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ABSTRACT 

The escalating global water crisis and the persistent threat of waterborne pathogens, 

including viruses and bacteria, necessitate innovative and sustainable water treatment 

technologies. While conventional methods like chlorination and membrane filtration have 

served as cornerstones, they present significant limitations, such as the formation of 

harmful disinfection byproducts and severe fouling issues. This critical review bridges a 

key knowledge gap by providing a comprehensive analysis of advanced adsorption 

strategies for the effective and cost-efficient elimination of viruses and bacteria from 

water. We systematically examine a wide range of adsorbent materials, including carbon-

based materials, oxide-based nanoparticles, layered double hydroxides (LDHs), and 

natural compounds. The review delves into the fundamental principles governing 

pathogen-adsorbent interactions, emphasizing the crucial roles of surface charge, 

hydrophobicity, and steric hindrance. We differentiate between mere physical removal 

and active inactivation mechanisms, highlighting how some adsorbents can render 

pathogens non-infectious through structural damage, oxidative stress, or local pH 

alteration. A comparative analysis identifies the strengths and limitations of each material 

class, noting that while traditional materials like activated carbon are cost-effective, 

advanced materials such as MOFs and functionalized nanoparticles offer superior 

efficiency and customizability. The review concludes by outlining key challenges—

including regeneration, scalability, and secondary toxicity—and proposing future 

perspectives, such as the development of smart, multifunctional, and macro-structured 

hybrid materials to address the continuous necessity of combating new and unknown 

waterborne pathogens. 
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Abbreviation 

ACFC     Activated Carbon Fiber Composites  

AI/ML     Artificial Intelligence/Machine Learning  

CDs     Cyclodextrins  

DBPs     Disinfection Byproducts  

DFT     Density Functional Theory  

DLVO     Derjaguin-Landau-Verwey-Overbeek (Theory)  

GAC     Granular Activated Carbon  

IEP     Isoelectric Point  

LDHs     Layered Double Hydroxides  

MD     Molecular Dynamics  

MOFs     Metal-Organic Frameworks  

MWCNT   Multi-Walled Carbon Nanotubes  

PAC     Powdered Activated Carbon  

POU     Point-of-Use  

ROS     Reactive Oxygen Species  

RSV           Respiratory Syncytial Virus  

SPs     Sulfated Polysaccharides  

INTRODUCTION 

Adsorption processes have seen spectacular progress in recent decades, showing an 

enthusiasm among water treatment practitioners. For instance, the objective of Achour 

and Seghairi study (2002) was to evaluate the retention capacity of bentonite toward 

humic substances in order to assess its suitability as a low-cost adsorbent for natural 

organic matter removal in water treatment; in the study by Achour et al. (2002), the 

substances considered are compounds responsible for long-term toxic effects, initially 

present in the water or generated during a treatment step. With a view to reducing, or even 

eliminating, these substances, the study sought to optimize various physicochemical 

processes such as chlorination, flocculation, and especially adsorption; Achour and 

Youcef investigations (2003) aimed to investigate the efficiency of sodium and calcium 

bentonites for cadmium removal, focusing on adsorption mechanisms and metal-clay 

interactions; Guesbaya and Achour (2003) sought to optimize a combined 

coagulation/flocculation-adsorption process using bentonitic clay to enhance organic 

matter elimination; The objective of Seghairi and Achour study (2003) was to determine 

the optimal activation conditions for the Algerian Mostaghanem city’s bentonite during 

the removal of an organic test compound, aniline. We treated the bentonite with sulfuric 

acid for different activation times and rates. To observe the effects of this treatment on 

the bentonite's adsorption capacity, we determined the equilibrium parameters and 

studied the reaction kinetics. The results of these tests were systematically compared to 

those obtained with untreated, raw bentonite. The best results for aniline removal were 
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obtained with an acid/bentonite ratio of 0.20 and an activation time of 30 minutes; 

Benzizoune et al. (2004) investigations aimed to determine the adsorption kinetics and 

capacity of lake sediments for phosphorus retention in order to understand eutrophication 

control mechanisms; the relevant study by Bouchemal and Achour (2007), focused on 

evaluating granular and powdered activated carbon performance for tyrosine adsorption 

as a model organic compound; Khelili et al. (2010) aimed to compare aluminum sulfate 

coagulation and activated carbon adsorption efficiencies against aromatic organic 

pollutants; Ouakouak et al. (2010) investigated the removal of atrazine by powdered 

activated carbon to assess adsorption effectiveness for pesticide-contaminated waters; 

Yeddou et al. (2012 aimed to evaluate adsorption behavior for mixtures of bio-recalcitrant 

compounds, emphasizing competitive adsorption effects; Ghomri et al. (2013) aimed to 

quantify heavy metal ion removal (Cu, Zn, Ni, Co) by natural bentonite and assess its 

suitability for wastewater treatment; Guergazi et al. (2013) focused on comparing 

activated carbon and bentonite for humic substance removal from surface waters; Youcef 

et al. (2014) aimed to determine the adsorption capacity of powdered activated carbon for 

phosphate elimination from natural waters; Larakeb et al. (2014) conducted a comparative 

study to evaluate zinc removal efficiency using goethite and bentonite as adsorbents; 

Kheliel et al. (2015) aimed to assess nitrate removal from groundwater through adsorption 

on activated carbon combined with coagulation-flocculation; Ouakouak and Youcef 

(2016) focused on quantifying Cu2+ adsorption capacity on powdered activated carbon 

and sodium bentonite; Khelifi et al. (2016) aimed to evaluate Algerian date pit biosorbent 

efficiency for methylene blue removal and characterize adsorption equilibrium behavior; 

Masmoudi et al. (2018) investigated mercury removal efficiency using activated carbon 

and examined adsorption isotherms and kinetic models; Khelifi et al. (2018) aimed to 

study methyl orange adsorption using mango pit-based biosorbent and determine optimal 

operating conditions; Chauhan and Dikshit (2023) focused on assessing spent tea grains 

as a sustainable low-cost biosorbent for cadmium removal from aqueous solutions; 

Khelili et al. (2024) aimed to conduct kinetic and isotherm analysis of methylene blue 

adsorption onto orange peel-derived activated carbon; and Berafta et al. (2025) aimed to 

develop a sustainable adsorption system using rosemary-derived activated carbon 

combined with green nanoparticles to enhance methylene blue removal efficiency and 

improve environmental compatibility in water purification applications. 

