
International Journal of Aquatic Research and Environmental Studies 6(S1) 1448-1464 2026  

 

 

 

 

Eco-Engineered BioNano Interfaces: Harnessing Biopolymers and 

Nanomaterials for Next-Generation Water Purification 
  

Dr. M. SAKTHIVEL 

 Associate Professor in Chemistry, School of Engineering and Technology, Dhanalakshmi Srinivasan 

University, Samayapuram, Trichy, Tamil Nadu -621112 India, sakthivel.set@dsuniversity.ac.in  

  

Received :17/02/2026 | Accepted: 28/04/2026 | Published: 03/05/2026  

  

Abstract  
Water pollution is a multidimensional environmental challenge involving inorganic contaminants, persistent organic 

chemicals, pathogens, particulate pollutants, and mixtures of emerging contaminants. Conventional treatment 

processes remain indispensable, yet individual operations can encounter limitations involving selectivity, fouling, 

secondary waste, energy consumption, chemical demand, or incomplete removal of trace contaminants. Eco-

engineered BioNano interfaces—hybrid materials that combine renewable biopolymers with nanoscale functional 

phases—offer a route toward multifunctional purification platforms. Biopolymers including chitosan, cellulose, 

alginate, starch, lignin, pectin, and protein-derived materials provide renewable matrices, surface functional groups, 

processability, and opportunities for biodegradation or benign end-of-life pathways. Nanomaterials can contribute 

high specific surface area, tunable pore structures, catalytic activity, magnetic responsiveness, antimicrobial action, 

and selective molecular interactions. The interface between the two components is therefore more important than 

either component alone: it controls dispersion, accessibility of active sites, mass transfer, mechanical stability, 

regeneration, and the likelihood of nanoparticle release. This review synthesizes the literature on BioNano materials 

for adsorption, membrane filtration, photocatalysis, antimicrobial treatment, magnetic separation, and hybrid 

remediation. It also develops a comparative framework for material selection and discusses representative reported 

performance values from the literature. Particular emphasis is placed on realistic water matrices, regeneration, 

continuous-flow operation, life-cycle assessment, nanotoxicology, and safe-by-design principles. The review 

identifies a persistent translation gap between high-performance batch experiments and durable, low-cost, 

continuously operated systems. Future progress will depend on integrating green synthesis, renewable feedstocks, 

controlled nano–bio interfaces, process intensification, digital material design, resource recovery, and standardized 

environmental safety assessment. The central proposition is that next-generation water treatment should optimize not 

simply contaminant removal, but the combined metrics of treatment efficiency, selectivity, durability, recoverability, 

environmental safety, and life-cycle sustainability.  

Keywords: BioNano Interfaces; Nanocomposites; Water Purification; Environmental Remediation; Sustainable 

Nanotechnology; Membrane Treatment; Nanoadsorbents; Photocatalysis; Green Materials Introduction  

Introduction 

 
Freshwater systems receive contaminant loads from industrial production, agriculture, mining, urban drainage, 

domestic sewage, healthcare facilities, landfill leachates, and diffuse sources. The resulting pollutant mixtures can 

contain dissolved ions, suspended solids, hydrophobic organics, pharmaceuticals, dyes, pesticides, microorganisms, 

and particulate contaminants. The treatment challenge is not merely to reduce concentration; it is to achieve reliable 

removal or transformation while avoiding the creation of a more difficult secondary waste stream. This distinction is 

central to evaluating advanced materials. [55–56] 

 

Nanotechnology has expanded the materials toolbox for water treatment because nanoscale structures can provide 

high surface area, short diffusion distances, adjustable surface charge, catalytic sites, magnetic behavior, and tailored 

pore dimensions. Reviews of nanomaterials identify adsorption, membrane separation, photocatalysis, and 

antimicrobial treatment as major application areas. [1–5] More recent reviews continue to emphasize these same 

functions while highlighting scale-up, cost, environmental safety, and long-term stability as unresolved issues. [6,7] 
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Biopolymers add a different set of properties. Chitosan offers amino and hydroxyl groups, cellulose offers a highly 

abundant hydroxyl-rich renewable scaffold, alginate provides hydrogel-forming carboxylate functionality, and lignin 

provides an aromatic, oxygenated structure suitable for adsorption and chemical modification. Reviews published 

through 2025–2026 show growing interest in combining these materials with nanoparticles, graphene derivatives, 

metal oxides, MOFs, COFs, nanoclays, and MXenes. [8–16] 

