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Abstract

The intensifying global water crisis, driven by industrial expansion, population pressures, and
climate wvariability, necessitates transformative and sustainable purification technologies.
Diatoms—unicellular microalgae encased in intricately nano- and micro-structured silica
frustules—and their fossilized derivative, diatomaceous earth (DE), have emerged as
multifunctional platforms for water treatment. Their hierarchical porosity, exceptional surface-to-
volume ratio, and chemical tunability underpin the removal of a wide spectrum of contaminants,
including heavy metals, synthetic dyes, pathogenic microorganisms, and emerging pollutants such
as microplastics and per- and polyfluoroalkyl substances (PFAS). This review consolidates current
advances in understanding the physicochemical and biological pathways of diatom-mediated
remediation, encompassing adsorption, ion exchange, photocatalysis, and biofilm-driven
processes. Recent progress in surface functionalization, nanocomposite integration, and
photocatalytic coupling is critically evaluated, along with innovations that link diatom systems to
constructed wetlands, phytoremediation frameworks, and circular bioeconomy models. Case
studies across global regions, with emphasis on Indian contexts, highlight techno-economic
feasibility and socio-environmental relevance. Emerging frontiers, including nanotechnology-
enabled hybrids, machine learning-assisted predictive modeling, and life cycle sustainability
assessment, are identified as accelerators of translational deployment. Persistent challenges,
notably regeneration efficiency, safe disposal of contaminant-loaded DE, and competition with
membrane technologies, are also examined. Collectively, this synthesis positions diatoms as both
biological sentinels and material platforms, charting strategic pathways for next-generation,
climate-resilient water purification systems. This review provides a critical assessment of the
physicochemical processes governing contaminant removal, highlights recent innovations in
diatom functionalization that enhance reactivity, and explores the incorporation of diatom-derived
biosilica into nanocomposite materials and advanced filtration platforms. Additionally, it assesses
the scalability, economic viability, and ecological implications of implementing diatom-based
technologies in real-world water treatment applications. By pinpointing existing research gaps and
technological constraints, the article proposes strategic pathways for interdisciplinary
investigations aimed at fully leveraging the potential of diatoms in shaping next-generation water
purification solutions.

Keywords: Diatoms, Water Purification, Sustainable Wastewater Treatment, Pollution Removal,
Heavy Metal, Diatomaceous Earth.

1. Introduction

The global scarcity of clean and safe freshwater has become a defining
environmental and public health concern of the 21st century. This crisis is
exacerbated by accelerating urbanization, unchecked industrial discharges,
intensified agricultural practices, and climate variability, which collectively burden
freshwater systems with a complex mixture of contaminants, including heavy
metals, persistent organic pollutants (POPs), synthetic dyes, and pathogenic

microorganisms L2
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The rising pollution level deteriorates the water quality
index leading to a huge decline in species diversity due
to untreated discharge of metals, pesticides, aromatic
polycyclic hydrocarbons, etc., which slows down the
survival of an aquatic species, thus posing a big threat.
Conventional water treatment technologies—including
coagulation—flocculation, membrane-based separation,
and activated carbon adsorption—have been widely
implemented for the tremoval of contaminants’.
However, these approaches remain fundamentally
constrained by high capital and operational
expenditures, intensive energy inputs, and the
generation of secondary residuals that demand further
management. Such limitations not only undermine
economic feasibility but also raise critical concerns
about the environmental sustainability of these
technologies in the context of escalating global water
security challenges. This recognition has catalyzed an
urgent search for alternative purification strategies that
are ecologically compatible, resource-efficient, and
adaptable to diverse socio-environmental contexts.
Within this landscape, diatoms—an evolutionarily
diverse  clade of wunicellular, photosynthetic
microalgae—have emerged as a compelling bio-
resource for next-generation water purification
systems. The hallmark feature of diatoms lies in their
silicified cell walls (frustules), which exhibit hierarchical
nano- to microscale porosity, extraordinary specific
surface area, and highly modifiable surface chemistry.
These structural and physicochemical attributes
collectively enable a broad spectrum of contaminant
interactions, ranging from adsorption and ion exchange
to physical entrapment and catalytic surface reactions.
Functionally, frustules confer additional ecological
advantages: they buffer cells against photoinhibition,
optimize nutrient uptake under variable environmental
conditions, regulate buoyancy and sinking dynamics in
the water column, and provide mechanical defence
against grazers *. The biogenic silica architecture of
diatom frustules is neither taxonomically uniform nor
environmentally invariant Instead, it reflects
pronounced interspecific  variation and plastic
responses to external drivers such as irradiance,
nutrient stoichiometry, salinity, temperature, and
ontogenetic growth stage. This adaptability underpins
the evolutionary success of diatoms, a lineage estimated
to encompass more than 200,000 extant species
distributed across nearly all aquatic ecosystems—from
pelagic freshwater and marine habitats to benthic
sediments and even tetrestrial interfaces °.

Collectively, diatoms are thought to account for
approximately 70% of global algal diversity, and 83%
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are benthic, underscoring both their ecological ubiquity
and biogeochemical significance .

Importantly, this exceptional biodiversity and
morphological plasticity confer dual relevance: diatoms
function not only as sentinel bioindicators of
ecosystem health and environmental change but also as
renewable biomaterials with intrinsic potential for
water treatment applications. In this dual capacity, they
serve as a unique nexus between fundamental
ecological processes and applied environmental
engineering, thereby positioning diatoms as a
cornerstone in the ongoing search for sustainable, bio-
inspired solutions to global water purification
challenges. These structural features not only underpin
diatoms’ ecological dominance in aquatic systems—
contributing approximately 40% to marine primary
productivity and 20% to global carbon fixation but also
render them highly suitable for contaminant removal
through  adsorption, filtration, and catalytic
mechanisms °.

The potential of diatomaceous biosilica and
diatomaceous earth (DE) in water treatment has been
substantiated by a growing body of research. Diatom
frustules have demonstrated the ability to adsorb
various pollutants, including heavy metals (e.g., Pb*,
As?", Cd*"), synthetic dyes (e.g., methylene blue, methyl
orange), and organic contaminants >,
Functionalization  strategies—such  as  surface
modification with metal oxides, thiol or amine groups,
or polymeric coatings—have further enhanced the
selectivity and adsorption capacity of diatom-based
materials *. DE has long been employed as a filtration
medium in industrial and municipal applications due to
its porosity, chemical inertness, and microbial filtration
efficiency ". Advancements in nanotechnology have
expanded the functional landscape of diatom-based
materials. Bio silica composites integrated with
nanoparticles of silver, titanium dioxide (TiO2), or iron
oxide (FesOs) exhibit multifunctional properties
including  photocatalytic ~ degradation, = magnetic
separability, and targeted pollutant binding '"'>. These
composite systems leverage the optical and structural
properties of diatom frustules to enhance the efficacy
of water purification under visible or UV light
irradiation, making them attractive for advanced
treatment scenarios.

Despite these promising developments, the
translation of diatom-based systems from laboratory
to field-scale implementation limited.
Several challenges persist, including interspecific
variation in frustule morphology and surface
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chemistry, difficulty in large-scale diatom cultivation
and harvesting, low material regeneration rates, and

insufficient integration with existing water treatment
infrastructure. Furthermore, most current research is
limited to batch-scale experiments and lacks long-
term data on environmental sustainability, material
recyclability, and cost-effectiveness under real-world
conditions. Figure 1 summarizes the current state of
research and key knowledge gaps in diatom-based
water purification. Well-studied areas include heavy
metal removal and biosorption using common
freshwater species in laboratory settings. However,
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significant  research  frontiers remain largely
unexplored, including their role in mitigating
emerging contaminants such as microplastics and
PFAS, the design of genetically engineered strains
with enhanced adsorption or catalytic properties, and
the implementation of pilot- and field-scale
demonstrations. Equally important is the potential to
integrate diatom-based materials with emerging
technological  platforms, including biosensor
networks, nanomaterial composites, and Al-assisted
monitoring systems, to develop multifunctional and
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Figure 1. Conceptual Illustration of Research Gaps in Diatom-Based Water Purification

Technologies

In light of these gaps, the present review undertakes
a systematic and critical synthesis of the global
literature on diatoms and diatomaceous materials in
water purification. Specifically, it aims to (i)
consolidate  current evidence on  removal
mechanisms across diverse contaminant classes, (ii)
assess methodological advances and limitations
across laboratory and pilot studies, (iii) explore
synergies  with ~ complementary  treatment
technologies, and (iv) identify future research
priorities that can accelerate the translation of
diatom-based solutions from conceptual innovation
to sustainable field-scale implementation.

2. Diatom Biology and Functional Morphology
Diatoms are a diverse group of unicellular,
photosynthetic microalgae belonging to the class
Bacillariophyceae, and are found ubiquitously in

marine, freshwater, and brackish ecosystems. One of
their most defining and functionally significant
features is the siliceous cell wall, known as the
frustule, which is composed of hydrated amorphous
silica  (SiO2:nH20). Diatom frustules represent
biogenically engineered nanostructures that are not
only intricately patterned and hierarchically porous
but also biologically templated to perform
multifunctional roles, serving simultaneously as
protective exoskeletons and as surfaces with
remarkable  physicochemical — reactivity. ~ *"
Structurally, the frustule is composed of two
overlapping valves—the epitheca and hypotheca—
that interlock in a petri-dish-like arrangement.