The global water crisis, intensified by the tripartite pressures of aggressive 

industrialization, demographic surges, and shifting climatic patterns, has forced a critical 

re-evaluation of our current water treatment paradigms (He et al., 2021; Salehi, 2022). At 

the heart of this struggle lies the persistent vulnerability of public health to waterborne 

pathogens, a diverse and evolving array of viruses and bacteria that continue to bypass 

traditional safeguards (Faye, 2017; Tortajada and Biswas, 2018; Baba Hamed, 2021; Bose 

et al., 2024; Chadee et al., 2024). Data from the World Health Organization (WHO) 

consistently paint a grim picture, attributing millions of preventable fatalities annually to 

inadequate water infrastructure, primarily in developing nations (WHO, 2023). This 

systemic fragility was laid bare by the COVID-19 pandemic, which served as a stark 

catalyst for advancing our understanding of how water networks can inadvertently 

facilitate the spread of resilient viral agents (Girón-Navarro et al., 2021; Manoiu et al., 

2022; Vizanko et al., 2024).  
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Standard disinfection protocols, most notably chlorination and ozonation, remain the 

industry’s first line of defense; yet, their limitations are becoming increasingly 

problematic (Ihsan and Derosya, 2024; Ihsan, 2025). The inadvertent generation of 

carcinogenic disinfection byproducts (DBPs) presents a significant long-term health 

trade-off, leading to tightening regulatory frameworks worldwide. Similarly, while 

membrane filtration offers high-fidelity removal, it is frequently hampered by prohibitive 

energy demands and the persistent issue of membrane fouling, which complicates its use 

in low-resource settings (Amin et al., 2025). Furthermore, the emergence of viral strains 

with enhanced resistance to ultraviolet (UV) radiation suggests that our reliance on 

existing technologies may no longer be sufficient (Lanrewaju et al., 2022). Consequently, 

there is an undeniable impetus to develop alternative, environmentally benign strategies 

that can neutralize microbial threats without introducing secondary chemical risks. 

Adsorption has emerged as a frontrunner among sustainable purification technologies, 

primarily due to its operational versatility and high affinity for microbial contaminants. 

At its core, the process relies on the sophisticated physicochemical adhesion of pathogens 

onto solid interfaces (Saleh, 2022). Unlike chemical oxidation, adsorption provides a 

passive yet highly efficient capture mechanism that typically avoids the formation of toxic 

residuals (Badran et al., 2023; Putra et al., 2023; Satyam and Patra, 2024). Moreover, the 

potential to regenerate and reuse these materials aligns with modern circular economy 

principles, making it a viable candidate for decentralized drinking water systems (Tran, 

2023). 

However, the rapid expansion of literature in this field has resulted in a fragmented body 

of knowledge that lacks a cohesive analysis of pathogen-adsorbent interactions. Existing 

reviews often focus on either the material’s properties or the pathogen’s biology in 

isolation, failing to address the complex "lock-and-key" dynamics that occur at the 

interface (surface charge crossing, pore selectivity, and hydrophobic partitioning). This 

review seeks to consolidate these disparate findings into a rigorous, state-of-the-art 

synthesis. We systematically dissect the performance of diverse material classes, from 

traditional carbon and metal oxides to advanced Layered Double Hydroxides (LDHs), 

Metal-Organic Frameworks (MOFs), and biomimetic carbohydrates. By evaluating the 

structural nuances and economic feasibility of these materials, this work aims to provide 

a definitive roadmap for the development of next-generation adsorption technologies 

capable of securing the global water supply against both known and emerging microbial 

agents. 

METHODOLOGY 

The systematic framework of this review was designed to ensure a comprehensive and 

critical synthesis of the current state-of-the-art in pathogen adsorption for water treatment. 

The literature search was primarily conducted through major electronic databases, 

including Scopus, Web of Science, and Google Scholar, covering a publication window 

from 1995 to 2025 to capture both foundational theories and the most recent technological 

advancements. The search strategy utilized a combination of Boolean operators and 
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specific keywords such as "virus adsorption," "bacterial elimination," "nanomaterials in 

water treatment," "isoelectric point of pathogens," and "mechanistic water purification." 

This targeted approach allowed for the identification of studies that provide not only 

performance data but also fundamental insights into the physicochemical interactions at 

the adsorbent-pathogen interface. 

Initial screening was based on the relevance of the titles and abstracts, followed by a 

rigorous full-text evaluation to ensure technical quality. After the initial screening of titles 

and abstracts, we conducted a comprehensive review of the full-text articles to verify their 

technical rigor and alignment with our study objectives. To maintain a systematic and 

objective comparison, we established three fundamental pillars as the basis for our 

literature synthesis. First, we prioritized studies that provided quantifiable metrics for 

pathogen removal, such as Log Removal Values (LRV) or percentage efficiency, to 

facilitate standardized benchmarking. Second, we selected research offering substantial 

mechanistic insights into the adsorbent-pathogen interface, particularly regarding surface 

charge dynamics, pore architecture, and hydrophobicity. Lastly, we focused on papers 

that included experimental data across varying environmental parameters, including pH 

fluctuations, ionic strength, and the presence of natural organic matter. 

Data extraction focused on quantitative metrics, specifically LRV and adsorption 

capacities, alongside qualitative assessments of material stability, secondary toxicity, and 

scalability. We systematically categorized the selected literature based on the chemical 

nature of the adsorbents, ranging from traditional carbon-based materials to advanced 

metal-organic frameworks (MOFs) and bio-composites. Comparative analysis was 

performed by normalizing data from diverse experimental setups to evaluate the influence 

of material synthesis and fabrication on the final inactivation efficacy. By synthesizing 

these diverse findings, this review bridges the gap between laboratory-scale material 

development and practical water treatment applications, providing a coherent narrative 

on the effectiveness of adsorption strategies in neutralizing waterborne pathogens. 

UNDERSTANDING PATHOGEN CHARACTERISTICS - THE BASIS FOR 

ADSORBENT DESIGN 

Effective adsorption relies heavily on the physicochemical properties of both the target 

microorganisms and the adsorbent materials. Viruses are non-cellular infectious agents, 

significantly smaller than bacteria, with sizes typically ranging from 20 to 300 nm 

(Edwards et al., 2021). They consist of genetic material (DNA or RNA) encased within a 

protein shell called a capsid. Some viruses also possess an outer lipid envelope (Motsa 

and Stahelin, 2021). The specific shape of the capsid and its surface proteins dictate how 

viruses interact with host cells (Mateu, 2013) and, crucially, with external materials like 

adsorbents. 

Bacteriophages, viruses that infect bacteria, are frequently used as model organisms in 

virus adsorption studies due to their ease of cultivation and testing, especially for water 

sanitation research. Common bacteriophages used as models include MS2, fr, GA, and 

Qβ (Bisen et al., 2024; Gerba et al., 2017; Haq et al., 2012; Pisharody et al., 2021). A key 
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factor influencing adsorption is the surface charge of both the microbial particle and the 

adsorbent (Natarajan et al., 2022). Viral capsids and bacterial cell surfaces often carry a 

net negative charge under neutral pH conditions (Wilhelm et al., 2021). Therefore, 

adsorbents with positively charged surfaces can leverage electrostatic interactions to 

effectively capture and inactivate these pathogens (Akbari and Palsson, 2022; Boubeta et 

al., 2018; Hartvig et al., 2011). Furthermore, the hydrophobicity of the microbial surface 

and the pore size and surface area of the adsorbent are critical parameters that dictate 

adsorption efficiency (Krasowska and Sigler, 2014; Saliba et al., 2016). 