The concept of an eco-engineered BioNano interface therefore moves beyond the simple phrase “biopolymer 

nanocomposite.” It describes a deliberate materials-design strategy in which the bio-derived phase controls structure, 

processing, and environmental compatibility while the nanoscale phase provides a targeted function. The resulting 

architecture may be a bead, hydrogel, membrane, aerogel, fiber mat, coating, monolith, or three-dimensional printed 

object. The same chemical ingredients can behave very differently depending on how the interface is engineered. [55–

56] 

 

Figure 1. Conceptual illustration of eco-engineered BioNano interfaces for sustainable water purification. 

Review Methodology and Scope 

This article is structured as a narrative critical review with a targeted evidence synthesis. Literature was identified 

using searches of PubMed, publisher platforms, and scholarly indexing pages, with emphasis on peer-reviewed 

reviews and representative primary studies addressing biopolymers, nanocomposites, adsorption, membranes, 

photocatalysis, antimicrobial treatment, and environmental safety. Priority was given to sources with identifiable DOI 

records and to recent literature published from 2020 through 2026, while foundational studies were retained where 

they establish widely used material concepts or mechanisms. [51–55] 

The review asks five linked questions: (i) which biopolymers provide the most useful structural and chemical 

functions; (ii) which nanomaterials provide complementary treatment functions; (iii) how does interface engineering 

alter adsorption, separation, catalysis, or recovery; (iv) which reported performance metrics are sufficiently 

comparable to inform design; and (v) what barriers prevent laboratory materials from becoming safe, affordable, 

continuously operated technologies? Because experimental protocols vary substantially, numerical performance 

values are not treated as directly interchangeable. Removal percentages and adsorption capacities depend on 

concentration, pH, dose, competing ions, contact time, reactor configuration, and analytical method. [51–55] 

The evidence base also distinguishes between removal and destruction. Adsorption transfers a pollutant to a solid 

phase; membrane treatment separates it; photocatalysis or other oxidation processes may transform it; and biological 

or catalytic pathways may mineralize or detoxify it. A high disappearance of the parent compound is therefore not 

sufficient evidence of complete remediation unless transformation products and overall toxicity are evaluated. [51–

55] 

Inclusion principles 

1. Peer-reviewed studies and authoritative guidance relevant to water purification, wastewater treatment, biopolymers, 

nanocomposites, membranes, adsorption, catalysis, or nanotoxicology. [51–55] 

2. Sources with identifiable DOI information were prioritized for the reference list. 
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3. Representative primary studies were selected when they reported concrete material performance or mechanistic 

information. [51–55] 

4. Recent reviews were used to map the field, while older foundational studies were retained where they remain 

technically relevant. [51–55] 

5. Claims about environmental safety were treated cautiously because laboratory toxicity and real-world exposure are 

not equivalent. [51–55] 

 

Water-Pollution Challenge and Treatment Requirements 

A next-generation material must operate in the presence of chemical complexity. Real water commonly contains 

natural organic matter, bicarbonate, chloride, sulfate, hardness ions, suspended solids, microorganisms, and multiple 

contaminants. These constituents compete for adsorption sites, alter surface charge, promote fouling, change redox 

chemistry, and influence the transport of nanomaterials. Consequently, performance measured in a single-solute 

laboratory system is best interpreted as a materials-screening result rather than a direct prediction of field performance. 

[51–55] 

Heavy metals 

Lead, cadmium, mercury, chromium, arsenic, nickel, copper, zinc, and related metal species are persistent 

contaminants because elemental metals are not destroyed by conventional biological degradation. Chitosan is 

particularly attractive because its amino and hydroxyl groups can coordinate metal ions. Functionalization, 

crosslinking, magnetic incorporation, and combination with carbonaceous phases can increase capacity, selectivity, 

and recoverability. Reviews of chitosan-based adsorbents emphasize that pristine chitosan can be limited by low 

surface area, acid sensitivity, and mechanical weakness, motivating the development of derivatives and composites. 

