as a photocatalyst
under visible light to achieve high microbial inactivation. The material demonstrates
dual functionality through the antibacterial effects of Ag and the photocatalytic
activity of Fe, integrated within a renewable biochar. Elemental composition analysis
shows that a composition of 4.3 wt% Ag and 30.0 wt% Fe enhances antimicrobial
performance. Experimental results indicate bacterial inactivation under visible light
conditions. Ag-Fe-modified biochar presents a potential alternative to conventional
disinfection methods.

Keywords: Photocatalysis; Biochar; Water disinfection; Silver; Iron catalysis

1. Introduction

The contamination of water resources by pathogenic bacteria, including Escherichia
coli, Salmonella, and Vibrio cholerae, represents a significant challenge to public health
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worldwide. These microorganisms are introduced into
water supplies through agricultural runoff, untreated
sewage, and stormwater, contributing to an estimated
1.2 million deaths annually from waterborne diseases,
particularly in low- and middle-income regions."
Traditional water treatment technologies, such as
chlorination, sand filtration, and boiling, have been
widely employed to manage microbial contamination.’
However, these methods present limitations that
reduce their suitability for large-scale or resource-
constrained applications. Chlorination, for example,
produces potentially carcinogenic byproducts, such as
trihalomethanes, while sand filtration is often ineffective
at removing certain microbial contaminants, and boiling
is energy-intensive and impractical for widespread use in
energy-limited settings.>* These shortcomings necessitate
the development of advanced technologies capable of
providing safe and sustainable water treatment solutions.

Advanced oxidation processes (AOPs), ultraviolet (UV)
irradiation, and membrane filtration systems have been
proposed as alternatives to conventional methods.>” AOPs
generate reactive radicals that degrade pollutants and
inactivate microorganisms, while UV irradiation provides
non-chemical disinfection without producing harmful
byproducts, and membrane filtration effectively separates
contaminants through physical barriers. However,
the widespread adoption of these advanced methods
is constrained by high operational costs, significant
infrastructure requirements, and challenges associated
with scalability. Membrane fouling increases operational
costs by 30%, while the initial capital investment for UV
and AOP systems limits their feasibility in resource-limited
settings.® Furthermore, the emergence of antimicrobial
resistance introduces additional challenges to ensuring
reliable disinfection performance.

In this context, biochar, a porous carbonaceous material
produced through the pyrolysis of biomass, has attracted
considerable interest as a platform for environmental
remediation due to its high surface area, tunable surface
chemistry, and renewable origin. Recent research has
focused on enhancing biochar properties through the
incorporation of metals, such as silver (Ag) and iron (Fe),
creating multifunctional photocatalysts with superior
antibacterial and photocatalytic activities.”!® Ag exhibits
antimicrobial properties through mechanisms that disrupt
bacterial cell membranes and interfere with intracellular
processes, while Fe enhances photocatalytic performance
by facilitating the production of reactive oxygen species
(ROS) under visible light conditions. The integration of
Ag and Fe within a biochar matrix produces a composite
material with dual functionality, where the antibacterial

effects of Ag are complemented by the photocatalytic
properties of Fe.!»'? This approach not only improves the
efficiency of water disinfection but also reduces energy
demands by utilizing solar energy, making it a potentially
sustainable and cost-effective solution for microbial water
contamination.

Recent studies increasingly treat metal-modified
biochar as a multifunctional disinfection material rather
than a purely adsorptive carbon. Ag-modified biochar
is synthesized by immobilizing Ag on porous biochar
and incorporating it into beads or hydrogels intended
for drinking-water purification, where the antibacterial
performance is typically attributed to contact-mediated
effects and controlled Ag species release. A chitosan-
coated biochar-nanoAg composite reported sustained
antibacterial activity and reusability in a drinking-water
context, highlighting the practicality of immobilizing Ag
onto a recoverable scaffold.”® Similarly, porous Ag-loaded
biochar was embedded into polymer gel beads to suppress
bacteria, a strategy that improves handling and reduces
direct nanoparticle dispersion while still achieving
strong antibacterial outcomes in laboratory tests."* For
Fe-modified biochar, the emphasis was on the redox/
photochemical routes, frequently involving oxidant
activation or visible light assistance, which can yield strong
disinfection but also introduce condition-dependence.
Maghemite-impregnated biochar with visible light-
assisted disinfection of E. coli has been investigated, where
the Fe-bearing phases can participate in photo-assisted
inactivation rather than purely contact killing."” Fe,O,-
loaded magnetic hydrochar with bacterial inactivation
reported that iron—carbon composites can support radical-
driven disinfection under visible light. The FeCl,-activated
biochar/peroxymonosulfate system was evaluated for E. coli
inactivation in real secondary-treated urban wastewater,
and the interference effects of microplastics on disinfection
performance were explicitly examined.'® Meanwhile,
Ag-Fe hybrid concepts have also been explored in
photocatalytic/radical frameworks, where Ag PO,/Fe O,-
activated biochar was used under visible light, emphasizing
that dual-metal systems can be designed for recoverability
and enhanced photo-redox performance.!” Ag-biochar has
been tested in sand filtration columns and reported >90%
E. coli removal from wastewater samples, demonstrating
that deployment-like configurations can yield measurable
microbial reductions.'®