MECHANISMS GOVERNING PATHOGEN ADSORPTION AND 

INACTIVATION 

The efficiency of pathogen sequestration is dictated by a sophisticated interplay of 

molecular and atomic dialogues at the adsorbent-microbe interface. Moving beyond 

rudimentary physical trapping, this process is steered by interfacial forces that determine 

whether the attachment remains a transient contact or becomes an irreversible binding 

event. From an engineering perspective, deciphering these pathways is vital for 

embedding adsorption within existing treatment trains—either as a robust pre-treatment 

to shield membranes from biofouling or as a specialized polishing stage targeting 

chlorine-resistant viral lineages. 

Reversible physical capture mechanisms 

Hydrogen Bonding 

This specific interaction is prevalent when adsorbents are engineered with hydroxyl (-

OH) or amine (-NH₂) moieties, characteristic of silica frameworks, Layered Double 

Hydroxides (LDHs), and carbohydrate-based polymers (Farhan et al., 2024; Luo et al., 

2024). These surface groups engage in energetic hydrogen bonding with the polar 

residues—such as carbonyl (C=O) or hydroxyl groups—found on the proteinaceous 

capsids of viruses and bacterial cell envelopes, thereby tethering the pathogen to the 

surface. 

Van der Waals forces 

These universal yet subtle intermolecular attractions, primarily London dispersion forces, 

arise from instantaneous electronic dipoles. While individually negligible, their 

cumulative impact over the expansive contact area of a microbe can dominate the 

adsorption profile, particularly in non-polar carbonaceous materials where more specific 

chemical cues are absent (Chen et al., 2025; Hermann et al., 2017). 
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Covalent Bonding 

Though atypical for standard physical adsorption, targeted surface functionalization can 

bridge this gap by introducing reactive ligands that form stable covalent linkages with 

specific biological motifs (Isaeva et al., 2021; Nordholm and Bacskay, 2020; Sajid et al., 

2022). This "chemical anchoring" ensures a high degree of specificity and binding 

strength, often serving as a precursor to total pathogen inactivation. 

Electrostatic interactions: The dominant force 

The dominant force Pathogen capture is intrinsically sensitive to the aqueous 

environment, where solution pH and ionic strength act as the primary modulators of 

surface charge and attraction (Zhang et al., 2019). 

Effect of pH and IEP crossing 

The net charge of microorganisms fluctuates with pH as functional groups (amino, 

carboxyl, and phosphate) undergo protonation or deprotonation (Wilhelm et al., 2021). 

Most viruses and bacteria exhibit an isoelectric point (IEP), a pH at which their net surface 

charge is zero (Michen and Graule, 2010). For example, MS2 bacteriophage has an IEP 

of approximately 3.5 (C. et al., 2011), meaning it is negatively charged above this pH. 

Similarly, the surface charge of adsorbents is pH-dependent due to amphoteric surface 

groups. For instance, oxide-based materials (e.g., TiO2, Fe2O3, MgO) often have IEPs in 

the acidic to neutral range (Perera et al., 2024; Shivani et al., 2025; Yang et al., 2025). By 

engineering adsorbents to maintain a positive charge at typical water treatment pH (e.g., 

5-9), we can ensure "IEP crossing" where the oppositely charged surfaces facilitate 

spontaneous electrostatic attraction. 

Effect of ionic strength and DLVO theory 

The concentration of dissolved ions dictates the architecture of the electrical double layer 

(EDL) surrounding both surfaces (Zhang et al., 2019). According to the Derjaguin-

Landau-Verwey-Overbeek (DLVO) theory, high ionic strength can "compress" this layer, 

effectively shielding repulsive forces (Ohshima, 2024). This reduction in electrostatic 

barriers allows van der Waals attractions or hydrophobic partitioning to take over, 

permitting the pathogen to approach and eventually adhere to the adsorbent surface. 

Steric hindrance and pore selectivity 

Sequestration is also a matter of spatial compatibility. Steric hindrance occurs when the 

intricate morphology of a microbe exceeds the accessible dimensions of the adsorbent’s 

pore network (Xu et al., 2023). Even nanosized viruses can find themselves physically 

excluded from microporous materials (Goharshadi et al., 2022). 
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Pore size optimization 

Pore size optimization: The literature suggests a "Goldilocks" zone for pore diameter—

typically within the mesoporous range (2-50 nm) (Carlsson et al., 2014). Pores that are 

too narrow lead to physical exclusion, while excessively wide pores may fail to provide 

sufficient surface-to-volume ratios for effective contact (Kianfar and Sayadi, 2022).  

Morphological features 

Pathogens are rarely simple spheres; many viruses possess complex protrusions like 

spikes, fibers, or knobs (Laxmi et al., 2025). These biological "appendages" can create 

steric clashes that prevent the main viral body from seating properly within a pore, 

necessitating a rational design that accounts for surface topography to maximize effective 

contact area (Xu et al., 2023). 

Irreversible Inactivation Mechanisms 

A critical threshold in water safety is the transition from mere sequestration to definitive 

inactivation—the permanent loss of infectivity. While traditional chlorination is the 

standard for bacterial control, its viral efficacy is inconsistent and hampered by the 

formation of carcinogenic byproducts. Modern adsorbents solve this by integrating active 

inactivation pathways: 

Structural damage 

Adsorption can exert sufficient mechanical stress or localized adhesion force to physically 

rupture the pathogen's protective envelope. Evidence shows that contact with hematite 

(Fe2O3) nanoparticles can induce irreversible capsid damage in rotaviruses, while Fe/Ni 

systems can mechanically disrupt bacteriophage f2 (Mohamed et al., 2024; Cheng et al., 

2019). 

Oxidative stress 

The catalytic generation of reactive oxygen species (ROS), such as hydroxyl (OH∙) and 

superoxide (O2∙-) radicals, triggers a lethal oxidative cascade (Bi et al., 2024). Whether 

through the bimetallic Fe0/Ni0 reaction or the photocatalytic activation of nano-TiO2 

under UV, these radicals indiscriminately attack viral genomes (DNA/RNA) and 

structural proteins, rendering the pathogen incapable of replication (Pan et al., 2023; 

Nagaraj et al., 2025). 

Local pH alteration 

Some adsorbents can significantly alter the local pH environment at their surface, creating 

conditions that are detrimental to microbial viability. For example, the presence of 

slightly soluble magnesium oxyhydroxide (Mg(OH)2) in ceramic filters can cause the 
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increase of water pH above 9 (Salehi et al., 2019), an alkaline environment known to 

inactivate viruses such as bacteriophages MS2 and PhiX174 (Seguchi et al., 2024). This 

extreme alkaline condition denatures proteins and disrupts structural integrity, providing 

a chemical-free inactivation method that complements traditional disinfection. 

Practical Implications for Water Treatment 

Practical Implications for Water Treatment In the context of potable water, inactivation 

is non-negotiable to prevent secondary contamination if captured pathogens were to 

detach. In wastewater scenarios, adsorption acts as a high-capacity pre-treatment, 

stripping away the bulk of the microbial load to enhance the efficiency of downstream 

UV or chemical disinfection. Ultimately, the development of adsorbents that effectively 

"kill on contact" transforms the spent media from a biohazardous waste into a stable, 

manageable material. 