[17–20] 

Dyes and colored organics 

Synthetic dyes are important industrial pollutants because they can persist in water and interfere with light penetration. 

Chitosan, cellulose, lignin, graphene oxide, and nanostructured hybrid materials can capture dyes by electrostatic 

attraction, hydrogen bonding, π–π interactions, hydrophobic interactions, or pore filling. The direction and strength of 

electrostatic attraction depend strongly on solution pH and the ionization state of both sorbent and dye. Recent reviews 

also highlight increasing interest in reusability and machine-learning-assisted optimization of chitosan adsorbents. 

[21,22] 

Pharmaceuticals and emerging contaminants 

Pharmaceuticals, personal-care compounds, endocrine-active substances, pesticides, and other emerging contaminants 

may occur at low concentrations and possess diverse functional groups. Adsorption can concentrate such compounds, 

whereas catalytic processes can transform them. The most promising systems increasingly combine capture with 

degradation so that pollutants are not simply transferred into a disposable solid. Systematic reviews of nanomaterials 

for emerging contaminants identify adsorption and photocatalysis as major research directions but also note that 

practical application remains limited by complexity and insufficient real-water validation. [23] 

Microorganisms and microplastics 

Microbial contamination requires inactivation or physical removal. Nanomaterials with antimicrobial activity can be 

integrated into membranes and coatings, while nanocellulose and other fibrous structures can provide filtration 

scaffolds. Microplastics present a different challenge because they are particulate rather than dissolved. Membrane 

filtration, coagulation-assisted capture, adsorption, and hybrid separation can contribute to their removal, but fouling 

and secondary accumulation require careful management. [54–56] 

Mixed-contaminant waters 

Mixed-contaminant treatment is arguably the most important test of material maturity. A membrane that removes a 

model dye may behave differently in a wastewater containing proteins, humic substances, salts, oils, and 

microorganisms. Likewise, an adsorbent optimized for lead may lose selectivity in the presence of calcium and 

magnesium. Future evaluation should therefore report both single-solute benchmarks and performance in 

representative real or synthetic-complex matrices. [57–61] 

Biopolymers as Functional Matrices 

Biopolymers are not merely passive supports. Their chemistry can participate directly in pollutant capture, determine 

wet-state morphology, influence membrane hydrophilicity, and control the accessibility of embedded nanoparticles. 

Their renewable origin can also reduce dependence on fossil-derived polymer matrices, although the sustainability of 

any individual biopolymer must still be assessed across extraction, purification, modification, and disposal. [55–64] 
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Chitosan 

Chitosan is a cationic or potentially cationic polysaccharide whose primary amino groups provide strong opportunities 

for metal binding and interactions with anionic pollutants. Its processing into beads, hydrogels, membranes, films, 

fibers, flakes, and nanoparticles enables many reactor configurations. The main limitations of pristine chitosan include 

relatively modest mechanical strength, sensitivity to acidic environments, and limited surface area in dense forms. 

Crosslinking, grafting, blending, and nanomaterial incorporation address these weaknesses. [17,18,24] 

Cellulose and nanocellulose 

Cellulose is abundant, renewable, and structurally versatile. Conversion into cellulose nanocrystals, cellulose 

nanofibrils, and bacterial nanocellulose creates high-aspect-ratio structures with large accessible surface areas. 