The surface morphology 1is species-specific,
characterized by arrays of nanopores and
microchannels organized in highly ordered
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geometric configurations. These pores, typically
ranging from 10 to 300 nm, contribute to an
exceptionally high surface area, reaching up to ~200
m? g ' 13, Such hierarchical porosity and extensive
surface area significantly enhance the capacity of
frustules to adsorb contaminants, positioning them
as highly efficient natural biosorbents in water
purification processes.’ In addition, the frustule
surface is inherently functionalized with silanol (Si—
OH) groups, imparting a net negative charge under
most natural pH regimes. This electrochemical
property facilitates strong interactions with cationic
pollutants, enabling the effective sequestration of
heavy metals such as Pb?", Cd?*', Cu*", and As**
through mechanisms including ion exchange and
electrostatic attraction . The surface chemistry of
diatoms can  be  further modified by
functionalization with organic moieties (e.g., -NHo,
—SH) or metal oxide nanoparticles (e.g., FesOa,
TiO2) to increase their selectivity and binding
affinity toward specific contaminants. 12 14
Beyond their physicochemical versatility, diatom
frustules are also distinguished by exceptional
mechanical resilience, exhibiting fracture toughness
and compressive strength values on par with
advanced ceramics. Such durability enables them to
structural  integrity under  dynamic
hydrodynamic regimes, thereby supporting their
incorporation into engineered systems such as
packed-bed filters, composite membranes, and
fluidized adsorption reactors without rapid attrition
or loss of functionality. 1>
The extensive morphological and taxonomic
diversity of diatoms—estimated to exceed 100,000

retain

species  globally °—further broadens their
applicability. Variability in frustule size, pore
geometry, biosilica  content, and  growth

characteristics directly influences their suitability for
specific water treatment functions. For instance,
pennate taxa such as Navicnla and Cymbella produce
intricately nanoporous frustules that maximize
adsorption efficiency, whereas large centric forms
like Coscinodiscus provide enhanced surface area
and structural complexity, rendering them valuable
in the design of biosilica—polymer composites and
multifunctional filtration materials . The rational
selection and bioengineering of species-specific
traits, therefore, represent an emerging frontier in
tailoring  diatom-based systems for targeted
remediation applications.

From an ecological standpoint, diatoms are
indispensable to global biogeochemical cycling,
particularly in the fluxes of silicon and carbon. They
contribute up to ~40% of oceanic primary
production and nearly 20% of global carbon
fixation, underscoring both their planetary-scale
significance and their potential as a renewable, low-
impact biosilica source. This dual ecological and
technological relevance strengthens the case for
diatoms as sustainable platforms for
purification and resource recovery. Taken together,
the wunique combination of nanostructured
architecture, surface reactivity, mechanical strength,
and biological tunability positions diatoms and their
frustules as highly promising bio-derived materials
for water purification. Understanding and
harnessing these properties lays the groundwork for
the development of effective diatom-based
treatment systems.

3. The Role of Diatoms in Aquatic Ecosystems
Diatoms, unicellular photoautotrophic eukaryotes
within the phylum Bacillariophyta, represent one of
the most taxonomically diverse and ecologically
influential groups of microalgae. As dominant
primary producers in both marine and freshwater
ecosystems, they contribute substantially to global
biogeochemical cycles, driving silicon turnover,
carbon fixation, and nutrient fluxes that underpin
aquatic productivity and biodiversity. Their
ecological prominence is closely linked to their
defining ultrastructural innovation—the silica-

water

based frustule. This hierarchically patterned,
nanoporous exoskeleton confers exceptional
mechanical strength and protection, while

simultaneously functioning as a semipermeable
interface that mediates nutrient uptake, metabolic
exchange, and surface interactions. 16

The morphological and taxonomic diversity of
diatoms is remarkable, with species broadly
classified into centric and pennate lineages and
further differentiated by species-specific frustule
Such wvariability underpins their
adaptive radiation into an extensive range of
ecological niches, spanning oligotrophic oceans,
eutrophic freshwater bodies, polar ice fields,
hypersaline basins, and even geothermal habitats.!”
Their physiological plasticity is further reinforced
by sophisticated photoacclimation mechanisms that
optimize  photosynthetic  efficiency  under

architectures.
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fluctuating irradiance and nutrient regimes, enabling

persistence  across dynamic and  extreme
environments.
Importantly, diatoms function not only as

ecosystem engineers, stabilizing sediments and
modulating nutrient dynamics, but also as sentinel
taxa in aquatic biomonitoring. Their community

composition, abundance shifts, and frustule
morphometrics  are  highly  responsive  to
physicochemical stressors, including nutrient

enrichment, pH fluctuations, and contaminant
exposure. Consequently, diatoms are extensively
employed as bioindicators of ecological integrity,
offering high-resolution proxies for assessing water
quality, trophic status, and anthropogenic
disturbance. This dual significance—as key agents
in primary production and as diagnostic tools in
environmental assessment—positions diatoms at
the interface of basic ecological research and
applied water resource management.!®!? Their
versatility enables them to dominate phytoplankton
communities in nutrient-rich environments, form
blooms in coastal upwelling zones, and thrive on
benthic substrates in freshwater and marine
habitats. Diatoms make an indispensable
contribution to global primary productivity,
accounting for a substantial fraction of Earth’s
oxygen generation, particularly within marine
ecosystems. As a foundational dietary resource, they
support a wide array of aquatic organisms ranging
from zooplankton and small pelagic fishes to
benthic filter-feeding invertebrates. Their high
abundance, nutritional quality, and rapid turnover
render them keystone components of aquatic food
webs, sustaining higher trophic levels and thereby
enhancing biodiversity and ecosystem resilience.
Beyond their trophic significance, diatoms play a
pivotal role in biogeochemical cycling, acting as
central mediators of carbon sequestration, nitrogen
assimilation, and silica deposition within aquatic
systems. 20

Owing to their sensitivity to physicochemical
fluctuations, variations in diatom community
structure, species composition, and functional traits
serve as reliable proxies for detecting environmental
perturbations such as eutrophication, organic
pollution, and toxic contamination. This makes
them integral to ecological monitoring frameworks
and evidence-based water resource management. 2!
In addition to their ecological and monitoring value,
diatoms possess a rich biochemical repertoire,
including polyunsaturated fatty acids, carotenoids,

sterols, and polysaccharides, which underpin their
exploitation in nutraceutical, cosmeceutical, and
pharmaceutical applications. 2> Furthermore, the
fossilized of diatoms—preserved in
lacustrine and marine sediments as diatomaceous
deposits—provide  invaluable
paleoenvironmental reconstructions, offering high-
resolution insights into past climate variability,
nutrient dynamics, and anthropogenic impacts over
geological timescales .2> Overall, diatoms contribute
to multifaceted applications and significantly
influence and shape the functioning of aquatic
ecosystems.

4. Diatoms in Natural Water Filtration

Diatoms represent a cornerstone of aquatic
ecosystem functioning, where they simultaneously
underpin primary productivity, nutrient flux
regulation, and biophysical stabilization of
sediments, while also acting as natural bio-
remediators. Their role in water purification is
primarily mediated through the development of
highly structured biofilms, often in mutualistic
association with heterotrophic and nitrifying
bacteria Fig.2. These multispecies consortia
establish on submerged surfaces to form complex,
three-dimensional ~ biopolymeric networks,
functioning as dynamic filtration barriers that
entrap  suspended  particulates, immobilize
particulate-bound contaminants, and mediate
nutrient sequestration and transformation across
nitrogen, phosphorus, and silica cycles.?* At the
mechanistic level, diatoms provide both structural
and functional contributions within these biofilm
matrices. The silicified frustules serve as robust
microarchitectures, enhancing surface roughness
and porosity, thereby increasing particulate capture
efficiency and microbial colonization potential.
Concurrently, diatoms secrete substantial amounts
of extracellular polymeric substances (EPS)—
biopolymers composed of polysaccharides,
proteins, and glycoproteins—that form cohesive
gels capable of enhancing sediment cohesion,
increasing critical erosion shear stress, and
facilitating intertidal stabilization.?>26:>7  EPS-
mediated flocculation not only immobilizes
colloidal matter but also modulates redox micro
gradients, creating physicochemical niches that
foster co-metabolic degradation of organic
pollutants. Collectively, these processes transform
diatom-rich biofilms into biological filter beds with
intrinsic capacity for long-term water quality
regulation 2728

remains
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Figure 2. Natural Wastewater Filtration using Diatoms (Created using Biorender.com)

From an eco-engineering perspective, these naturally
evolved  purification  strategies have  been
operationalized into engineered treatment platforms,
including constructed wetlands, floating treatment
wetlands, algal turf scrubbers, sedimentation tanks,
Moving Bed Biofilm Reactors (MBBRs), and closed-
loop photobioreactors. These systems harness the
synergistic metabolism of diatoms and associated
microbiota, thereby achieving multifunctional
pollutant attenuation: ammonium oxidation, nitrate
and phosphate uptake, trace metal biosorption, and
organic matter mineralization.” '> **Moreover,
photosynthetic oxygen release by diatoms sustains
aerobic microbial processes, reducing the external
aeration requirements of conventional treatment
systems.