THE NEXT GENERATION OF ADSORBENTS - TAILORING MATERIALS 

FOR DUAL PATHOGEN CONTROL 

Carbon-Based Nanomaterials and Composites: Beyond Traditional AC 

Activated carbons are widely recognized for their excellent adsorption properties in water 

treatment (Heryanto et al., 2024). Both granular activated carbon (GAC) and activated 

carbon fiber composites (ACFC) have been investigated for virus removal (Jjagwe et al., 

2021; Joo et al., 2025). Comparative experimental data have shown that ACFC can be 

more efficient for virus adsorption than GAC, even with a smaller total surface area, 

primarily due to differences in morphological shape and size fraction (Powell et al., 2000) 

which influence the external mass transfer of pathogens. 

Research on powdered activated carbon (PAC) has identified several crucial 

physicochemical parameters for enhanced virus removal: 

• Pore size optimization through controlled activation processes leads to large pore 

diameter (20-50 nm), which facilitate better accessibility and capture of viral 

particles within the mesoporous framework (Delafosse et al., 2022; Matsushita et 

al., 2013); 

• Increased hydrophobicity of the virus surface enhances the affinity towards 

carbonaceous surfaces, as hydrophobic interactions contribute to stronger 

adsorption energy (Li et al., 2020; Nam et al., 2014). 

• The adjustment of the surface chemistry to achieve a low negative surface charge is 

vital; a less negative or even positively charged carbon surface promotes stronger 

electrostatic attraction with negatively charged viruses under typical aquatic pH 

conditions (Shim et al., 2024; Souza et al., 2014). 

Furthermore, the fabrication of advanced composites by modifying carbon materials with 

metal nanoparticles can significantly boost their antiviral activity (Fritea et al., 2021). For 
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instance, multi-walled carbon nanotubes (MWCNT) sensitized by copper oxides (Cu2O) 

through specific deposition techniques have demonstrated high efficiency in removing 

MS2 bacteriophages. Experimental results indicate that these Cu2O-MWCNT composites 

achieve up to 99.99% virus retention across a broad pH range of 5.0 to 9.0 (Gutierrez et 

al., 2009), showcasing the synergy between the high surface area of the carbon nanotubes 

and the potent antiviral properties of the copper species. This dual-action mechanism 

involves both physical entrapment and active site-mediated inactivation, addressing the 

limitations of pristine activated carbons in handling highly resilient viral strains. 

Oxide-Based Materials 

Oxide nanoparticles are particularly effective due to their tunable surface charges and 

high surface areas, which create numerous adsorption sites. The fabrication and 

integration of these oxides into various substrates determine their final performance in 

pathogen control. 

Copper (Cu) and copper oxide (Cu2O) nanoparticles on alumina granules 

Through the deposition of copper and Cu2O onto alumina, these adsorbents achieve 

99.9% removal of MS2 bacteriophages. Experimental observations revealed that notably, 

copper oxide (CuO) did not show the same efficacy, highlighting the importance of the 

copper oxidation state during the material synthesis phase (Németh et al., 2019). 

Hematite (Fe2O3) nanoparticles 

Glass fibers coated with hematite nanoparticles demonstrated high removal rates for both 

rotavirus and MS2 bacteriophage. Beyond mere adsorption, high-resolution imaging and 

biochemical assays showed that interactions with hematite were observed to cause 

structural damage to rotaviruses, leading to their irreversible inactivation (Mazurkow et 

al., 2020). 

Iron oxide nanoparticles in biosand filters 

By incorporating iron-sensitized sand columns significantly outperformed sand-only 

columns in removing bacteriophage MS2 (5 log reduction versus 0.5 log reduction). This 

enhanced performance is primarily due to the electrostatic interaction of negatively 

charged MS2 particles with the positively charged surface patches created by iron oxides 

under neutral pH conditions (Bradley et al., 2011). 

Magnesium oxyhydroxide (MgO) 

Ceramic filters embedded with magnesium oxyhydroxide showed enhanced removal of 

bacteriophages MS2 and PhiX174 (about 4-log removal). This is attributed to favorable 

electrostatic interactions between the negatively charged virion particles and the 

positively charged sites of magnesium oxyhydroxides. Crucially, the dissolution of 
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Mg(OH)2 induces an alkaline environment (pH > 9), which actively inactivates viruses 

by denaturing capsid proteins (Michen et al., 2013). 

Zirconium (hydroxide) nanoparticles (ZrO2) 

Coating ceramic microfilters with colloidal zirconia considerably increased their specific 

surface area and improved virus removal to a remarkable 7-log (99.99%) for MS2 

bacteriophages (Wegmann et al., 2008). 

Nano-TiO2 membranes 

These membranes utilize electrostatic attraction between the oppositely charged nano-

TiO2 and phage f2 under acidic conditions. Under UV irradiation, nano- TiO2 acts as a 

potent photocatalyst, generating reactive oxygen species (ROS), such as hydroxyl radicals 

and superoxide radicals, which are highly destructive to viral genetic material 

(DNA/RNA) (Zheng et al., 2013). 

Spherical Fe/Ni nanoparticles 

These nanoparticles can completely remove bacteriophage f2 from water after 30 minutes 

of treatment. The synergistic fabrication of Fe and Ni allows for an advanced inactivation 

mechanism driven by oxidative stress. The oxidation of Fe0 is catalyzed by Ni0, triggering 

the sustained production of reactive oxygen species (OH∙ and O2∙) formed due to the 

oxidation of Fe0 and catalyzed by Ni0 (Zheng et al., 2013). 

Layered Double Hydroxides (LDHs): High Cationic Density Adsorbents 

Layered Double Hydroxides (LDHs), also known as hydrotalcite-like materials, are a 

class of anionic clays with a unique layered structure. Their general formula is [M(1−x)2+

Mx3+(OH)2]x+(Ax/nn−)⋅mH2O, where M2+ and M3+ are divalent and trivalent metal 

cations, respectively, and An− is an interlayer anion (Xu et al., 2023). The positively 

charged brucite-like layers and the anion-exchange properties make LDHs highly 

promising adsorbents for negatively charged species, including viruses and bacteria, in 

water treatment (Forano et al., 2018; Ihsan et al., 2025; Johan et al., 2023). Their high 

surface area, customizable interlayer spacing, and the ability to incorporate various metal 

cations allow for tailored surface chemistry to enhance microbial removal. Research has 

explored the use of various LDH compositions (e.g., MgAl-LDH, ZnAl-LDH) and 

modifications to optimize their performance for virus and bacteria adsorption, often 

leveraging strong electrostatic interactions (Ihsan et al., 2023; Ihsan et al., 2025; Johan et 

al., 2024). LDHs can also be functionalized with other active components to enhance their 

antimicrobial properties (Luo et al., 2025). Recent advancements in "corporealization" 

have led to the development of macro-structured LDH forms, such as LDH-embedded 

sheets or foils, which facilitate the practical deployment of these materials in point-of-use 

(POU) systems (Johan et al., 2023; Ihsan et al., 2023). The transition from laboratory 

powder synthesis to the fabrication of stable, permeable LDH substrates addresses a major 
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bottleneck in the practical application of these materials, ensuring high contact efficiency 

while preventing the leaching of nanoparticles into the treated water. 