This research investigates the antibacterial and
photocatalytic properties of Ag-Fe-modified biochar
and assesses its application in realistic conditions of
pond water. The preparation of Ag and Fe within the
biochar matrix represents an alternative approach to
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achieving dual functionality, combining antimicrobial
and photocatalytic properties. The dual-action nature of
this material not only enhances disinfection efficiency but
also reduces reliance on synthetic materials and minimizes
environmental impact, offering a practical and sustainable
solution for water treatment.” The current development
of Ag-Fe-modified biochar as a photocatalyst for water
disinfection has been carried out as proof-of-concept
through lab-scale validation. This study also aims to
address limitations in existing water treatment technologies
by preparing a material that operates effectively under
visible light and achieves high microbial inactivation. In
adition, biochar, derived from biomass waste, aligns with
the principles of resource recovery and waste valorization,
supporting the sustainability objectives of modern water
treatment systems. The practical implications of Ag-
Fe-modified biochar are significant, particularly for
regions with limited access to advanced water treatment
infrastructure. The use of visible light as an energy source
ensures that the Ag-Fe-modified biochar can be applied
in low-resource settings, providing a low-cost and scalable
solution for microbial water contamination. These findings
align with the objectives of the United Nations Sustainable
Development Goal 6, which focuses on ensuring clean
water and sanitation for all.

2. Materials and methods
2.1. Water sample collection

Water samples from a pond located at Sibu, Sarawak
(2.361275, 111.956743) were collected from three
different points in July 2018 to assess the disinfection
efficacy of Ag-Fe-modified biochar on natural microbial
communities. Representative samples were collected
to reflect the native microbial community and key
physicochemical characteristics of the source water,
thereby enabling evaluation of the disinfection process
under conditions that are relevant to practical application.
Samples were placed in a cooler containing ice packs
to maintain a controlled temperature range of 1-4°C to
reduce microbial metabolic activity, thereby preventing
structural or compositional changes within the microbial
community.

2.2. Preparation and characterization of
photocatalyst

The preparation of Ag-Fe-modified biochar was conducted
at room temperature using a liquid-phase reduction
method. Palm kernel shell biochar was carbonized at 500°C
for 2 h, ground, and sieved to achieve a fineness of 200 mesh.
This ensures a uniform particle size, which is critical for
consistent surface modification. The process commenced
with the preparation of a coating solution by dissolving

0.05 g of polyethylene glycol and 2-3 g of ferrous sulfate
heptahydrate (FeSO,-7H,0) in 50 mL of distilled water.*”
The polyethylene glycol acts as a stabilizing agent, while
the FeSO4 provides the Fe source required for subsequent
reactions. Following the preparation of the coating solution,
2 g of palm kernel shell biochar powder was introduced into
the solution. The mixture was subjected to magnetic stirring
for 30-60 min, which facilitated the deposition of nano-
zero valent Fe (nZVI) onto the biochar surface, resulting in
the formation of the nZVI-biochar composite.> Magnetic
stirring ensured homogeneous dispersion and interaction
between the Fe precursor and the biochar, enhancing the
uniformity of the coating.