Recent pilot-scale evaluations with taxa such as
Phacodactylum tricornutum and Navienla highlight their
resilience under fluctuating pollutant loadings and
hydrodynamic  regimes, achieving high and
consistent removal efficiencies across nuttients,
turbidity, and emerging contaminants.”” These
findings underscore the translational promise of
diatom-based biofilms as living filtration units,

capable of augmenting or partially replacing energy-

intensive, chemical-dependent conventional
treatment technologies. Importantly, their self-
biodiversity-

enhancing nature positions them as a keystone in
advancing nature-based and hybrid solutions for

regenerating,  low-carbon,  and

sustainable water purification. functionally by
producing oxygen and extracellular polymeric
substances (EPS), which enhance sediment binding
and flocculation. In particular, EPS excreted by
diatoms aids in sediment cohesion and plays a role in
intertidal ~ stabilization, turbidity,

functioning as biological “filter beds” that maintain

reducing

water quality over extended time scales. *>*> % In
benthic environments, diatoms frequently establish
microalgae—bacteria consortia that act as living
filtration barriers, capturing suspended particles,
reducing turbidity, and facilitating nutrient removal.
EPS secreted within these biofilms form a cohesive
gel-like matrix that enhances sediment stability by
increasing critical erosion shear stress ***

The hierarchically nanostructured frustules of
diatoms, composed of intricately arranged pores,
ridges, and microchannels, confer exceptionally high
surface-area-to-volume ratios that facilitate both
adsorptive interactions and mechanical entrapment
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of pollutants, including colloidal particles, bacteria,
and even viral pathogens *>*. The high degree of
silica biomineralization not only provides structural
rigidity but also reduces susceptibility to protozoan
grazing, thereby prolonging diatom persistence and
contributing to the stabilization of biofilms in
oligotrophic or environmentally stressed aquatic
systems.” Beyond their ecological resilience, recent
investigations have underscored the economic and
ecological feasibility of harnessing diatoms for
wastewater treatment, where strategies such as
diatom biomass recovery and reuse offer low-cost,
energy-efficient pathways for nutrient reclamation
and water quality enhancement. ’

Nevertheless, despite encouraging laboratory and
pilot-scale demonstrations, the translation of diatom-
based technologies into full-scale, long-term water
treatment infrastructure remains limited. Major
bottlenecks include the lack of standardized criteria
for species selection, optimization of cultivation
protocols and nutrient supplementation,
development of efficient and sustainable biomass
harvesting techniques, and the integration of diatom-
driven processes into existing treatment trains
without compromising operational efficiency.
Moreover, critical uncertainties persist regarding
operational robustness, lifecycle performance, and
techno-economic  feasibility, especially under
fluctuating environmental conditions and variable
contaminant loads. A particularly underexplored
research frontier lies in the systematic evaluation of
diatom-derived biofilms across diverse
hydrodynamic regimes, pollutant classes, and
geographic contexts, coupled with the design of
modular, decentralized treatment platforms tailored
for deployment in low-resource or decentralized
settings. Addressing these research gaps through
interdisciplinary ~ approaches  that  integrate
biotechnology, materials science, and systems
engineering will be essential for transitioning diatom-
based water treatment solutions from proof-of-
concept innovations to commercially viable, scalable,
and sustainable purification technologies.

5. Diatomaceous Earth and Industrial Water
Filters

Diatomaceous earth (DE)—a naturally occurring
siliceous sediment formed from fossilized diatom
frustules—has  attained wide recognition in
industrial-scale water treatment due to its distinctive
nanostructured porosity and surface chemistry. The
intricate  frustule  architecture  imparts an
exceptionally high surface-area-to-volume ratio, low
bulk density, and strong sorptive capacity,

positioning DE as both a mechanical filter medium
and an active adsorbent .

Unlike conventional granular materials such as sand
or gravel, DE-based filters achieve simultaneous
size-exclusion and physicochemical adsorption,
enabling effective removal of suspended solids,
microorganisms, and dissolved pollutants. In
practice, DE is most commonly deployed in pre-coat
filtration systems, wherein a thin, uniform layer of
diatomaceous powder is applied over filter screens to
enhance separation efficiency *. This method is
particularly advantageous for trapping fine colloids
and microbial pathogens that typically bypass
conventional sand filtration units. Comparative
performance analyses demonstrate that DE exhibits
superior efficiency in reducing turbidity and
achieving significant log-removals of bacteria,
protozoan cysts (e.g., Grardia, Cryptosporidium), and
even certain viruses . The U.S. Environmental
Protection Agency (EPA) recognizes DE-based
filters as an effective treatment for Giardia and
Cryptosporidinm removal, highlighting their relevance
in municipal and household water purification.
Additionally, DE demonstrates a capacity for heavy
metal remediation, effectively reducing
concentrations of toxic elements such as lead (Pb),
cadmium (Cd), and arsenic (As) via adsorption and
ion-exchange mechanisms.”

Collectively, these properties underscore DE as a
versatile and cost-effective filtration medium with
broad-spectrum  applicability across industrial,
municipal, and decentralized water treatment
systems. However, further work is required to
optimize regeneration protocols, disposal strategies
for spent DE, and hybridization with advanced
functional materials, thereby ensuring long-term
sustainability and circularity. Another critical
advantage of DE is its biocompatibility and low
chemical reactivity, making it suitable for food-
grade and potable water applications.” When
combined with activated carbon or membrane
technologies, DE acts as a complementary filter
layer, enhancing both the throughput and longevity
of the filtration system.* In addition to pathogen and
particulate removal, DE has been applied in the
adsorption of dyes, pesticides, and organic pollutants
from industrial effluents. Modified or functionalized
DE (e.g., metal oxide-coated frustules) demonstrates
enhanced affinity for specific contaminants such as
methylene blue, phenols, and endocrine-disrupting
compounds*. Such innovations bridge the gap
between natural diatom frustule properties and
advanced engineered materials, opening pathways
for hybrid water treatment systems.
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Despite these advantages, the performance of DE
can be influenced by factors such as particle size
distribution, filtration rate, and water chemistry. For
instance, high organic load or excessive turbidity may
lead to rapid clogging, reducing filter efficiency.
Therefore, integration of DE into decentralized
treatment frameworks—such as sedimentation,
coagulation, or advanced oxidation—offers a more
sustainable and scalable strategy.

Overall, Diatomaceous earth emerges as a cost-
effective, environmentally benign, and

technologically ~ versatile material for water

purification, serving as a critical bridge between
natural filtration strategies and scalable industrial
applications. Its strategic relevance is amplified in
low-resource and underserved regions, where
conventional advanced treatment systems remain
economically or logistically inaccessible.

6. Comparative Perspective: Diatom-Based
Systems vs. Conventional Filtration Materials
While diatoms and DE offer significant advantages,
their potential is best understood when contrasted
with conventional filtration technologies as shown in
Table 1.

Table 1. Comparative performance of sand filter, activated carbon, and diatomaceous earth across multiple water
purification parameters

Parameter Sand Filter Activated Carbon Diatomaceous Earth (DE)

Filtration Mechanism — Mechanical straining through pores Adsorption on porous carbon Mechanical sieving + adsorption via porous
Sfrustules
Particle Removal Moderate (>20 um) High (fine particles & organics) Very bigh (<5 wm), protozoa, cysts
Pathogen Removal Limited (bacteria & protozea Effective (bacteria, some viruses) Highly effective (bacteria, protozoa, some
partially retained) viruses)
Heavy Metal Low Moderate—high (Pb, Hg, Cd, High (Pb, Cd, As, Fe, Mn)
Adsorption As)
Onrganic Pollutant Minimal Excellent (pesticides, phenols, Moderate—high; enhanced with functionalization
Removal dyes)
Turbidity Reduction Moderate High Very bigh; efficient even at high turbidity
Cost & Availability Very low; widely available Moderate—high; regeneration Low—moderate; abundant natural source
required

Limitations Inefficient for fine colloids & Declines with saturation; needs Can clog under high organic/ turbid load;

pathogens

regeneration

requires pre-coating

Sand Filtration: Sand is the most widely employed
medium in traditional water treatment, valued for its
simplicity and low cost. However, its pore sizes are
considerably larger than diatom frustules, typically
removing particles >20 pm. Sand filters are therefore
less effective against fine colloids, bacteria, and
protozoan cysts, necessitating pre- or post-treatment
steps. ** By contrast, DE filters can retain particles
<5 pm, offering a superior barrier to microbial and
colloidal contamination.

Activated Carbon (AC): Activated carbon is highly
effective for adsorbing organic pollutants, taste- and
odour-causing compounds, and certain
micropollutants. However, its efficiency for heavy
metal removal is often limited without chemical
modification *. Diatomaceous earth, in compatison,
provides a complementary adsorption pathway,
particularly for metals, while also offering physical

filtration capacity absent in AC. Thus, diatom—
carbon composites are increasingly being explored as
hybrid solutions *.

Membrane Filtration (Microfiltration,
Ultrafiltration, Reverse Osmosis): Membranes
provide excellent contaminant removal, including
viruses, salts, and trace organics. However, they
suffer from high operational costs, fouling issues,
and energy demands. Diatom-based systems offer a
low-energy, low-cost alternative, with biofilm-
mediated processes providing self-regenerating
capabilities. While diatoms cannot match reverse
osmosis in desalination, they serve as a sustainable
pretreatment step, reducing fouling pressure on
downstream membrane units.*

Collectively, this comparison underscores that
diatoms and DE bridge the gap between natural,
low-cost filtration and advanced engineered
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technologies. Figure 3 shows their unique integration
of nanostructured physical sieving and versatile
adsorption mechanisms situates them as an

intermediate  yet scalable option—particularly
relevant for regions with limited access to high-cost
treatment infrastructure.

5
Particle Removal

5
Pathogen Removal

4 Heavy Metal Adsorption
5

4
5 2
Cost & Availability 4
3
0
2
Turbidity Reduction 4
5
3
Organic Pollustant Removal
Sand Filter Activated Carbon

Diatomaceous Earth

Figure 3. Radar Chart Visualizing the relative performance of Common Water Filtration Media

7. Mechanisms of Water Purification by Diatoms
Diatoms and  their fossilized  counterpart,
diatomaceous earth (DE), mediate contaminant
removal through an interplay of physical, chemical,
and biological processes that operate synergistically to
improve water quality (Fig. 4). The efficiency of these
mechanisms is strongly dependent on frustule
morphology, surface chemistry, biofilm dynamics,
and post-synthetic modifications, making diatom-

based platforms adaptable across both natural
ecosystems and engineered treatment systems. Their
highly ordered silica architecture, reactive surface
groups, and metabolic interactions enable the
elimination of suspended solids, heavy metals, organic
compounds, and microbial pathogens via filtration,
adsorption, photocatalysis, and biofilm-assisted
pathways. %
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Figure 4. Mechanisms of Diatom-Based Water Purification

7.1 Physical Filtration and Adsorption

The nanoporous architecture of diatom frustules
enables efficient size-selective filtration, trapping
suspended solids, microplastics, protozoa, and
pathogenic bacteria within pores ranging from 10 to
300 nm. " Diatomaceous eatths, composed of
fossilized frustules, is widely applied in industrial
and municipal water treatment, where it effectively
retain particles <5 um, including protozoan cysts
such as Giardia and Cryptosporidium. ™’

7.1.1 Filtration and Sieving

The hierarchical nano porosity of diatom frustules
transforms them into natural microsieves, capable
of intercepting suspended particles, colloids,

protozoa, and pathogenic bacteria (Fig. 5a).
Sedimentation
Microfiltration & Flocculation