Zeolites and Silica Nanoparticles: Frameworks for Metal Doping 

Zeolites are crystalline, porous materials with regular framework structures composed of 

cages and pores of various size and shape (Parmar et al., 2025). They possess exceptional 

chemical selectivity, high adsorption capacity, and are biocompatible and safe, attracting 

considerable interest for various applications, including biomedical ones. The high 

stability of nanozeolites with regular micropores makes them suitable for selectively 

adsorbing and desorbing different molecules based on their size, allowing them to act as 

molecular sieves (Lu et al., 2024). 

Mechanism of action 

Zeolites can remove viruses and bacteria primarily through electrostatic interactions with 

their charged frameworks, particularly when modified with metal ions. Their ion-

exchange properties allow them to exchange their inherent cations with other metal ions, 

which can then act as active sites for pathogen adsorption or inactivation. The porous 

structure also provides a large surface area for physical adsorption (Bahmanzadegan and 

Ghaemi, 2025). 

Metal functionalization 

The tunability of zeolite chemical composition allows for the introduction of different 

metal cations, such as silver (Ag) and copper (Cu), known for their antibacterial and 

antiviral properties (Antúnez-García et al., 2021). 

Antiviral efficacy 

Silver- and copper-doped zeolites have demonstrated a significant reduction of 

coronavirus 229E in water solution after just 1 hour of treatment. Such functionalization 

has also been shown to be an efficient way to inhibit SARS coronavirus, other 

coronaviruses, and human norovirus (calicivirus) (Dutta and Wang, 2019). 

Silica is a versatile adsorbent characterized by its large surface area, chemical purity, 

hydrophilicity, and high adsorption capacity for bioactive molecules, proteins, 

microorganisms, and viruses. The surface of silica particles contains silanol and hydroxyl 

groups that act as primary adsorption sites (Zeb et al., 2020). 

Amino-functionalized silica particles (NH2-containing moieties) 

Modifying silica surfaces with positively charged amine groups significantly enhances 

their efficiency for bacteriophage MS-2 removal (greater than 98%). The mechanism of 
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virus inactivation is explained by the high density of positively charged NH2 groups, 

electrostatic interaction, and hydrogen bonds formation (Z. Chen et al., 2006). 

Amine-functionalized magnetic Fe3O4−SiO2−NH2 nanoparticles 

These nanoparticles effectively remove bacteriophage f2 and Poliovirus-1 (over 97% 

removal efficiency). The adsorption mechanism was rationalized by the surface charge, 

hydrophobicity, and surface properties of pathogens and NP matrix (Zhan et al., 2014). 

Metal-Organic Frameworks (MOFs) - Precision Porosity and Multifunctionality 

Metal-Organic Frameworks (MOFs) represent a frontier in porous material science, 

characterized by their crystalline architecture composed of inorganic nodes—typically 

metallic clusters—linked by organic ligands. These materials are distinguished by their 

exceptional stability across diverse operating conditions, including extreme temperatures 

and various solvent environments (Jiao et al., 2019). The structural versatility of MOFs 

allows for the fabrication of highly tailored materials, including advanced biocomposites, 

by fine-tuning their textural properties such as pore volume, crystal morphology, and 

chemical functionality (Felix-Sahayaraj et al., 2023; Han et al., 2025; Zeggai et al., 2025). 

Tailored properties for bio-interactions 

The ultra-high porosity and expansive internal surface area of MOFs, when combined 

with tunable chemical moieties, create an ideal platform for interacting with complex 

biological macromolecules, including viruses and bacteria. Through rational design, 

MOFs can be engineered to encapsulate proteins and other bioactive molecules while 

meticulously preserving their structural and functional integrity. This precision in design 

allows for the creation of "biomimetic interfaces" where the MOF framework is 

synthesized to match the specific size and charge requirements of a target pathogen 

(Felix-Sahayaraj et al., 2023; Jiao et al., 2019). 

Mechanisms of pathogen interaction 

Experimental evidence indicates that MOFs engage with pathogens through a 

sophisticated interplay of multiple mechanisms: 

• The highly ordered porous framework provides a dense array of active sites that 

facilitate physical adsorption via Van der Waals forces, hydrogen bonding, and 

electrostatic interactions. These interactions are governed by the specific functional 

groups integrated into the MOF ligands and the corresponding surface proteins of 

the pathogen (Jiao et al., 2019; Li et al., 2024). 

• MOF structures can host a wide variety of both inorganic and organic compounds, 

including biological macromolecules and even living cells, offering a protective 

"exoskeleton" against harsh environments. This encapsulation can lead to pathogen 

immobilization and inactivation (Cai et al., 2019). 
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• Both the metal nodes and organic linkers can be fabricated to possess inherent 

antiviral or antibacterial properties. For instance, certain frameworks are designed 

to slowly release antimicrobial metallic species or utilize organic linkers that 

directly disrupt viral components (Jiao et al., 2019). 

Applications beyond adsorption 

MOFs have been explored not only for direct pathogen removal but also in other critical 

areas: 

• - MOF-based materials have shown promising results as sensors for detecting Zika, 

Dengue (Xie et al., 2018) , human immune deficiency virus-1/ HIV-1 (Jia et al., 

2019), and Japanese encephalitis virus (Yang et al., 2020), demonstrating their high 

selectivity and sensitivity for viral nucleic acids or proteins. 

• - MOFs are being investigated for their potential in vaccine design, where they can 

serve as carriers or adjuvants, encapsulating viral nanoparticles to improve 

pharmacokinetics and enhance immune response (Zeggai et al., 2025). 

Natural and Biocompatible Materials (Clay and Carbohydrates) 

The utilization of naturally occurring minerals and biological polymers offers a 

sustainable and biocompatible pathway for pathogen control, leveraging complex surface 

chemistry and biological mimicking strategies. Clays and their composites have 

demonstrated promising results in removing larger viruses like rotaviruses and 

coronaviruses from water (Das et al., 2022). Experimental data indicates that due to their 

relatively large size (60-220 nm for coronaviruses, 60-80 nm for rotaviruses), these 

viruses are primarily adsorbed onto the outer surface of the adsorbents. Studies have 

shown good (70-90%) to excellent (> 90%) removal capabilities for bovine rotavirus and 

bovine coronavirus (Clark et al., 1998). These high removal rates are theoretically 

attributed to non-specific protein binding and electrostatic attraction between the viral 

capsid and the charged clay layers. 

The fabrication of carbohydrate-based adsorbents introduces a unique mechanism of 

action: competitive inhibition through the mimicry of host cell surface sugars, which 

effectively prevents the initial attachment of viruses to biological receptors. 