The resulting composite was then immersed in 50 mL
of a sodium borohydride solution (22.7 g/L) and subjected
to vigorous stirring. This step induces the reduction of Fe
ions to their zero-valent state, a critical transformation for
the desired photocatalytic activity.?? After the reduction
process, the nZVI-biochar composite was thoroughly
washed with distilled water and ethanol to eliminate any
residual reactants or byproducts that might interfere with
subsequent reactions or applications. In the final stage,
30 mL of a silver nitrate (AgNO,) solution containing
0.013-0.018 g of AgNO, was introduced into the nZVI-
biochar mixture. The solution was stirred for an additional
30-60 min to facilitate the reduction of Ag ions and their
deposition onto the nZVI surface.”® The reduction and
deposition of Ag ions onto the composite surface are
critical for enhancing the antibacterial and photocatalytic
properties of the material. The resulting product, Ag-
Fe-modified biochar, represents a multifunctional
composite material designed for potentially efficient
water disinfection through the synergistic effects of
its antimicrobial and photocatalytic properties. This
methodical preparation process ensures the reproducibility
and uniformity of the Ag-Fe-modified biochar composite,
which is essential for achieving consistent performance in
subsequent experimental applications.

Scanning electron microscopy with energy-dispersive
X-ray spectroscopy (SEM-EDX) analysis was performed
using a scanning electron microscope (M JSM-6010
Plus/LV, JEOL, Japan) equipped with an EDX (Oxford
Instruments, United Kingdom) system operated in
high-vacuum mode. Before imaging, dried samples
were mounted on aluminum stubs using double-sided
conductive carbon tape. Secondary electron images
were acquired at a field of view consistent with a 50 um
scale bar (x500 magnification), using an accelerating
voltage of 15 kV. The working distance was maintained at
approximately 10 mm, and the beam current size was set
to a moderate level to balance spatial resolution and count
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rate. Elemental acquisition was conducted at multiple
locations (six-point spectra) across the sample surface to
capture compositional heterogeneity.

2.3. Pond water treatment with photocatalyst

A 500 mL batch reactor system was employed
for laboratory-scale experiments to evaluate the
disinfection performance of the Ag-Fe-modified biochar
photocatalyst. In these experiments, 100 mL of pond
water and 0.5 g of photocatalyst (solution pH was adjusted
to 4) were introduced into a closed reaction system, and
all experiments were conducted in triplicate to ensure
reproducibility and enable reporting of averaged results
with associated variability. The setup was designed to allow
precise control of experimental conditions, including light
exposure, reaction time, and temperature. Natural sunlight
was utilized where feasible due to its cost-effectiveness
and practical relevance. Key operational parameters, such
as reaction time and light intensity, were systematically
monitored and adjusted to optimize the interaction between
the photocatalyst and the contaminants. These parameters
are critical to maximizing the photocatalytic efficiency and
ensuring accurate assessment of the disinfection process.
Control experiments were conducted in parallel, in which
pond water samples were exposed to identical conditions
without the addition of the photocatalyst. These controls
were essential for distinguishing the photocatalytic effects
of the Ag-Fe-modified biochar from other processes, such
as natural microbial die-off or photolysis caused by direct
light exposure.

Water samples were collected at predefined intervals
during the experimental period to track changes in
microbial populations and contaminant levels. Microbial
plate counting techniques were employed to quantify the
reduction in bacterial counts and assess the efficacy of
the treatment.”* These techniques provided a quantitative
evaluation of the disinfection process, offering critical
insights into the performance of the photocatalyst under
varying experimental conditions. The rigorous application
of these methodologies ensured that the findings were
robust, reproducible, and reflective of the practical potential
of the photocatalyst for water disinfection applications.

2.4.E. coli detection

To prepare a 5 mM solution of AgNO,, 0.085 g of AgNO,
was accurately weighed using an analytical balance. The
AgNO, was then transferred into a 100 mL volumetric
flask, and distilled water was added to the calibration
mark to achieve the desired concentration. The flask
was gently swirled to ensure the complete dissolution of
the AgNO,, resulting in a homogeneous solution ready
for experimental use. Two sample sets were prepared

for the experiment. For the treated sample, 50 mL of the
water sample was mixed with 50 mL of the 5 mM AgNO,
solution in a 250 mL volumetric flask, creating a total
volume of 100 mL. This mixture was stirred continuously
for 1 h using a magnetic stirrer to ensure thorough mixing
and to promote the interaction between the Ag ions and
the microbial contaminants present in the water. For
the control sample, 50 mL of the same water sample was
combined with 50 mL of distilled water. This mixture
served as a baseline to compare the effectiveness of the Ag
treatment.