Nanocellulose can be fabricated into membranes, aerogels, hydrogels, and composite films. Reviews report 

applications in adsorption, filtration, catalysis, and flocculation, with particular interest in heavy metals, dyes, and 

pharmaceutical compounds. [25–29] 

Alginate 

Alginate contains carboxylate groups and readily forms ionically crosslinked hydrogels. This makes it useful for 

immobilizing nanoparticles and creating beads or porous structures. A 2024 critical review and a 2025 review of 

alginate-based adsorbents highlight the growing role of alginate composites in water treatment. [30,31] 

Starch, pectin, gums, and related polysaccharides 

Starch, pectin, gums, chitin, and related polysaccharides can be chemically modified or converted into gels, films, and 

porous materials. A broad review of these natural polymers emphasizes their potential as sustainable water-treatment 

materials and the importance of modification to overcome water stability and mechanical limitations. [32] 

Lignin 

Lignin is an aromatic biomass-derived polymer containing phenolic and hydroxyl functionality. Its aromatic character 

can support interactions with organic molecules, while functional groups can participate in metal binding. Recent 

work identifies lignin as a promising bio-based adsorbent for dyes and other pollutants, particularly when its structure 

is modified or converted into a composite. [33] 

Nanomaterial Selection 

The nanoscale component should be selected according to the intended treatment function rather than novelty alone. 

Metal oxides may provide photocatalysis or adsorption; magnetic iron oxides enable separation; graphene oxide can 

increase adsorption and interfacial functionality; MOFs provide tunable porosity; MXenes provide hydrophilic two-

dimensional channels and surface functionality; and metallic nanoparticles can contribute antimicrobial or catalytic 

activity. Recent comprehensive reviews show that no single nanomaterial is optimal for every contaminant. [6,7,34] 

 

Metal and metal-oxide nanoparticles 

Silver, copper, iron oxides, titanium dioxide, zinc oxide, manganese oxides, and other inorganic nanophases have been 

investigated for adsorption, antimicrobial action, and catalysis. Their use requires attention to particle dissolution and 

release. Immobilization within a polymer matrix can improve handling, but the composite must still be tested for 

leaching under realistic conditions. [55–61] 

 

Magnetic nanomaterials 

Magnetic iron-oxide nanoparticles are especially useful when the material must be recovered after adsorption. 

Magnetic chitosan systems combine the binding chemistry of chitosan with external-field separation. A 2026 review 

specifically identifies magnetic chitosan nanomaterials as an emerging route toward reusable adsorbents for heavy 

metals and pharmaceuticals. [35] 

Graphene oxide and carbonaceous nanomaterials 

Graphene oxide provides oxygen-containing groups and an extended aromatic surface. Its incorporation into chitosan 

or cellulose can increase surface functionality and modify mechanical behavior. Carbonaceous nanomaterials also 

support adsorption and advanced oxidation applications, although their aquatic ecotoxicity and persistence require 

assessment. [36,37] 
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MOFs, COFs, and porous frameworks 

MOFs and COFs provide tunable pore structures and chemical environments. Their integration with biopolymers can 

transform powders into mechanically handleable membranes, beads, fibers, or monoliths. Recent work emphasizes 

nanocellulose as a particularly useful platform for incorporating MOFs into larger-scale formats. [8] 

MXenes and two-dimensional materials 

MXenes are two-dimensional materials with hydrophilic surfaces and tunable terminal groups. Reviews report 

promising membrane applications for dyes, metal ions, salts, and oil/water separation, while emphasizing stability, 

reusability, synthesis, and scale-up as key barriers. [38–40] 

Interface Engineering: The Central Design Principle 

The interface determines whether a hybrid material behaves as a true multifunctional composite or merely as a physical 

mixture. Strong but controlled interactions can prevent nanoparticle aggregation, preserve accessible active sites, 

improve wet-state mechanical stability, and reduce uncontrolled nanoparticle release. Potential interactions include 

hydrogen bonding, electrostatic attraction, covalent attachment, metal–ligand coordination, π–π interactions, and van 

der Waals forces. [51–59] 

Interface engineering must balance two competing requirements. First, nanoparticles need to be immobilized 

sufficiently strongly to prevent release. Second, their active surfaces must remain accessible to water and pollutants. 

Over-coating a nanoparticle can improve retention while simultaneously blocking active sites. Conversely, weak 

attachment can maximize surface accessibility while increasing the risk of leaching. This trade-off should be measured 

rather than assumed. [51–59] 

 

Figure 2. Synthesis and fabrication routes for BioNano composites, including green synthesis, in situ 

formation, ex situ incorporation, electrospinning, and crosslinking/hydrogel formation. 