Sulfated polysaccharides (SPs) 

Derived from sources like marine algae and plants, SPs exhibit broad-spectrum antiviral 

properties. Mechanistic investigations suggest that their efficacy stems from direct 

interaction with viral particles, which alters the virus's ability to adsorb to cell receptors 

and inhibits penetration into host cells (Liu et al., 2015; Wijesinghe and Jeon, 2012). 

Experimental evidence underscores that the degree of sulfation is a critical determinant 

of efficacy, as higher sulfate densities generally correlate with enhanced biological 

activity and stronger electrostatic interference with viral attachment proteins. 
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Modified and sulfated cyclodextrins (CDs) 

These cyclic oligosaccharides, particularly those with sulfate groups, have shown 

significant antiviral activity against viruses like HIV, Herpes simplex virus (HSV), 

respiratory syncytial virus (RSV), Dengue virus, and Zika virus. The synthesis of 

modified CDs can interfere with the adsorption stage of the viral replicative cycle and 

have demonstrated broad-spectrum virucidal properties at micromolar concentrations 

(Jones et al., 2020). Remarkably, these materials have demonstrated broad-spectrum 

virucidal properties at micromolar concentrations, providing a high-efficiency, low-

cytotoxicity alternative for targeted water disinfection. 

CRITICAL COMPARISON, CHALLENGES, AND FUTURE IMPERATIVES 

While each class of adsorbent offers unique advantages for virus and bacteria elimination 

in water treatment, a critical comparative analysis is essential to understand their 

applicability, limitations, and synergistic potential. 

Comparative Performance and Mechanisms 

The efficacy of different adsorbents varies significantly based on their intrinsic properties 

and the specific characteristics of the pathogens being targeted (Table 1). 

Table 1: Comparative Summary of Adsorbent Classes for Virus and Bacteria 

Elimination in Water Treatment 

Adsorbent 

Class 

Synthesis/Fabric

ation Method 

Key Removal 

Mechanism(s) 

Experimental 

Conditions 

(pH, Matrix) 

LRV/Efficiency 

(Representative) 

Advantages and 

Limitations 

Carbon-Based 

Materials 

(e.g., GAC, 

PAC, 

MWCNT) 

Chemical/Physic

al Activation, 

Metal 

Sensitization 

Hydrophobic 

interactions, Van 

der Waals forces, 

electrostatic (if 

modified) 

Effective in pH 

5.0–9.0 for 

Cu2O-MWCNT 

MS2: Up to 

>99.99% (with 

Cu2O-MWCNT) 

Adv: Cost-

effective and 

widely available. 

Lim: May require 

modification for 
specific 

pathogens and 

prone to 

biofouling 

Oxide-Based 

Materials 
(e.g., Fe2O3, 

TiO2, MgO, 

ZrO2) 

Colloidal coating, 

Thermal 
deposition, Iron-

sensitization 

Electrostatic 

attraction, 
oxidative stress 

(ROS generation), 

direct structural 

damage 

Neutral pH for 

Fe2O3-sand; UV 
activation for 

TiO2 

MS2: 99.9% (Cu2

O-alumina) , 5 log 
(Fe2O3-sand) , 7 

log (ZrO2-coated) 

Adv: High 

inactivation via 
oxidative stress. 

Lim: Potential 

metal leaching 

and pH-

dependent 

performance 

Layered 

Double 

Co-precipitation, 

Isomorphic 

Electrostatic 

attraction, anion 

exchange 

Active in 

alkaline 

High LRV for 

negatively charged 

Adv: High 

specificity for 

anions and 
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Hydroxides 

(LDHs) 

substitution, Foil-

embedding 

environments 

(pH > 9) 

microbes (e.g., E. 

coli). 

thermal stability. 

Lim: More 
complex 

synthesis than 

natural clays 

Zeolites & 

Silica 

Nanoparticles 

Metal doping 

(Ag/Cu), Amine-

functionalization 

Ion exchange, 

molecular sieving, 

hydrogen bonding 

1-hour treatment 

for metal-doped 

zeolites 

Coronavirus 229E: 

Significant 

reduction (Ag/Cu-
doped); MS-

2:>98% (amine-

functionalized) 

Adv: Precision 

porosity and 

biocompatible. 
Lim: Potential 

steric hindrance 

for larger viruses 

Metal-Organic 

Frameworks 
(MOFs) 

Coordination of 

metal clusters 
with organic 

ligands 

Host-guest 

interactions, 
electrostatic, 

coordination 

bonding 

Controlled 

environment for 
bio-

macromolecules 

Emerging for 

adsorption; High 

sensor sensitivity 

Adv: Exceptional 

customizability 
and high 

capacity. Lim: 

High production 
cost and water 

stability issues 

Clay and 
Carbohydrates 

(e.g., Sulfated 

Polysaccharid
es, 

Cyclodextrins) 

Natural 
extraction, 

Sulfation of 

polysaccharides 

Non-specific 
protein binding, 

biomimicry, 

competitive 
inhibition 

Micromolar 
concentrations 

for virucidal 

activity (CDs) 

Rotavirus: 70-90%; 
Specific for 

HIV/Zika 

Adv: Non-toxic 
and naturally 

abundant. Lim: 

Variable removal 
efficacy and 

limited scalability 

for modified 

forms. 

Comparative strengths and weaknesses  

The choice of adsorbent is contingent upon the specific water matrix, target pathogen, 

desired removal efficiency, and economic considerations. 

• Carbon-based materials and clays are generally the most cost-effective and readily 

available, making them suitable for large-scale applications, especially in 

developing regions (Egbedina et al., 2022; Worasith and Goodman, 2023). In 

contrast, MOFs and highly functionalized nanoparticles (e.g., Fe/Ni, some tailored 

silica) can be significantly more expensive to produce at scale (Kwon et al., 2017; 

Xu et al., 2024). 

• Materials like sulfated polysaccharides and modified cyclodextrins offer high 

specificity through biomimicry, targeting viral entry mechanisms, which can be 

advantageous for specific outbreaks (Jones et al., 2020; Wang et al., 2014). 

However, oxide-based materials and amine-functionalized silica tend to provide 

broader spectrum removal due to more generalized electrostatic interactions with 

various negatively charged pathogens (Mazurkow et al., 2020; Zhan et al., 2014). 
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• Oxide-based nanoparticles (e.g., Fe/Ni, TiO2) are particularly notable for their 

ability to not only remove but also inactivate pathogens through oxidative stress or 

structural damage. Conversely, carbon materials primarily achieve physical 

removal, and additional disinfection steps might be necessary for complete 

inactivation. 

• While highly effective, metal-containing adsorbents (e.g., Ag/Cu-doped zeolites, 

Cu2O-MWCNT, Fe/Ni NPs) pose a potential concern regarding the leaching of 

metal ions into the treated water, necessitating careful design and post-treatment 

evaluation to avoid secondary toxicity. Magnesium oxyhydroxide can increase 

water pH significantly, which might require further adjustment for potability (Ihsan 

et al., 2024; Ihsan et al., 2025). 