Particles settle
and clump
together

l _ b

Water passes
through porous
silica frustules

Depending on the species, pore sizes span from
~50 nm to 2 um, allowing size-selective filtration
beyond the resolution of conventional sand filters
P4 DE, composed of fossilized frustules, is
extensively used in municipal water treatment,
beverage clarification, and recreational water
purification owing to its ability to capture
particulates smaller than 5 pm, including protozoan
cysts such as Giardia and Cryptosporidium.”>>* The
combination of large surface area (up to 200 m* g™)
and hierarchical channel networks promotes both
mechanical retention and physicochemical sorption,
while minimizing hydraulic resistance and
maintaining structural stability. *"

Removal of

Turbidity Bacteria
Entrapment
Turbidity is
reduced, Bacteria are
improving water trapped within DE
clarity filters

: l

-iﬂ'n.i' =
a1l

Adsorption

Impurities
adhere to high
surface area
materials

Figure 5a. Physical Methods: Water Treatment
Process with Diatomaceous Earth

7.1.2 Adsorption of Contaminants

The amorphous silica framework of frustules
provides abundant binding sites, facilitating
contaminant capture through electrostatic attraction,
van der Waals forces, and hydrogen bonding. This
adsorption capacity enables efficient removal of
toxic metals such as Pb*", Cd**, and As*', alongside
organic pollutants including phenols, synthetic dyes,
and pharmaceutical residues . Such versatility
supports  both  batch-mode  treatment and

Diatomaceous
Earth Filters

DE filters used in
municipal water
treatment

T

Removal of
Suspended
Solids

Suspended solids
are filtered out

continuous-flow applications, extending their utility
from laboratory-scale remediation to industrial water
management.

7.1.3 Sedimentation and
Enhancement

In addition to passive adsorption, diatoms secrete
extracellular polymeric substances (EPS) that act as
natural bioflocculants. EPS promote aggregation of
fine particulates into larger flocs, accelerating
sedimentation, reducing turbidity, and improving
water clarity. This mechanism not only enhances
conventional sedimentation processes but also
reinforces the stability of biofilm consortia,

Flocculation
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augmenting system resilience under fluctuating
pollutant loads. %’

7.1.4 Microfiltration at Industrial Scale

Recent innovations in functionalized DE-based filters
demonstrate effective removal of microplastics and
nanoscale contaminants (<1 pm), offering a low-
energy, high-throughput alternative to conventional
sand filtration. ** The dual action of mechanical
sieving and adsorption improves contaminant
removal efficiency, making these systems attractive
for large-scale or decentralized water treatment
applications.

7.2 Chemical Mechanisms: Surface Chemistry and
Metal Ion Adsorption

7.2.1 Native Surface Chemistry of Frustules

Diatom frustules are naturally enriched with silanol
(Si—OH) groups, imparting a negative surface charge
under most pH conditions. This property facilitates
adsorption of cationic metals such as Pb*", Cd*", Cu*",
and As®*' via electrostatic attraction, ion exchange, or
chelation with deprotonated silanol sites. Additional
functional groups including carboxyl (—~COOH),
amino (—-NH2), and phosphate (—PO4*") moieties
contribute to biosorption (Fig. 5b). The sorption
kinetics typically follow ILangmuir or Freundlich
isotherms, reflecting heterogeneity of binding sites and
ionic strength of the aqueous medium. *"

Wastewater Treatment Methods

lon Exchange

surface functionalization with

nanoparticles like TiO;, Fe,O,,

and Ag.

o

(z=) Nutrient Reduction

Remowval of heavy metals such
as Pb, Cd, As, and Cu from
wastewater.

Photocatalytic Degradation

Carbonate precipitation
reducing metal mobility in
wastewater.

lon exchange and heavy metal
binding through silanol groups.

Surface Functionalization

MNutrient reduction and pH
regulation in wastewater.

Metal Removal

Photocatalytic degradation of
dyes and pesticides in
wastewater.

Figure 5b. Chemical Methods for Diatom based Water Purification Treatment

7.2.2 Biosorption and Bioaccumulation of Heavy
Metals

Experimental studies have shown that immobilized
diatom biomass can remove up to 90% of Cd*" and
Pb?" under laboratory conditions.”” Metal ions may
bind externally to frustule surfaces or be stored
intracellulatly, enabling both immediate detoxification
and long-term sequestration. Such dual pathways
support the integration of diatoms into circular
treatment systems, with potential for recovery and
reuse of valuable metals.***

7.2.3 Functionalization and Hybrid Systems
Surface modification greatly enhances removal
efficiencies and selectivity.

Chemical functionalization: Amine (-NH2) and
thiol (-SH) groups improve affinity for specific metal
ions.

Nanoparticle incorporation: Coating with FesOs
enables magnetic recovery, while TiOz-diatom
composites facilitate photocatalytic degradation of
dyes, pesticides, and pharmaceuticals under UV or
visible  light, while retaining  metal-binding
functionality.'>"*

These hybrid systems combine adsorption with
catalytic or magnetic functionalities, aligning with the
need for scalable and recyclable treatment
technologies.*”

7.2.4 pH Modulation and Metal Precipitation
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Photosynthetic CO2 uptake by diatoms elevates local
pH, driving the precipitation of metals as hydroxides
and carbonates. This process not only decreases the
bioavailability of toxic metals but also immobilizes
phosphorus, mitigating eutrophication and algal bloom
proliferation.”!
7.2.5 Enzymatic and Redox Transformations
In addition to physicochemical processes, diatoms
secrete extracellular enzymes such as peroxidases and
laccases. These catalyse the oxidative or reductive
transformation of organic  pollutants—including
phenolics, pharmaceuticals, and endocrine-disrupting
compounds—into less toxic or insoluble forms. This
enzymatic  activity =~ complements  biosorption,
broadening the spectrum of contaminants addressed. ¥/
7.2.6 Synthesis and Future Directions
Collectively, diatoms employ a multifaceted suite of
chemical = mechanisms  encompassing  surface
adsorption, intracellular sequestration, pH-mediated
precipitation, and  enzymatic  transformations.
Functionalization and hybridization strategies further
amplify these capabilities. Future research should focus
on optimizing system integration, scaling hybrid
technologies, and elucidating long-term stability under

Photosynthetic
Oxygenation . ',

Enhances water quality ,C\Ej
through oxygen
production by plants.

EPS Secretion &
Biofilm Trapping

Traps pollutants using
microbial biofilms.

Constructed
Wetlands

Utilizes natural
processes to purify

iyt

variable environmental conditions to fully harness
diatoms as sustainable agents in water treatment.

7.3 Biological and Photocatalytic Mechanisms in
Organic Pollutant and Nutrient Removal

7.3.1 Photocatalysis and Frustule-Assisted Light
Harvesting

Integration of diatom frustules with semiconducting
nanoparticles enables photocatalytic degradation of
recalcitrant organic pollutants. Under UV or visible
light irradiation, electron-hole pairs generated on the
surface of TiOz or ZnO nanoparticles produce reactive
oxygen species (ROS) such as hydroxyl radicals (-OH)
that oxidize dyes, phenols, and other organics. >'* The
frustule acts as a natural scaffold, increasing light
absorption through diffraction and enhancing the
reactive surface area. ~Additionally, living diatoms
contribute to the biodegradation of pollutants.
Through metabolic activity, they uptake nitrogen,
phosphorus, and some organic compounds, while
associated heterotrophic bacteria within biofilms
facilitate ~ further decomposition of complex
organics.***” 'This biofilm-mediated mechanism is
particularly effective in constructed wetlands and
moving bed biofilm reactors (Fig. 5¢).

Nutrient Uptake

Reduces nutrient
pollution by absorbing
excess nutrients.

Microbial Consortia

Supports biodegradation
through diverse microbial
interactions.

Eutrophication
Reduction

Prevents excessive
nutrient enrichment in

water. water bodies.
Biofilm-Based Pathogen
Removal  Q Antagonism
o 09
Removes organic g’]’ ‘@’ Controls pathogens
pollutants using through biological
biofilms. interactions.

Figure 5c. Biological Methods for Diatom-based Water Purification

Treatment

7.3.1 Oxygenation and Enhancement of Microbial
Activity

Through photosynthesis, diatoms release molecular
oxygen, which supports aerobic degradation of organic
pollutants by co-occurting microbial communities *.

Elevated dissolved oxygen promotes mineralization of
complex organics and enhances nitrification and
denitrification processes in engineered treatment
wetlands and natural water bodies.
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7.3.2 Nutrient Uptake and Eutrophication
Control

dissolved nutrient concentrations in aquatic systems.”'
This nutrient  sequestration  directly
eutrophication, a major water quality issue driven by
excessive nitrogen and phosphorus inputs from
agricultural runoff, sewage, and industrial effluents.
Unlike cyanobacteria and other phytoplankton,
diatoms require dissolved silica for frustule formation,
which provides a competitive ecological advantage
in nutrient-rich waters. When diatoms dominate, they
effectively utilize available N and P along with Si,
thereby reducing the nutrient pool available to harmful
cyanobacteria and limiting the frequency and intensity
of harmful algal blooms (HABs).”> Their rapid
growth and high nutrient uptake efficiency enable
diatoms to act as natural bioremediates, stabilizing
aquatic ~ ecosystems  under  nutrient-enriched
conditions. Furthermore, diatom-driven nutrient
uptake supports carbon sequestration through the
biological carbon pump. Assimilated nutrients are
incorporated into organic biomass, part of which
settles to sediments as diatom frustules sink, effectively
exporting both nutrients and carbon from the water
column.”*” This dual role in nutrient removal and
carbon cycling makes diatoms crucial regulators of
water quality and biogeochemical balance.

In engineered systems such as constructed wetlands,
algal ponds, and wastewater treatment plants,
diatoms have been shown to reduce nitrogen and
phosphorus loads by up to 60-80%, outperforming
many other algal groups due to their silica-dependent
growth strategy and ability to form biofilms.”*”” These
properties make diatoms highly effective for nature-
based solutions to mitigate ecutrophication and
improve water quality in both natural and artificial
aquatic habitats.