The Quanti-Tray Sealer (Hach, United States) was
preheated according to the manufacturer’s instructions.”
Both the treated and control samples were vigorously
shaken to ensure homogeneity. Each sample was then
transferred into a test bottle, to which one packet of
Colilert reagent (Hach, United States) was added. The
bottles were capped and shaken until the reagent was
mostly dissolved. Subsequently, the contents of each bottle
were poured into a Quanti-Tray/51 (Hach, United States),
which contains 51 wells for microbial enumeration. Special
care was taken to fill each well uniformly and eliminate
air bubbles by gently tapping the trays on a hard surface.
The filled Quanti-Trays were sealed using the Quanti-Tray
Sealer following the manufacturer’s guidelines. The sealed
trays were then incubated at a temperature of 35 + 0.5°C
for 24 h to optimize the growth and detection of coliform
bacteria and E. coli.

After incubation, the trays were examined under normal
lighting to count the wells that turned yellow, indicating
the presence of total coliform bacteria. To identify wells
containing E. coli, the trays were illuminated with a UV
lamp at 365 nm, and wells exhibiting fluorescence were
recorded. These results were used to assess the effectiveness
of the Ag treatment by comparing the microbial presence
in treated versus control samples. The counts of yellow
and fluorescent wells from each tray were meticulously
recorded and referenced against the most probable number
table included with the Colilert system. This table allows
the estimation of bacterial concentrations based on the
number of positive wells, facilitating the quantification of
disinfection efficacy.

3. Results and discussion
3.1. Characteristics of the photocatalyst

Figure 1 and Table 1 show the surface morphology and
elemental composition of biochar samples before and
after modification with Ag and Fe, providing quantitative
evidence of the modification process efficacy and its
influence on the material properties for disinfection
applications. Table 1 presents the elemental composition
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Table 1. Elemental analysis using scanning electron microscopy with energy-dispersive X-ray spectroscopy analysis

No. Sample Carbon (wt%) Oxygen (Wt%) Silicon (wt%) Silver (wt%) Iron (wt%)
1 Biochar 97.3+£8.7 2.1+3.3 0.6+0.2 N/A N/A
2 Silver-iron-modified biochar 24.6+4.6 41.1+6.1 N/A 4.3+2.2 30.0+5.8

Figure 1. Scanning electron microscopy images. (A) Biochar. (B) Silver-
iron-modified biochar. Scale bar: 50 um; magnification: x500.

in weight percentages (wt%) of carbon, oxygen, silicon, Ag,
and Fe for both the raw biochar and the Ag-Fe-modified
biochar. In biochar, carbon constitutes 97.3 wt%, which
reflects the high carbon content of biochar derived from
biomass pyrolysis. Oxygen accounts for 2.1 wt%, which
shows limited oxygen-containing functional groups on
the biochar surface. Silicon is detected at 0.6 wt%, which
likely originated from inorganic components inherent to
the biomass.

In the Ag-Fe-modified biochar, notable compositional
changes were observed. The carbon content decreased
to 24.6 wt%, oxygen increased to 41.1 wt%, and silicon
was not detected after modification. These reductions
correspond to the incorporation of Ag and Fe, evidenced
by the addition of 4.3 wt% Ag and 30.0 wt% Fe. The
significant presence of Ag and Fe indicates successful
deposition onto the biochar matrix, which is critical for
achieving the intended functionalities of the material.
The elevated Fe content supports enhanced photocatalytic
activity by facilitating the generation of ROS under visible
light. These ROS are able to degrade organic pollutants
and inactivate microbes. Similarly, the high Ag content
provides strong antibacterial properties as Ag* ions disrupt
bacterial membranes and interfere with essential cellular
processes.

The modified biochar plays a dual-purpose role as
an adsorbent and a photocatalyst. The increased oxygen
content after Ag-Fe loading further confirms that the
biochar surface has been substantially modified. During
impregnation, Fe and Ag precursors are converted mainly
to their oxide or hydroxide forms. These new oxygen-
containing phases and functionalities replaced part of

the original carbon matrix, explaining the sharp drop in
carbon and the large rise in oxygen detected by EDX. The
dense metal oxide domains can also screen the underlying
carbon from the detector, which, after normalization
of the data to 100 wt%, further amplified the apparent
oxygen proportion. This higher oxygen content is not
only a compositional change but also directly benefits the
material performance. Polar oxygenated groups improve
the hydrophilicity of the surface and provide active sites
for binding pollutants, thereby enhancing adsorption
capacity.’*?” Simultaneously, surface hydroxyls on Fe and
Ag oxides act as reaction centers for the generation of ROS
under light irradiation. These species, such as hydroxyl
and superoxide radicals, are important for photocatalytic
degradation of contaminants. Hence, the enrichment of
oxygen indicates the formation of an oxygen-rich metal
oxide-biochar interface that underpins the dual role of the
modified biochar as an efficient adsorbent and a robust
photocatalyst.