Synthesis and Fabrication Strategies 

Green synthesis 

Green synthesis seeks to reduce hazardous reagents, energy demand, and waste during nanomaterial preparation. Plant 

extracts, biomolecules, aqueous processing, low-temperature routes, and renewable feedstocks have been investigated. 

Green synthesis should nevertheless be evaluated quantitatively: a biological reducing agent does not automatically 

make a process sustainable if purification is energy intensive or if the resulting nanomaterial is difficult to recover. 

[41] 

In situ nanoparticle formation 

In situ growth of nanoparticles within a polymer matrix can produce better dispersion and stronger interfacial coupling 

than simple blending. This strategy is particularly relevant to metal and metal-oxide particles. Control of precursor 

concentration, nucleation, reduction kinetics, and polymer functional groups determines particle size and distribution. 

[59–61] 



1453 S A K T H I V E L  

 

Ex situ blending 

Preformed nanoparticles can be dispersed in polymer solutions before casting, phase inversion, electrospinning, 

freeze-drying, or hydrogel formation. This approach offers compositional flexibility but can suffer from aggregation. 

Ultrasonication, surface functionalization, and compatible solvents can improve dispersion. [53–59] 

Crosslinking and hydrogel formation 

Crosslinking stabilizes biopolymers in water and creates three-dimensional networks. Chitosan hydrogels, alginate 

hydrogels, and cellulose-based hydrogels can immobilize nanomaterials while providing diffusion pathways. Recent 

reviews identify hydrogel systems as an important direction for pollutant removal, oil–water separation, desalination, 

and related applications. [42,43] 

Electrospinning and nanofibrous membranes 

Electrospinning produces high-surface-area fibrous mats that can function as filtration layers or adsorption media. 

Chitosan and cellulose derivatives can be combined with inorganic or carbon nanophases. The key engineering 

variables include fiber diameter, porosity, thickness, wettability, mechanical strength, and pressure drop. [53–54] 

Freeze-drying, aerogels, and three-dimensional architectures 

Freeze-drying can preserve porous structures and produce low-density aerogels with large internal surface areas. 

Three-dimensional architectures are attractive because they can combine high surface area with improved flow-

through operation. Additive manufacturing further offers control over macroscopic geometry, although printable 

formulations must maintain adequate mechanical integrity and nanoparticle retention. [51–54] 

Membrane fabrication 

Biopolymer membranes can be produced by solution casting, phase inversion, vacuum filtration, coating, 

electrospinning, or layered assembly. Nanocellulose is particularly attractive because its surface chemistry and 

mechanical properties can support thin functional layers. Reviews emphasize its application in ultrafiltration, 

nanofiltration, and reverse-osmosis-related structures. [26–29] 

Characterization Framework 

Characterization should connect composition and structure to treatment performance. A minimum characterization 

package should include morphology, chemical functionality, surface area or porosity where relevant, surface charge, 

thermal behavior, and mechanical or wet-state stability. Treatment studies should then quantify kinetics, equilibrium 

behavior, selectivity, regeneration, and release of the nanoscale phase. [51–54] 

• FTIR: identification of functional groups and changes in chemical bonding. 

• XRD: crystalline structure and phase identification. 

• SEM/TEM: morphology, pore structure, and nanoparticle distribution. 

• BET analysis: surface area and pore characteristics where applicable. 

• Zeta potential: surface charge and electrostatic behavior. 

• TGA/DSC: thermal stability and component interactions. 

• ICP-MS/AAS: metal concentration and nanoparticle-release assessment where relevant. 

• TOC/COD and chromatographic analysis: overall organic removal and transformation. 

• Contact-angle analysis: membrane wettability and surface modification. 

• Mechanical testing: tensile, compression, burst, or wet-strength assessment depending on geometry. 

 

Adsorption-Based Purification 

Adsorption remains one of the most accessible applications of BioNano interfaces. It can be operated in batch systems, 

fixed beds, packed columns, beads, membranes, and monoliths. Chitosan and cellulose provide functional groups; 

nanophases increase surface area or add specialized interactions; and magnetic components can facilitate recovery. 