7.3.4 Extracellular Polymeric Substances (EPS),
Microbial Consortia and Biofilm Formation
Diatoms secrete EPS, which binds sediment particles,
stabilizes biofilms, and traps contaminants, forming a
cohesive matrix that enhances both mechanical and
chemical filtration (27;28). EPS—mineral interactions,
such as cation bridging and hydrogen bonding with
clay or quartz, further strengthen contaminant
retention.”’ Biofilms established by benthic diatoms
(e.g.,  Navicula, — Gomphonema, — Amphora)  create
microenvironments conducive to nutrient removal and
pollutant transformation, mimicking natural filtration
processes in engineered systems.”® EPS production
facilitates stable biofilm formation on submerged
surfaces, creating microhabitats for diverse microbial
consortia capable of degrading persistent organic
pollutants™  Within these biofilms, synergistic

counters

Diatoms assimilate key nutrients such as nitrogen
(NOs™, NH4"), phosphorus (PO4*"), and silica (5iO2)
into their biomass, thereby significantly reducing
interactions enhance the overall efficiency of
contaminant removal through combined enzymatic
activity, adsorption, and metabolic transformation.

7.3.5 Role in Pathogen Removal

Recent studies highlight the important role of diatoms
in reducing pathogenic microorganisms and protozoa
from aquatic environments, providing an additional
layer of biological water purification. Diatom frustules
and associated biofilms create physical, chemical,
and biological barriers that entrap, inactivate, or
suppress the growth of pathogenic bacteria, viruses,
and protozoa This mechanism is particularly
relevant for rural and decentralized water treatment
systems, where conventional disinfection may be
limited.

1. Physical Entrapment and Filtration

The nanoscale porosity of frustules (10-300 nm)
enables efficient entrapment of pathogenic cells such
as Escherichia coli, Salmonella, and protozoan cysts
(Giardia, — Cryptosporidiumi), —preventing their free
circulation in water.” Diatomaceous earth (DE) has
long been employed in slow-sand and pressure
filtration units Diatomaceous earth has long been
employed in slow-sand and pressure filters to achieve
significant microbial load reduction without reliance
on chemical disinfectants. *’

2. Antimicrobial Effects of Biofilms

Diatom biofilms produce extracellular polymeric
substances (EPS) that immobilize pathogens and
modulate local microenvironments. EPS often
incorporates antimicrobial polysaccharides, peptides,
and reactive oxygen species (ROS) that compromise
pathogen survival. Symbiotic bacteria within biofilms
further enhance antimicrobial effects by outcompeting
pathogens for nutrients and releasing inhibitory
antagonistic metabolites, further reducing pathogen
viability .%!

3. Surface
Inactivation
Functionalized frustules with nanoparticles such as
silver (Ag), copper (Cu), or titanium dioxide (TiO2)
enhance antimicrobial and antiviral properties.

Functionalization for Pathogen

Light-activated TiO2-coated diatoms generate hydroxyl
radicals and superoxide (ROS), leading to oxidative
damage and inactivation of waterborne pathogens,
while Ag-functionalized frustules release silver ions
that disrupt cell membranes and interfere with DNA
replication.*”’

7.4 Multifunctional Hybrid Systems
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Recent research emphasizes hybrid diatom-based
composites combining natural frustule properties with
engineered nanomaterials to achieve multifunctional
water purification. Magnetic nanoparticles (FesOa)
enable facile recovery and reuse of biosorbents, while
TiO2 and Ag confer antimicrobial and photocatalytic
activity.  ““Such  systems integrate mechanical
filtration, adsorption, photocatalysis, and antimicrobial
activity, offering comprehensive water treatment
strategies within a single treatment unit. Hybrid
systems have been demonstrated in laboratory and
pilot-scale setups to remove heavy metals, dyes,
pharmaceuticals, and  microbial  contaminants
simultaneously. Functionalization approaches include
polymer coatings, bioinspired surface modifications,
and covalent attachment of catalytic nanoparticles,
expanding the practical applicability of diatom-based
water treatment™” ™.

7.5 Factors Affecting Performance

Together, these mechanisms position diatoms as
multifunctional bio-remediators capable of addressing
diverse contaminants, from suspended particles and
nutrients to heavy metals and microbial pathogens,
within a single ecological framework. Their dual
functionality as ecosystem engineers in natural habitats
and as bio-derived building blocks in engineered
treatment platforms—including diatom—nanoparticle
composites, magnetic biosorbents, and biofilm-based
reactors—positions diatoms as versatile agents for
scalable, sustainable, and economically viable water
purification solutions. While fossilized diatomaceous
earth (DE) has demonstrated proven robustness in
industrial-scale filtration systems, the deployment of
living diatom-based systems necessitates precise
regulation of growth conditions, nutrient availability,
and biofilm stability to ensure long-term treatment
performance.

The efficiency of diatom-mediated purification is
multiple
factors,

contingent upon species-specific  and

physicochemical including  frustule
morphology, pore size distribution, surface functional
groups, ambient pH, ionic strength, and contaminant
characteristics *’. At the same time, environmental and
operational variables—such as light intensity, silica-to-
nutrient  stoichiometry,  temperature  regimes,
hydrodynamic conditions (e.g., turbulence, flow rates),
and extracellular polymeric substance (EPS)-mediated
flocculation—play pivotal roles in dictating biofilm
stability, sedimentation dynamics, and contaminant
capture efficiency. In addition, microbial community

interactions with co-occurring bacteria, protozoa, and

algae critically shape biofilm structure and function,
where cooperative metabolic exchanges or competitive
resource dynamics can substantially enhance or
constrain pollutant removal potential >,

By systematically deciphering and optimizing these
both natural
ecosystem processes and engineered interventions to
the spectrum of
purification pathways. Such integrative approaches
hold

eutrophication, suppressing pathogenic organisms, and

drivers, researchers can leverage

maximize diatom-mediated

considerable  promise  for  mitigating
remediating persistent pollutants, thereby aligning
diatom-based innovations with global water security
and sustainable development goals.

8. Applications of Diatoms in Removal of Specific
Pollutants

DE precoat filtration remains the most operationally
matute application for particle/cyst removal, with
established regulatory guidance and operator manuals
for deployment and compliance monitoring “>*. For
dissolved contaminants, functionalized frustules are
best viewed as polishing media in packed beds or
cartridges for point/industrial effluents rich in specific
metals; design must explicitly account for natural
organic matter competition, influent ionic strength,
and regeneration strategy ***’. Photocatalytic frustule
reactors are promising for dye and micropollutant
degradation but require optimization of light delivery
and catalyst immobilization to minimize loss and
energy cost . For ABS or diatom-enabled biofilms,
pilots show  encouraging  nutrient-polishing
performance and reduced aeration demand, but scale-
up must address seasonal light wvariability and
biofouling control *. Diatoms and diatomaceous earth
(DE) have demonstrated significant potential in
removing a wide spectrum of contaminants from
water, including heavy metals, organic dyes, pesticides,
pathogens, and  emerging pollutants.  Their
effectiveness arises from the synergistic interplay of
frustule morphology, surface chemistry, and biofilm-
mediated processes "

8.1 Heavy Metals Removal

Heavy  metal contamination  poses
environmental and health risks due to toxicity,
bioaccumulation, and persistence. Diatoms remove
metals through adsorption onto silanol groups, ion-
exchange, and complexation with functionalized
surfaces. Both living diatoms and DE have been
reported to efficiently remove metals such as Pb*,

Cd*, As**, Cu*', and Hg*".

severe
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V' Example: Navicula, Nitzschia, and Cymbella speciey”
have shown Pb*" and Cd*" removal efficiencies of
60-95% under laboratory conditions *""",

v' Functionalized systems: DE coated with amine o¥”
thiol groups enhances binding capacity, achieving
up to 98% removal of Pb** and 92% of As** from
aqueous solutions .

v' Mechanism: Metal ions are adsorbed viZ’
electrostatic interactions, surface complexation
with —OH, —-NHz, or —SH groups, and micro-
precipitation within frustule pores .

8.2 Organic Compounds and Synthetic Dyes

Diatoms are effective in adsorbing and degrading

organic pollutants such as dyes, phenols, pesticides,

and pharmaceuticals. Both natural frustules and
functionalized diatom composites are employed for
these applications.

Example: Methylene blue, methyl orange, and

rhodamine B have been removed from aqueous

solutions using DE and living diatom biofilms with
efficiencies ranging from 70-95% ™.

Hybrid approaches: TiOz-diatom composites exploit

photocatalytic degradation under UV or visible light,

breaking down complex organics while simultaneously
adsorbing by-products """

Mechanism: Adsorption occurs through electrostatic

interactions  and  hydrogen  bonding,  while

photocatalysis generates reactive oxygen species (-OH)
for oxidative degradation of organic pollutants ».

8.3 Pathogen Removal

Pathogen contamination is a major concern in drinking

water. Diatom frustules and DE have shown

remarkable efficacy in physically and chemically
removing bacteria, protozoa, and viruses.

9.1 Global Frameworks

The World Health Organization’s Guidelines for

Drinking-water Quality (GDWQ) provide

international health-based targets for microbial,

chemical, and radiological contaminants "". While not
technology-specific, these guidelines form the
benchmark against which DE or diatom-based
purification must demonstrate compliance. The

NSF/ANSI/CAN 61 standard defines material safety

requirements for drinking water system components,

ensuring DE filters and housings do not leach harmful
contaminants "*”. Complementing this, the AWWA

B101 standard specifies performance and quality

requirements for precoat filter media, including

diatomaceous earth **"

9.2 Regional Frameworks

In the United States, the Surface Water Treatment

Rules (SWTR) under the Safe Drinking Water Act

require DE filtration systems to achieve turbidity <1

NTU in 95% of samples monthly and never exceed 5

Example: DE pre-coat filtration achieves >99%
removal of Gurardia and Cryptosporidium cysts and a
significant reduction in bacterial load **’.