3.2. Treatment of pond water using the
photocatalyst

Figure 2 presents the results of a Quanti-Tray test conducted
to evaluate the presence of coliform bacteria (e.g., E. coli)
in water samples treated with Ag-Fe-modified biochar
under ambient and UV light conditions. This experimental
setup demonstrates the material’s dual functionality in
water disinfection, combining the antimicrobial effects
of Ag and the photocatalytic activity of Fe embedded
within a biochar matrix. Under ambient light conditions,
the untreated water sample (Figure 2A) showed a high
prevalence of yellow wells, indicative of total coliform
bacteria, while the treated water samples (Figure 2B)
showed a significant reduction. This reduction suggests
that Ag-Fe-modified biochar is potentially effective in
mitigating microbial contamination. Similarly, under
UV light, fluorescence observed in the untreated sample
indicates the presence of E. coli (Figure 2C), a critical
indicator of fecal contamination and a key public health
concern. The absence of fluorescence in the treated sample
demonstrates the material efficacy in targeting pathogenic
bacteria (Figure 2D).

The Ag-Fe-modified biochar reduced microbial
contamination effectively by inactivating bacteria under
visible light conditions. However, several considerations
require critical evaluation to contextualize the results
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Figure 2. The differences between untreated pond water and treated pond
water. Untreated pond water under (A) ambient light and (C) ultraviolet
light. Treated pond water under (B) ambient light and (D) ultraviolet light.

and assess their broader implications. Mechanistically,
the dual actions of Ag and Fe contribute to the material’s
antibacterial effectiveness. Ag ions disrupt bacterial
membranes and interfere with essential cellular processes,
while Fe enhances the production of ROS, which
oxidatively degrade organic contaminants and inactivate
microorganisms. However, the specific contributions
of Ag and Fe to the disinfection process remain unclear.
Quantitative studies to separate and assess the individual
roles of these components are needed to optimize the
material design and performance.

The influence of environmental factors, such as
turbidity, organic matter content, and competing ions,
on the material performance in real-world water systems
must be addressed. High organic loads in natural water
systems may interfere with the availability of Ag ions or
hinder ROS generation by scavenging reactive species.
The performance of Ag-Fe-modified biochar should
also be benchmarked against established disinfection
technologies, such as chlorination, UV treatment, and
AOPs. Comprehensive studies on the environmental
impact of Ag and Fe leaching are critical for ensuring
sustainability. While Ag-Fe-modified biochar shows
significant promise as a sustainable and cost-effective
water treatment solution, further research is necessary
to ensure its practicality, scalability, and environmental
compatibility in real-world applications. These efforts
are essential to advancing this material from laboratory
studies to practical implementation in global water quality
improvement efforts.

3.3. Mechanisms underlying bacterial inactivation
by the silver-iron-modified biochar

The antibacterial performance of Ag-Fe-modified biochar
is discussed in the current proof-of-concept study. The
experiments demonstrated successful incorporation of Ag
and Fe on the biochar surface based on SEM-EDX elemental
detection and a clear reduction in total coliform/E. coli. At
the material level, SEM-EDX confirmed surface-associated
enrichment of Ag and Fe in raw biochar, indicating that
the modification procedure successfully introduced metal-
bearing domains onto the porous carbon. The biochar
provides a high surface area and surface heterogeneity that
can promote microbe-surface interactions. In disinfection
systems, porous carbonaceous substrates can concentrate
microorganisms at solid-liquid interfaces through
adsorption and physical entrapment, thereby increasing
the frequency and intimacy of contact between bacteria
and active surface sites.”®