• The regenerability of adsorbents is crucial for long-term sustainability. While some 

adsorbents like activated carbon are well-studied for regeneration (Vedenyapina et 

al., 2024), the processes for complex nanostructured materials or biological 

adsorbents are still under development and can influence their practical lifespan and 

economic viability (Harish et al., 2022). 

Material synergies - The power of composites 

A growing trend in adsorbent development is the creation of hybrid or composite 

materials, which leverage the complementary properties of different components to 

achieve enhanced performance. This synergistic approach often leads to higher removal 

efficiencies, improved stability, or added functionalities not present in individual 

components. 

• Combining materials can dramatically increase the overall surface area and the 

density of active sites. For example, MWCNT sensitized by Cu2O combines the 

high surface area and porous structure of carbon nanotubes with the antiviral activity 

and positive charge potential of copper oxide, leading to superior virus retention 

compared to either material alone (Domagała et al., 2020). 

• Composite materials can offer multiple removal mechanisms simultaneously. Silica-

decorated TiO2 nanoparticles exemplify this, where the high adsorption capacity 

and favorable surface chemistry of silica are combined with the photocatalytic 

inactivation potential of TiO2 under UV light (MiarAlipour et al., 2018). This allows 

for both effective adsorption and subsequent degradation/inactivation of captured 

pathogens. Similarly, Fe/Ni nanoparticles utilize both direct disruption and reactive 

oxygen species generation (Lin et al., 2025). 

• Functionalizing materials with magnetic nanoparticles (e.g., amine-functionalized 

magnetic Fe3O4−SiO2−NH2 NPs) is a prime example of synergy, where the core 

material handles adsorption, and the magnetic component facilitates easy separation 
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from treated water, overcoming a major challenge in nanoparticle application (Zhan 

et al., 2014). 

• Composites can mitigate the weaknesses of individual components. For instance, 

while TiO2 is a potent photocatalyst, its standalone use might be limited by 

aggregation or recovery challenges (Miar-Alipour et al., 2018). Coupling it with a 

robust membrane (e.g., nano-TiO2 membranes) or a high-surface-area support (e.g., 

silica) improves its practical applicability. 

The rational design of these composite materials, guided by an understanding of 

intermolecular forces and surface chemistry, represents a promising direction for 

developing highly effective and practical adsorbents for waterborne pathogen control. 

Challenges and future perspectives for practical application 

The transition of promising laboratory-scale adsorption technologies to widespread 

practical application in water treatment faces several significant challenges that require 

dedicated future research. 

Adsorbent regeneration 

A crucial aspect for the long-term sustainability and cost-efficiency of adsorption 

processes is the effective regeneration of saturated adsorbents. Pathogens captured on 

adsorbents can lead to filter clogging and a reduction in removal efficiency over time, 

necessitating regeneration or replacement. Challenges in regeneration include 

maintaining the structural integrity and adsorption capacity of the material after multiple 

cycles, and effectively desorbing/inactivating the trapped pathogens without secondary 

contamination. Various regeneration methods exist, such as thermal treatment (e.g., for 

activated carbon), chemical washing (acid, base, or oxidant solutions), and photocatalytic 

degradation (for TiO2-based materials). The impact on adsorbent lifespan and reusability 

varies significantly by material type and regeneration protocol, making it a critical area 

for optimization to ensure economic viability and reduce waste. 

Economic feasibility and scalability 

The transition of promising laboratory-scale adsorption technologies to widespread 

practical application in water treatment faces several significant challenges, primarily 

dictated by synthesis costs and the availability of precursors. While traditional materials 

like granular activated carbon (GAC) and natural clays are economically viable for large-

scale treatment due to their abundance and low production costs, they often lack the 

specificity required for emerging viral strains. 

Conversely, high-performance materials such as Metal-Organic Frameworks (MOFs) and 

functionalized silica involve complex, multi-step synthesis using expensive precursors, 

making them currently prohibitive for large municipal plants. To address these economic 
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barriers, future research must focus on developing simpler, greener, and more cost-

effective synthesis routes, such as utilizing abundant natural resources or waste materials. 

Furthermore, the industry must prioritize the "corporealization" or macro-structuring of 

these materials—immobilizing powdered adsorbents onto robust substrates such as 

membranes or ceramic filters. This approach is vital for creating practical, user-friendly, 

and scalable point-of-use (POU) devices that are affordable for resource-constrained 

regions, ensuring efficient contact with water and easy separation post-treatment. 

Secondary toxicity and environmental risks 

A critical safety concern, especially for drinking water applications, is the potential for 

secondary toxicity due to the leaching of adsorbent components or their byproducts into 

the treated water. This is particularly relevant for nanoparticles incorporating metals (e.g., 

Ag, Cu, TiO2, Fe/Ni) that possess inherent antimicrobial properties. While these materials 

are highly effective for pathogen inactivation, the release of metal ions or nanoparticles 

into the effluent must be rigorously ensured to remain below strict regulatory limits to 

prevent unintended human health risks. 

Current research emphasizes that improper immobilization during the material synthesis 

phase can lead to the detachment of nanoparticles into the water matrix, which may pose 

long-term toxicological threats even if the treated water is pathogen-free. The risk of 

"secondary pollution" necessitates a shift from simple impregnated materials to robustly 

engineered substrates. Consequently, thorough toxicology studies and advanced material 

design—such as the implementation of strong covalent anchoring or grafting of active 

components onto stable, inert substrates—are indispensable to guarantee the 

environmental and human health safety of these adsorbent systems post-treatment. 

Ensuring the structural integrity of these composites under fluctuating hydraulic 

conditions is a vital prerequisite for their transition from laboratory settings to real-world 

municipal or household applications. 

Biological fouling (Biofouling) 

Despite their ability to remove pathogens, many adsorbents can paradoxically become 

substrates for the growth of biofilms, a process known as biofouling. This biological layer 

can significantly reduce the effective surface area available for adsorption, decrease flow 

rates (for filter media), and eventually lead to a decline in removal efficiency. More 

critically, if not managed, these biofilms can become a secondary source of microbial 

contamination, releasing pathogens back into the treated water, or harboring resistant 

strains. Future adsorbent designs must incorporate anti-biofouling strategies, such as 

embedding antimicrobial agents (e.g., silver, copper) directly into the matrix, designing 

surfaces with low adhesion properties, or integrating in-situ cleaning mechanisms (e.g., 

photocatalytic self-cleaning or electrochemical methods) to maintain long-term 

performance and hygiene. 



Ihsan T. & al. / Larhyss Journal, 65 (2026), 105-141 

124 

Long-term stability and performance degradation 

The long-term performance and structural stability of adsorbents under realistic 

environmental conditions (e.g., varying pH, ionic strength, presence of natural organic 

matter, flow dynamics) are paramount but often challenging to assess in short-term 

laboratory studies. Adsorbent degradation (e.g., loss of active sites, structural collapse, or 

breakdown of functional groups) can occur over time and usage cycles, affecting their 

consistent removal efficiency. Robust accelerated aging tests and pilot-scale, prolonged 

operational studies are necessary to accurately predict the useful lifespan of adsorbents 

and ensure their sustained effectiveness in practical water treatment systems. 