Mechanism: Physical sieving through frustule pores,
adsorption onto negatively charged surfaces, and EPS-
mediated biofilm trapping combine to immobilize and
remove pathogens .

Hybrid systems: Ag-functionalized diatom composites
provide  additional  antimicrobial  properties,
inactivating bacteria and viruses via silver ion release
and oxidative stress "*".

8.4 Emerging Pollutants (Microplastics, PFAS,
Pharmaceuticals)

Recent research highlights the potential of diatoms in
mitigating ~ emerging  contaminants  such  as
microplastics, per- and polyfluoroalkyl substances
(PFAS), and pharmaceutical residues. While studies are
limited, preliminary results suggest that nanoporous
frustules can physically trap microplastics (<5 pm) and
adsorb PFAS and pharmaceutical molecules through
hydrophobic interactions and electrostatic adsorption
. Integration with functionalized nanoparticles or
polymer coatings can enhance binding selectivity and
adsorption capacity for these pollutants.

9. Regulatory Frameworks for Water Purification
Using Diatoms

Diatoms, as both bioindicators and filtration media
(diatomaceous earth, DE), are increasingly relevant in
water quality monitoring and treatment systems.
Although few policies are diatom-specific, their role is
embedded within broader regulatory frameworks at the
global, regional, and national levels.

NTU, alongside microbial removal benchmarks *.

Operational guidance from state agencies, such as
Washington State’s DE optimization manual, further
defines compliance practices *.

In the European Union, the Water Framework
Directive (2000/60/EC) mandates the use of diatoms
as a biological quality element (BQE) for ecological
assessments.  Harmonized  methodologies  are
established by CEN standards EN 13946:2014
(sampling) and EN 14407:2014 (identification and
enumeration) ***. The EU Drinking Water Directive
separately governs finished water quality compliance.
In the United Kingdom, the Environment Agency has
adopted DNA metabarcoding of diatoms to enhance
ecological monitoring precision under the WFD
framework *. In Africa, the African Water Vision 2025
emphasizes integrated water resource management and
pollution control, creating a supportive policy
environment for diatom-based monitoring and low-
cost DE filtration systems *".
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9.3 Indian Frameworks

India’s BIS IS 10500:2012/2020 defines national
drinking-water ~ standards that all purification
technologies, including DE, must meet . The Central
Pollution Control Board (CPCB) sets ambient wates
quality criteria (Classes A—E) that underpin basin
management decisions for source-water protection
(90). While primarily physicochemical, Indian research
increasingly applies diatom indices to complement
CPCB classifications *”.

The Government of India’s, (Central Public Health &
Environmental Engineering Organisation) CPHEEO

Manual on Water Supply and Treatment and Ministryl.

of Housing and Urban Affairs (MoHUA) Drink from
Tap O&M Manual provide engineering, planning,

design envelopes, and operational guidance fof.

treatment processes (including filtration choices) used
by Urban Local Bodies. While process-neutral, these

manuals lay out process control, monitoring, and.

hygiene safeguards relevant to DE plants ™

Institutions such as the Indian Institute of Science

(IISc) have developed protocols for diatom samplingg.

preservation, and enumeration, ensuring
methodological standardization in bio-assessment ”'.
Additionally, the National Green Tribunal (NGT) has
repeatedly emphasized the inclusion of biological
monitoring alongside physicochemical assessment in
river restoration rulings, creating regulatory space for
diatom indices (NGT, 2019). (Fig. 6).

Where diatoms “fit” in Indian regulation

For treatment: There is no diatom-specific potable-
water rule; instead, DE filtration is an accepted unit
process chosen during design, provided finished water
meets IS 10500 and the plant adheres to general

engineering controls (as per CPHEEO/MoHUA).
Health-effects compliance for materials/components
is typically demonstrated with NSF/ANSI/CAN 61
certification in procurement " *>”,

For monitoring: Diatom-based indices are used
widely in research and state projects to assess
ecological condition and can inform river-basin
management under CPCB frameworks;
methodologically, Indian teams commonly follow or
adapt EN 13946/EN 14407 procedures for sampling,
identification, and index calculation ***» 712,

8.4 Regulatory Considerations

Standardization — Adoption of international (CEN,
AWWA, NSF) and national (BIS, CPHEEO)
protocols ensures regulatory acceptance.

Safety and Efficacy — DE filters must demonstrate
compliance with microbial and chemical benchmarks
under WHO and BIS standards.

Environmental Impact — Cultivation and harvesting
of diatoms must align with biodiversity conservation
principles.

Innovation Pathways — Emerging tools such as
diatom metabarcoding and bioremediation require
validation and pilot integration into regulatory
frameworks.

While diatoms are not yet regulated as a standalone
treatment technology, they are already embedded
within frameworks for bioassessment (EU WEFD,
CPCB programs) and filtration media standards
(AWWA, NSF, BIS). Their successful integration into
water purification systems will depend on continued

research, pilot validation, and standardization efforts
119-126
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Framework Level

4 Global

Key Provisions / Focus

Sets overarching water quality and
wastewater management standards;
promotes sustainable and safe water use;
emphasizes biological and chemical
monitoring

Relevance to Diatoms
in Water Purification

Supports research and
deployment of diatom-based
filtration as part of sustainable
and bio-based water
treatment technologies

Regional

Mandates water quality assessment,
monitoring, and treatment compliance;
encourages use of innovative and eco-
friendly technologies; regional monitori-
ng frameworks and reporting

Diatom-based filtration and
bloremediation can be
integrated as eco-innovative
solutions aligned with regional
standards and reporting

India

Specifies permissible limits for pollutants,
mandates water quality monitoring
programs, and promotes use of sustain-
able water treatment methods; regional
/state-level water boards enforce comp-

Potential for decentralized or
pilot diatom-based water

purification projects; alignment.

with BIS/CPCB-standards ensu-
res safety and regulatory com-

J

Figure 6. Global vs. Regional vs. Indian frameworks

Despite clear recognition of biological monitoring in
global and regional frameworks, diatom-based
strategies remain underutilized, pointing to both gaps
and opportunities. At the global and regional level, the
European Union’s Water Framework Directive (WFD)
requires ecological status assessments using biological
quality elements such as Phyto benthos (including
diatoms), establishing a precedent for their formal use

b

2

)
2
©

9.5 Gaps and Opportunities

in monitoring ***”. For example, Sweden employs
indices such as the Trophic Diatom Index (TDI),
Specific Pollution Sensitivity Index (IPS), and the
percentage of pollution-tolerant taxa (%PT) to evaluate
stteam health *°. However, these applications remain
restricted to monitoring, with no explicit inclusion of
diatoms in treatment or purification regulations (Fig.
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Figure 7. Sunburst Chart showing Gaps and Opportunities in Diatom based Water Purification

In India, the Central Pollution Control Board (CPCB)
operates comprehensive inland and coastal monitoring
networks that track physical, chemical, and biological
parameters—including phytoplankton and benthic
organisms. Yet, existing standards under CPCB and the
Bureau of Indian Standards (BIS) empbhasize
physicochemical thresholds, with limited integration of
diatom indices or technologies into water quality
regulations . Nonetheless, emerging evidence
highlights their utility: diatom indices such as TDI and
IPS have been successfully applied to detect pollution
gradients in the Chambal River *, while IPS provided
higher ecological resolution than conventional Water
Quality Index (WQI) methods in the Sharda (Kali)
River ”. These findings demonstrate the potential for
integrating diatom-based biomonitoring into Indian
regulatory  frameworks. From an opportunity
perspective, global sustainability agendas provide
fertile ground. Diatom-based purification aligns closely
with the United Nations Sustainable Development
Goal 6 (SDG 6) on clean water and sanitation,
emphasizing nature-based, low-cost, and eco-friendly
technologies . Similarly, in India, national programs
such as the Jal Jeevan Mission could serve as platforms
for piloting decentralized diatom-based purification
systems. Incorporating diatom indices into CPCB
monitoring programs and recognizing diatom-based
filtration under BIS standards would bridge the gap
between ecological innovation and regulatory practice.

10. Strategies to Enhance Diatom Efficiency
Diatoms, owing to their highly porous silica frustules
and large surface area, exhibit inherent potential for
water purification and treatment. However, their native
adsorption and filtration capabilities are often
insufficient for large-scale deployment and require
enhancement. Recent research, over the past has
therefore focused on strategies to augment diatom
efficiency, ranging from surface functionalization and
nanocomposite immobilization
techniques and integration into advanced treatment
infrastructures. These approaches collectively aim to
enhance selectivity, stability, and scalability of diatom-
based systems for water purification.

10.3 Immobilization Techniques

Immobilization of diatoms onto substrates or within
matrices addresses operational challenges such as
biomass recovery, structural integrity, and reuse.
Common  immobilization  approaches  include
embedding diatoms in biopolymer matrices (e.g.,
alginate, chitosan), coating onto membranes, or

formation to

10.1 Chemical Functionalization for Targeted
Adsorption

Chemical functionalization involves the deliberate
modification of diatom frustule surfaces with specific
chemical groups to increase the affinity for pollutants.
Functional groups such as amines, carboxyl’s, thiols,
and phosphates are commonly employed to introduce
selective binding sites, enhancing adsorption of heavy
metals, dyes, and otrganic contaminants '""'">. Such
modifications enhance electrostatic attraction and
chelation, improving affinity toward heavy metals (e.g.,
Pb?*, Cd?*, Hg?") and recalcitrant organics. For
instance, amine-functionalized diatoms  display
significantly higher removal efficiencies for Pb?* and
Cd?*, while thiol groups confer specificity toward Hg?".
Beyond metals, functionalized frustules effectively
adsorb synthetic dyes (e.g., methylene blue, methyl
orange) from textile effluents, expanding their
applicability to industrial wastewater. Overall,
functionalization enhances both adsorption capacity
and contaminant selectivity, allowing tailored solutions
for complex effluent matrices.