The presence of Ag on the biochar provides a basis for
antibacterial activity, as Ag-bearing surfaces are widely
associated with contact-mediated bacterial stress and,
potentially, release of Ag species that interfere with cellular
envelope integrity and essential metabolic functions.”
In this study, the observed reduction in coliform/E. coli
indicators after exposure to the Ag-Fe-modified biochar
suggests that Ag-associated antimicrobial functionality
is accessible in the pond water matrix under the tested
conditions. The Fe on the biochar surface further
contributed to photo/redox processes at the metal-oxide/
carbon interface. Many Fe-bearing composites facilitate the
formation of oxidative intermediates that damage cells.*

The reduced number of positive wells in the Quanti-
Tray test indicates that the microbial suppression may
reflect a combination of inactivation and physical removal/
partitioning, including adsorption of bacteria onto the
solid phase, followed by sedimentation. Ag-associated
antibacterial action may occur through contact killing
or limited Ag species release, while Fe-associated
photo/redox activity may contribute under the applied
irradiation conditions. Therefore, while the current results
demonstrate that Ag-Fe-modified biochar can suppress
coliform/E. coli indicators in pond water under specified
laboratory conditions, mechanistic attribution, and claims
of synergistic coupling between Ag and Fe remain beyond
the scope of the present evidence.

3.4. Current developments in biochar-based water
disinfection technologies

Silver was selected in this study due to its well-established
and broad-spectrum antimicrobial potency, which can
be achieved at relatively low mass fractions, offering the
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possibility of high disinfection efficacy without excessive
material dosing.*® When Ag is immobilized onto a solid
support, it can deliver rapid bacterial suppression through
contact-mediated effects and limited ion release, providing
a strong benchmark for proof-of-concept development
and mechanistic framing. Ag was incorporated onto
a recoverable biochar, which was intended to reduce
uncontrolled dispersion and enable physical separation
after treatment. This immobilization strategy is also aligned
with a scalability pathway, as biochar is abundant and low-
cost, and can be processed into retrievable forms (e.g.,
packed media, beads, or supported beds) that minimize
direct release. The scope of this study is positioned as a
laboratory-scale validation of an Ag-containing composite
design concept, with direct performance evidence under
defined conditions. In subsequent work, Ag leaching,
reusability across cycles, and performance retention in
varying water matrices will be evaluated to determine
whether the observed disinfection efficacy can be
maintained with acceptable environmental risk.

Biochar-based technologies for water disinfection
illustrate a clear transition from conventional adsorption-
focused applications toward multifunctional materials
capable of catalytic and photocatalytic inactivation of
diverse microbial contaminants.*? Biochar has the potential
as a cost-effective adsorbent with tunable physicochemical
properties for pollutant removal, butit hasalimited intrinsic
antibacterial capacity. Hence, metal functionalization,
surface modification, and carbon-metal electron-transfer
pathways have been explored to transform biochar into an
active disinfection platform capable of generating ROS,
releasing controlled antimicrobial ions, and stabilizing
catalytic sites for persistent microbial inactivation. These
advancements have laid the groundwork for integrated
systems that combine adsorption, photocatalysis, and
metal-induced oxidative stress within a single material
framework.

Iron-modified biochar can activate persulfate to
generate powerful sulfate radicals, enabling rapid
destruction of antibiotic-resistant bacteria and suppressing
the spread of antibiotic resistance genes.* Fe-biochar
facilitates electron transfer, accelerates radical generation,
and maintains activity under environmentally relevant
conditions. The mechanistic elucidation shows that well-
characterized pathways, including Fe(II)/Fe(IlI) redox
cycling, surface-bound radical formation, and oxidative
membrane rupture, are central to designing next-
generation biochar disinfectants. These insights guide
the engineering of multifunctional composite materials
where catalytic activation, radical-driven oxidation, and
microbial membrane disruption occur simultaneously.

The recent research shows the role of visible light-driven
photocatalysis as a sustainable and low-energy approach
for water disinfection.” Fe-assisted photocatalysis is
particularly attractive as Fe sites in biochar can narrow the
bandgap, promote photoexcited electron-hole separation,
and generate ROS under natural sunlight without
UV-based systems that require higher energy input. The
incorporation of metallic nanoparticles (i.e., Ag, copper, or
Fe oxides) onto biochar matrices creates synergistic effects
that outperform individual components. Ag modification
provides potent antimicrobial action through ion
release and protein inactivation, while Fe enhances ROS
formation and stabilizes charge carriers.”® Together, these
mechanisms create a multifaceted antibacterial system
capable of addressing not only general coliforms but also
more resilient microbial groups. The trend toward hybrid
designs reflects the replacement of chemical-intensive
disinfection with environmentally benign, sunlight-
responsive materials that can operate effectively in rural,
decentralized, or emergency contexts.