The trajectory of future research must pivot immediately toward the rational design and 

precise synthesis of next-generation adsorbents, prioritizing optimized surface chemistry, 

porosity, and structural stability. It is an absolute imperative to develop purification 

processes that are not only highly efficient and low-cost but also readily scalable for large-

scale water treatment, particularly across resource-constrained regions. This scalability is 

essential to effectively mitigate the uncontrolled propagation and potential mutation of 

dangerous viral and bacterial agents that contribute to global health threats. Consequently, 

the material science community must dedicate considerable effort to achieving the 

attractive goal of producing self-sanitizing objects, resulting in efficient, flexible, and 

miniaturized purifying agents. The emergence of novel pathogens, starkly highlighted by 

events such as the COVID-19 pandemic, provides a continuous, powerful reminder: 

developing new adsorbents equipped with exceptional antiviral capabilities is a 

permanent and continuous necessity to effectively counter the threat posed by both known 

and unknown viruses in our environment. 

To push the boundaries of adsorption technology for waterborne pathogen control, future 

research should explore several innovative avenues: 

Smart adsorbents (Stimuli-responsive materials) 

Developing adsorbents that are responsive to external stimuli (e.g., pH, light, temperature, 

magnetic fields) offers unprecedented control over adsorption and desorption processes. 

Such "smart" materials could enable on-demand release of adsorbed pathogens for 

analysis or targeted inactivation, or allow for efficient, non-destructive regeneration. For 

instance, pH-responsive polymers could reversibly change surface charge, enabling 

selective capture and release. Photothermal materials could heat up locally under light to 

inactivate adsorbed microbes. 

Multifunctional hybrid materials 

The paradigm of developing adsorbents that not only remove but also perform additional 

functions (e.g., photocatalysis, oxidation, in-situ detection) is a highly promising 

direction. This involves creating hybrid materials that combine the adsorptive capacity 

with catalytic properties. For example, a material could adsorb pathogens and then, under 

light, photocatalytically degrade their genetic material or proteins. Another example is 
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adsorbents with integrated electrochemical properties that can generate disinfectants in-

situ or apply an electric field for enhanced removal/inactivation. 

Integration with existing technologies 

Effective integration of adsorption processes into existing water treatment trains is crucial 

for maximizing overall efficiency and cost-effectiveness. Adsorption could serve as a pre-

treatment step for membrane filtration to reduce fouling, or as a polishing step after 

conventional disinfection to capture any remaining or resistant pathogens. The concept of 

"integrated treatment" seeks to leverage the strengths of various technologies in a 

synergistic manner, optimizing resource use and enhancing final water quality. 

Computational modeling and rational design 

Leveraging advanced computational tools, such as Density Functional Theory (DFT) for 

molecular interactions, Molecular Dynamics (MD) simulations for dynamic behavior, 

and Artificial Intelligence/Machine Learning (AI/ML) for predictive material design, will 

accelerate the discovery and optimization of novel adsorbents. These in silico approaches 

can predict adsorbent-pathogen interactions, elucidate complex mechanisms at the atomic 

level, and screen vast material libraries to identify optimal candidates, significantly 

reducing the reliance on time-consuming and expensive trial-and-error experimental 

approaches. 

Circular economy principles in adsorption 

Adopting a circular economy mindset in adsorbent development means focusing not only 

on performance but also on the entire lifecycle of the material. This includes designing 

adsorbents from sustainable, renewable, or waste-derived precursors, developing efficient 

regeneration methods that minimize secondary waste, and exploring strategies to 

transform spent adsorbents into value-added products. For example, spent carbon-based 

adsorbents could potentially be repurposed as energy sources or components in 

construction materials, thereby closing the loop and reducing environmental impact. 

Corporealization of adsorbents for practical application 

A significant hurdle for widespread adoption, particularly for household-scale and point-

of-use (POU) water treatment, is the physical form of adsorbents. Many high-

performance adsorbent materials are developed as fine powders, which are difficult to 

handle, separate from treated water, and integrate into simple filtration systems for batch 

or household applications. Future research must focus on "corporealization" or "macro-

structuring" of these advanced materials (Fukugaichi et al., 2024; Johan et al., 2023, 

2024). This involves immobilizing powdered adsorbents onto robust, permeable 

substrates (e.g., membranes, ceramic filters, polymer beads, textile fibers) or fabricating 

them into granular, pelletized, or fibrous forms. This engineering aspect is vital for 

creating practical, user-friendly, and easily deployable filters and devices suitable for 
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various scales, from large municipal plants to small household purifiers, ensuring 

efficient contact with water and easy separation post-treatment. 

The ongoing emergence of new pathogens, as exemplified by the COVID-19 pandemic, 

underscores that developing novel adsorbents with outstanding antiviral properties will 

be a permanent and continuous necessity to face the presence of known and unknown 

viruses in the environment. 

CONCLUSIONS 

This review verifies the central importance of the adsorption process, being a very 

practical, flexible, and promising approach for the simultaneous removal and inactivation 

of viruses and bacteria. The course towards safe water, therefore, is grounded in a broad 

spectrum of adsorbing materials, ranging from traditional materials such as functionalized 

carbon-based filters, through nanosized materials and Layered Double Hydroxides, to 

particular biocompatible biological molecules. 

One of the most essential and ever-present findings among all classes of materials is the 

prime consideration for adsorbent surface charge. Therefore, chemical functionalization 

is required for optimal surface properties to enhance electrostatic binding and neutralize 

negatively charged pathogens. Among these breakthroughs, nanoparticles are absorbing 

and hold immense potential for designing effective yet affordable sanitation technology, 

especially for water purification. Additionally, naturally sourced materials such as 

polysaccharides and cyclodextrins offer a fascinating, biocompatible approach for 

reducing viruses in liquids. 

Despite the significant advances made in the area, there remain several challenges to their 

implementation. Though the drawbacks in conventional methods in terms of high 

operational expenses and the production of toxic DBPs pose essential grounds for the 

implementation of more environmentally friendly approaches, their commercial 

counterparts sometimes fail to meet expectations. They can be depleted of broad-

spectrum properties against novel virus strains and incur high production costs, including 

the use of specific compounds for modification. 

Now, the research roadmap should shift to a focus on rational design and application, 

rather than discovery alone. Future research should focus on the rational design and 

optimization of additional adsorbents with enhanced surface chemistry and improved 

structural and durability properties. More importantly, then, and indeed crucial, would be 

the focus on efficient and low-cost purification techniques and processes that can be 

scaled up and implemented on a large scale within developing countries around the globe, 

and which will play an unparalleled role within the prevention and containment of the 

uncontrolled evolution and mutations of harmful pathogens and disease agents with 

worldwide dangers and threats as exemplified within the catastrophic spread and ominous 

threat within the COVID-19 outbreak. 
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