10.2 Nanocomposites and Hybrid Materials

The integration of diatoms with nanomaterials or other
inorganic substrates has emerged as a powerful
approach  to  enhance  their  performance.
Nanocomposites leverage the synergistic properties of
diatoms and nanoparticles, including increased surface
area, photocatalytic activity, and antimicrobial
functionality . Common combinations include
diatom-TiO2,
nanotube hybrids. Diatom-TiO2 composites, for
example, exhibit photocatalytic degradation of
pharmaceuticals and organic pollutants under UV
irradiation, while silver-diatom hybrids demonstrate
antimicrobial activity that minimizes biofouling in
filtration systems. Carbon-based hybrids enhance
adsorption capacity for both cationic and anionic
pollutants, making them versatile tools for multi-
contaminant removal. Nanocomposite formation not
only improves pollutant removal efficiency but also
broadens the operational scope of diatoms in diverse
water treatment scenarios.

diatom-silver, and diatom-carbon

forming beads suitable for column reactors *.

Immobilization stabilizes frustule architecture under
flow conditions, mitigates clogging in filtration
systems, and permits multiple treatment cycles without
significant loss of capacity, thereby improving
economic  feasibility. Importantly, immobilized
diatoms facilitate integration into continuous treatment
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setups, making them suitable for scaling beyond
laboratory or pilot-scale setups. This strategy is
particularly important for large-scale operations where
handling suspended biomass may be impractical.

10.4 Integration into Existing Water Treatment
Systems: Embedding diatom-based technologies into
conventional ~ water  treatment  infrastructures
represents a promising pathway toward practical
application. Diatomaceous filters and membranes
function effectively as pre-treatment units upstream of
activated carbon absorption and reverse osmosis,
where they reduce contaminant loads, extend
membrane lifespan, and minimize energy and chemical
trequirements'”> . Moreover, when coupled with
advanced oxidation processes (AOPs) or ultraviolet
(UV) disinfection, diatom-mediated systems achieve
synergistic pollutant abatement, effectively targeting
both refractory organic compounds and microbial
pathogens. Such hybrid configurations exemplify
scalable and sustainable treatment paradigms that
harness the wunique structural, adsorption, and
photocatalytic compatibilities of diatom frustules
within existing water treatment infrastructures.

10.5 Synthesis and Outlook Enhancement
strategies—including sutface functionalization,
nanocomposite development (e.g., diatom—metal oxide
or diatom—carbon hybrids), immobilization, and
system  integration—substantially  extend  the
applicability of diatoms in water purification. These
innovations improve adsorption selectivity, broaden
the range of target contaminants (heavy metals, dyes,
pharmaceuticals, pathogens), and enhance operational
stability, making diatom-based systems more
competitive with conventional technologies. Looking
ahead, future research must address challenges of
techno-economic feasibility, regeneration and reuse of
diatom-based materials, and performance validation
under variable field conditions. Progress in these areas
will be essential to translate diatoms from experimental
platforms into scalable, eco-efficient, and sustainable
water treatment solutions with global relevance.

11. Advantages, Limitations, and Ecosystem
Implications of Diatom-Based Water Treatment
Diatom-based water purification technologies offer
several ecological, functional, and operational benefits
over conventional treatment methods. Their unique
biological ~ and  structural  attributes  enable
environmentally sustainable, versatile, and
economically viable applications across diverse water
matrices. Beyond technical efficacy, diatoms contribute
to broader ecosystem services, highlighting their dual
role in engineered treatment systems and natural
aquatic environments. This integrated perspective

evaluates  their  advantages, limitations, and

implications for ecosystem services and water quality
management. '™

Limitations include:

(1) wvariability in raw biosilica (species-to-species
differences and batch variability)

(2) handling hazards for crystalline silica in certain DE
grades (worker safety and dust controls required)

(3) competition from natural organic matter in real
waters reducing sorption capacities, and

(4) the nascent state of long-term regeneration and life-
cycle data for engineered frustule media. Regulatory
compliance for DE filters and operator safety
protocols is well documented """,

11.1 Advantages

Eco-Friendly and Sustainable:

Diatoms photoautotrophic  organisms  that
sequester carbon dioxide while utilizing nutrients from
wastewater, enabling simultaneous water remediation
and biomass production. Unlike chemical coagulants
or activated carbon, diatom-based systems minimize
secondary pollution and hazardous sludge generation,
aligning with green chemistry principles and circular
bioeconomy strategies. '

Hierarchical Nanoporous Structure and High
Surface Area:

Diatom frustules exhibit a highly ordered, hierarchical
nanoporous architecture that facilitates high-capacity
adsorption of heavy metals, dyes, pharmaceuticals, and
other organic pollutants 107. The nanoscale porosity
allows selective adsorption for targeted contaminants,
while also providing a platform for chemical
functionalization and hybrid material integration.
Versatility and Environmental Adaptability:
Diatoms demonstrate remarkable resilience to

are

fluctuating environmental conditions, including
variations in pH, temperature, salinity, and nutrient
levels. This adaptability allows deployment across
diverse water matrices, including industrial effluents,
municipal wastewater, and brackish or natural water
bodies  *.

nanocomposite

Functionalization and
hybridization

operational versatility, allowing simultaneous removal

strategies

further  enhance

of multiple pollutants.

Large-Scale Cultivation and Biomass
Valorisation:

Diatoms can be mass-cultivated in photobioreactors or
open pond systems, utilizing nutrient-rich wastewater
stteams. This dual-function approach enables
concurrent water remediation and biomass generation.
Hatvested biomass can be valorised into biofuels,
fertilizers, or high-value bioproducts, improving both
sustainability and economic feasibility."" "’

Integration with Existing Systems:



Diatom-Based Multifunctional Biogenic Nanostructures in Water Purification: From Mechanistic Understanding to Innovative

Applications
Diatom-based filters, adsorbents, and membranes can
be seamlessly incorporated into conventional
treatment infrastructures. Hybrid systems combining
diatoms with advanced oxidation processes (AOPs) or
ultraviolet treatment demonstrate synergistic benefits,
including reduced chemical consumption, lower energy
requirements, and improved contaminant removal
efficiency.
Ecosystem Services Contribution:
In natural aquatic environments, diatoms contribute to
multiple ecosystem services, including nutrient cycling,
water clarity maintenance, and primary productivity
regulation.  Their role supports  biodiversity
conservation, fisheries productivity, and overall
ecosystem resilience "> '". Diatom-rich habitats
provide natural water filtration, forming a basis for
decentralized, nature-based treatment solutions,
particularly in rural or resource-limited contexts.
11.2 Limitations
Challenges in Mass Cultivation and Biomass
Harvesting:
Scaling diatom production for industrial application
requires precise control over light, nutrients, and
hydrodynamics. Open pond systems are prone to
contamination and environmental variability, while
efficient biomass recovery remains energy-intensive,
necessitating advanced separation techniques such as
bio flocculation or membrane-assisted harvesting.
Economic and Operational Constraints:
Functionalization, immobilization, and hybridization
strategies, while improving adsorption and selectivity,
increase operational costs. Maintaining consistent
performance under fluctuating water quality conditions
requires continuous monitoring, process control, and
system optimization.
Limited Pollutant Specificity in Unmodified
Forms:
Naturally occurring diatoms exhibit broad-spectrum
adsorption but may lack selectivity for specific
contaminants. Multi-pollutant wastewater streams
often require functionalized or hybridized diatom
systems to achieve targeted remediation.

Structural Vulnerability and Biomass
Degradation:
Environmental stressors, microbial activity, and

chemical oxidants can compromise frustule integrity,
reducing adsorption capacity and filter lifespan.
Maintaining biofilm stability in decentralized or nature-
based systems is particularly challenging under variable
water conditions.

Integration and Engineering Complexity:
Incorporating diatom-based systems into existing
water  treatment frameworks requires careful

engineering to avoid clogging, fouling, or pressure
drops. Optimizing flow rates, contact times, and
regeneration cycles is essential for sustained
performance.

Long-Term Performance Data Gaps:

While laboratory studies demonstrate high removal
efficiency for metals, dyes, and organics, data on long-
term regeneration, material lifespan, and efficacy
against emerging pollutants such as pharmaceuticals,
microplastics, and endocrine-disrupting compounds
remain limited. Pilot-scale and field studies are critical
to validate reliability and sustainability.

Despite its advantages, DE-based water treatment
faces several limitations. One of the key concerns is the
regeneration and reuse potential, since DE filters tend
to clog and lose efficiency after repeated use. Disposal
of spent DE, particularly when enriched with heavy
metals or toxic organic compounds, poses
environmental  challenges and  requires  safe
management protocols. In addition, in high-tech and
industrial applications, DE often competes with
advanced membrane technologies, which offer higher
precision but at greater cost. Another limitation lies in
variability of DE quality and porosity depending on
geographic source, which can affect treatment
performance. These challenges underscore the
importance of technological innovation and policy
support to overcome barriers for wider adoption.

12. Future Prospects and Research Directions
Diatoms represent a paradigm shift in sustainable
water purification due to their unique structural,
chemical, and functional attributes. While extensive
research has demonstrated their potential, the
transition from laboratory-scale studies to real-world
applications necessitates multidisciplinary innovation.
The following future directions highlight the most
promising avenues to enhance diatom-based water
treatment technologies' "%

12.1 Optimization of Cultivation and Biomass
Production

Efficient and scalable diatom cultivation is
fundamental to industrial application. Future research
should focus on:

High-Density Cultivation Systems: Advanced
photobioreactor designs, including controlled light
regimes, optimized mixing, and nutrient delivery, can
significantly increase biomass yield while maintaining
frustule integrity.

Strain Engineering and Selection: Screening or
genetically engineering strains with enhanced growth
rates, larger frustule surface areas, and superior
adsorption capacities will improve both productivity
and efficiency. CRISPR and synthetic biology
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approaches offer novel avenues for tailoring diatom
functional traits.

Cost-Effective Harvesting and Processing:
Energy-efficient harvesting techniques, such as bio
flocculation, membrane-assisted  separation, or
magnetic nanoparticle-assisted recovery, are crucial to
reduce operational costs and facilitate continuous
operation.