Recent studies emphasize that the presence of natural
organic matter, turbidity, suspended solids, and competing
ions can limit ROS availability, alter metal speciation, or
interfere with bacterial interactions.’*” In addition, greater
attention is now given to the environmental safety of metal-
doped biochar, including metal leaching dynamics, long-
term structural stability, and potential ecological impacts.
Engineering strategies of strong metal-biochar bonding,
surface oxidation for nanoparticle immobilization,
and moderate metal loading have been recognized as
necessary approaches to balance disinfection efficiency
with environmental stewardship. This also aligns with
global themes in circular economy principles, sustainable
materials design, and decentralized water treatment
for underserved regions. The integration of catalytic
activation, visible light responsiveness, and sustainability
considerations represents the newest direction in
biochar-based disinfection that emphasizes accessibility,
environmental safety, and advanced performance under
real-world conditions.

3.5. Limitations, future directions, and real-world
implications

The study on Ag-Fe-modified biochar as a photocatalyst
for water disinfection identified several limitations that
require further analysis to improve its performance
and applicability. The stability and reusability of the
photocatalyst present challenges, as the potential leaching
of Ag and Fe nanoparticles could reduce its long-term
effectiveness and pose environmental hazards. The
experimental conditions, which were controlled and
simplified, may not fully reflect the complexities of real-
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world water systems. Environmental factors such as
turbidity, organic content, and competing ions are likely to
affect the material functionality in practical applications.
In addition, the research focused primarily on bacterial
inactivation, leaving its effectiveness against other
waterborne pathogens, including viruses and antibiotic-
resistant microorganisms, unexplored. The study also
does not include an evaluation of the economic viability
or scalability of producing the Ag-Fe-modified biochar for
deployment in low-resource contexts.

Future investigations should prioritize assessing the
environmental impact of nanoparticle leaching and
developing strategies to improve material stability, such
as advanced coating techniques or stabilizing element
incorporation. Field tests in diverse water matrices,
including municipal and industrial wastewater, are
necessary to understand the material’s performance in
varying environmental conditions. Studies should also
expand to include their disinfection capacity against a
broader range of microorganisms, including viruses and
biofilm-forming species, to provide a comprehensive
evaluation. Furthermore, conducting techno-economic
analyses is essential to assess the cost-effectiveness and
scalability of this material, particularly in comparison
to established water treatment methods. Exploring
the integration of Ag-Fe-modified biochar with other
advanced treatment technologies could enhance its overall
efficacy and broaden its application scope.

The implications of this Ag-Fe-modified biochar for
practical water treatment are significant. By utilizing visible
light as an energy source, Ag-Fe-modified biochar offers a
sustainable and cost-efficient approach to microbial water
disinfection, particularly in regions lacking advanced
water treatment infrastructure. The use of biomass-derived
biochar aligns with principles of resource recovery and
waste utilization, providing an environmentally sustainable
approach to developing functional materials for water
treatment. Its demonstrated ability to inactivate bacteria
suggests it could play an important role in reducing
waterborne diseases, especially in underserved regions.
Furthermore, avoiding chemical-intensive disinfection
methods, such as chlorination, reduces the generation of
harmful byproducts and lowers the environmental impact
of water treatment processes.

4, Conclusion

This study presents an evaluation of Ag-Fe-modified
biochar as a photocatalyst for water disinfection,
demonstrating its potential as an advanced solution for
addressing microbial contamination. The dual functionality
of the material was achieved through the integration of Ag

and Fe nanoparticles within a biochar matrix. Ag exhibits
antibacterial properties by disrupting bacterial membranes
and interfering with intracellular processes, while Fe
enhances photocatalytic activity through the generation of
ROS. The biochar substrate contributes additional benefits
for adsorption and stabilization, which collectively enhance
the disinfection performance. The research presents the
material’s ability to achieve significant microbial reduction
under visible light, offering an energy-efficient and
sustainable approach to water treatment, and the strategic
integration of renewable biochar with functional properties
to develop a cost-effective adsorbent as an alternative to
conventional water disinfection technologies. Moreover,
the reliance on biomass-derived biochar aligns with
environmental sustainability objectives, promoting the
valorization of waste materials and reducing dependence
on chemical-intensive methods.
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