12.2 Advanced Functionalization and Hybrid
Materials

The intrinsic adsorption potential of diatoms can be
further enhanced through surface modification and
hybridization:

Multifunctional Surface Functionalization:
Introducing diverse chemical moieties (amines, thiols,
phosphates, or polymer brushes) can enable selective
removal of emerging contaminants, including
endocrine-disrupting chemicals, pharmaceuticals, and
microplastics.

Nanocomposite Integration: Hybridizing diatoms
with nanoparticles (e.g., TiO2, Ag, graphene oxide) or
carbonaceous materials can provide synergistic effects,
such as photocatalytic degradation, antimicrobial
activity, and magnetic recovery, thereby broadening
their operational versatility """,

Stimuli-Responsive Materials: Development of
“smart” diatom-based adsorbents that respond to pH,
temperature, or ionic strength changes could allow
adaptive adsorption and regeneration, enhancing
sustainability and operational control.

12.3 Integration into Hybrid and Modular Water
Treatment Systems

Maximizing diatom utility requires integration with
conventional and advanced treatment technologies:
Pre- and Post-Treatment Applications: Diatom-
based filters or adsorbents can serve as pre-treatment
units to reduce pollutant load before activated carbon
or membrane filtration, or as polishing steps to remove
residual contaminants.

Coupling with Advanced Oxidation Processes
(AOPs): Combining diatom adsorption with UV,
ozonation, or Fenton-based processes can achieve
synergistic removal of complex pollutant mixtures,
including recalcitrant organics.

Pilot-Scale Validation: Extensive in-situ and pilot-
scale studies are essential to evaluate performance
under variable water quality, flow regimes, and seasonal
fluctuations, ensuring reliability and scalability.
12.4  Sustainability, = Socio-Economic,
Regulatory Considerations

Future research must address the environmental and
economic feasibility of diatom-based systems:

Life Cycle Assessment (LCA): Comprehensive
assessment of energy inputs, carbon footprint, and

and

environmental impact of cultivation, functionalization,
and disposal will guide sustainable design.

Economic Analysis and Circular Economy
Integration: Valorisation of residual biomass for
biofuels, fertilizers, or high-value biomaterials can
offset operational costs, aligning with circular economy
principles.

Regulatory Alignment: Ensuring compliance with
local, regional, and international water quality
standards is critical to facilitate adoption of diatom-
based technologies in municipal and industrial
contexts.

12.5 Emerging Applications and Innovations
Diatoms offer opportunities beyond conventional
water purification:

Targeted Pollutant Removal: Functionalized
diatoms can enable selective recovery of heavy metals,
rare earth elements, or nutrients, contributing to
resource recovery strategies.

Integration with Smart Water Networks: Diatom-
based materials could be incorporated into loT-
enabled treatment systems, providing real-time
monitoring, adaptive adsorption, and predictive
control for sustainable water management.
Environmental Remediation Beyond Water:
Emerging studies suggest applications in soil
remediation, air filtration, and hybrid bioreactors for
multi-media contaminant removal, expanding the
scope of diatom utility''*""". The future trajectory of
diatom-based purification  hinges  on
interdisciplinary innovation spanning biotechnology,
materials science, and environmental engineering.
Optimizing cultivation, functionalization,
hybridization, and system integration, coupled with
sustainability and regulatory compliance, will enable
the deployment of diatoms at industrial and municipal
scales. Furthermore, integration of diatom-driven
systems  into  broader management
frameworks—such as wetlands, aquaponics, and
wastewater reuse—can support circular resource flows
and climate adaptation strategies. With increasing
demand for affordable, low-carbon, and robust
technologies, diatom-based solutions could emerge as
a cornerstone of sustainable water purification in the
coming decades. By bridging laboratory insights with
real-world application, diatoms have the potential to
become a cornerstone of next-generation, eco-friendly,
and multifunctional water treatment technologies.

13. Challenges in Sustaining Research Momentum
The temporal trends of publications on diatom-based
water purification clearly demonstrate how this field
has evolved over the past decade (Fig. 8). Between
2016 and 2024, both global and Indian outputs show a
steady and significant rise, indicating increasing

water

water
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recognition of diatoms as cost-effective, sustainable,
and versatile agents for water purification.

Diatom-based Water Purification Research Publications (2016-2025)
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8. Trends in diatom-based water purification research publications (2016—-2025), showing steady

growth in both Indian and global outputs until 2024, followed by a sharp projected decline in 2025. Data
highlight India’s increasing contribution and the need for sustained global research efforts

India, in particular, shows consistent growth,
highlighting its emerging role in contributing to global
research momentum. This upward trend reflects not
only advancements in laboratory-scale
experimentation but also growing awareness of
diatom-based solutions for addressing water security
challenges. However, the sharp drop projected in 2025
serves as a red flag. While this decline may partly reflect
incomplete indexing of recent publications or
reporting delays, it may also point to broader systemic
issues such as shifting funding priorities, reduced
cross-disciplinary collaborations, or the redirection of
research attention to competing technologies. Such
fluctuations underscore the vulnerability of this
research area to external pressures and highlight the
importance of maintaining long-term investment and
policy-level support.

If this downward trajectory persists, it may hinder the
transition of diatom-based purification technologies
from experimental models to scalable, field-ready
applications. Therefore, sustained global efforts are

needed to ensure continuity in research and
innovation. These should include expanded
international  collaborations, particularly between

developed and developing nations, to foster knowledge
exchange and technology transfer. Additionally,
integrating diatom-based approaches with existing
water treatment frameworks—such as membrane
filtration, constructed wetlands, and biotemediation
technologies—can accelerate their adoption.

Looking  ahead, targeted funding initiatives,
interdisciplinary consortia, and open-access data
sharing platforms will be vital to overcoming existing
challenges. By securing consistent research
momentum, the global scientific community can
unlock the full potential of diatoms as green, scalable,
and sustainable water treatment solutions. In this
context, the observed 2025 decline should not be
dismissed as a minor anomaly but treated as an early
warning, urging the need for strategic policy
interventions and long-term scientific commitment to
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prevent stagnation in an otherwise rapidly growing
tield.

Near-term priorities (2025—2027) include standardized
biosilica purification and reproducible
functionalization workflows, bench-to-pilot tech-
demonstrations comparing functionalized frustules to
conventional sorbents under realistic NOM matrices,
and life-cycle assessments of regeneration strategies.
Mid-term  (2028-2031) development opportunities
include modular cartridgezed frustule sorbents for
small utilities, integrated low-energy advanced
oxidation processes pairing Ti-doped frustules with
LED drivers, and ABS pilots at wastewater treatment
plants with documented aeration savings. Long-term
goals (2032-2035) envision engineered diatom strains
or bio foundry approaches that metabolically embed
catalytic or magnetic functionalities for one-step,
recoverable sorbents and circular metal-recovery
routes to valorise captured precious metals. Across
horizons, key research gaps include robust field-
capacity measurements for functionalized frustule beds
under competing-ion conditions, techno-economic
compatisons, and biosafety/occupational exposure
protocols for scaled DE handling (113;114).

14. Conclusion

Diatoms provide a unique convergence of technical
efficiency, ecological functionality, and sustainability,
positioning them as a highly promising alternative to
conventional water treatment technologies. Their
contributions extend beyond engineered systems to
natural ecosystem services, supporting biodiversity,
nutrient regulation, and habitat restoration. Diatoms
contribute to water purification through a suite of
interlinked  physical, chemical, and biological
mechanisms that operate synergistically to improve
water quality. Physically, their hierarchical frustule
architectures provide nanoscale filtration and
adsorption sites, effectively trapping suspended solids,
microplastics, protozoan cysts, and bacteria while
facilitating rapid sedimentation through extracellular
polymeric substances (EPS)-mediated flocculation.
Chemically, diatom frustules decorated with silanol and
other functional groups act as natural biosorbents for
heavy metals, dyes, and other ionic contaminants.
Functionalization with nanoparticles (e.g., TiO2, Ag,
FesOa4) further expands this capacity, enabling
photocatalytic degradation of recalcitrant organics and
antimicrobial activity against pathogens. Hybrid
diatom—nanomaterial composites, in particular, offer
multifunctional  treatment  strategies that can
simultaneously address chemical, physical, and
biological contaminants. Biologically, diatoms enhance
water self-purification by releasing oxygen that
supports aerobic microbial degradation, assimilating

nitrogen and phosphorus to control eutrophication,
and reducing pathogen loads through biofilm-
mediated entrapment, microbial competition, and
synergistic antimicrobial processes. Nonetheless,
challenges related to cultivation, operational scalability,
structural stability, and long-term performance must be
addressed. Strategies such as chemical
functionalization, hybrid material development,
immobilization, and integration into hybrid treatment
systems can enhance efficacy, facilitating the adoption
of diatom-based technologies at industrial, municipal,
and ecosystem levels. However, to fully harness their
potential, future research should prioritize pilot-scale
demonstrations, integration with existing treatment
infrastructure, exploring real-world application under
variable water quality conditions, assessment under
variable water quality conditions, and long-term
evaluations of cost-effectiveness and environmental
safety. Recognizing and leveraging both the
engineering potential and ecological benefits of
diatoms enables a holistic approach to water
purification and integrated water quality management.
With continued innovation, diatom-based technologies
hold significant promise for advancing sustainable,
multifunctional, and nature-inspired water treatment
solutions.

In conclusion, diatoms represent a biologically
inspired, ecologically sound, and technologically
adaptable solution to modern water treatment needs.
Their integration into engineered systems may bridge
the gap between natural ecosystem services and
advanced purification technologies, contributing
significantly to global water sustainability goals. Future
investigations should focus on characterizing specific
contaminant interactions with diatom-based systems
and on developing advanced methodologies for
accurate performance assessment. Addressing these
challenges necessitates interdisciplinary collaboration
and a systems-level approach to ensure long-term
sustainability of aquatic ecosystems.
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