[51–54] 

Adsorption mechanisms 

Possible mechanisms include electrostatic attraction, ion exchange, surface complexation, chelation, hydrogen 

bonding, π–π interactions, hydrophobic association, pore filling, and precipitation. Multiple mechanisms often coexist, 

making it risky to assign a single mechanism solely from an adsorption isotherm. Spectroscopy, pH dependence, 

competitive-ion experiments, and post-adsorption characterization provide stronger evidence. [51–54] 

Isotherms and kinetics 

The Langmuir model is commonly expressed as qₑ = qₘKₗCₑ/(1 + KₗCₑ), whereas the Freundlich model is expressed as 

qₑ = KfCₑⁿ. Kinetic analyses frequently compare pseudo-first-order and pseudo-second-order models. These models 
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are useful for describing data but should not be interpreted automatically as proof of a specific molecular mechanism. 

[51–54] 

Continuous-flow operation 

Fixed-bed operation is more relevant to industrial deployment than batch tests. Breakthrough curves, bed depth, flow 

rate, empty-bed contact time, pressure drop, regeneration, and capacity loss must be evaluated. Reviews of chitosan 

nanocomposites specifically highlight fixed-bed continuous-flow adsorption as an important bridge between 

laboratory adsorption and practical water purification. [44] 

Membrane Separation 

Membrane systems can provide high separation efficiency with compact footprints. Biopolymer-based membranes 

are attractive because they can provide renewable structural components, while nanophases can tune surface 

chemistry, pore structure, hydrophilicity, mechanical strength, and antifouling behavior. [51–54] 

Nanocellulose membranes 

Nanocellulose membranes can be prepared from cellulose nanocrystals, nanofibrils, or bacterial cellulose. Reviews 

describe their potential for ultrafiltration, nanofiltration, and reverse-osmosis-related applications and emphasize high 

surface area, hydrophilicity, mechanical strength, and opportunities for chemical functionalization. [27–29] 

Chitosan mixed-matrix membranes 

Chitosan is film-forming and chemically functional, but pristine chitosan membranes can have limited mechanical 

and chemical stability. Incorporating metal oxides, carbon nanomaterials, MOFs, or synthetic reinforcing phases can 

improve performance. A 2026 review specifically identifies mixed-matrix membranes as a major current direction. 

[45] 

Fouling and antifouling design 

Fouling is one of the most important barriers to membrane performance. Natural organic matter, proteins, oils, 

microorganisms, and colloids can form surface layers or block pores. Hydrophilic surfaces, charged coatings, 

antimicrobial phases, and controlled pore architectures may reduce fouling, but antifouling claims should be supported 

by repeated cycles rather than a single filtration experiment. [51–54] 

10.4 Selectivity–permeability trade-off 

A membrane with very small pores can achieve high rejection but may exhibit low water flux and high pressure 

requirements. Increasing porosity can improve permeability but reduce selectivity. BioNano interface design should 

therefore optimize a system-level objective rather than maximizing one parameter. [51–54] 

 

Figure 3. Major mechanisms of pollutant removal by BioNano interfaces, including adsorption, 

photocatalysis, membrane filtration, antimicrobial action, magnetic separation, and 

degradation/transformation. 
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Photocatalytic and Redox Processes 

Photocatalytic materials can transform organic pollutants rather than merely transfer them to a solid phase. 

Semiconductor nanomaterials generate charge carriers under suitable irradiation, initiating reactions that form reactive 

oxygen species. The biopolymer can act as a support, improve dispersion, facilitate recovery, or alter interfacial charge 

transfer. [51–54] 

The most important analytical distinction is between decolorization or parent-compound disappearance and 

mineralization. A dye may lose its chromophore while leaving aromatic intermediates. Similarly, a pharmaceutical 

can transform into products that remain biologically active. High-quality studies should therefore combine 

concentration measurements with total organic carbon, chromatographic identification of products, and, where 

feasible, toxicity assays. [51–54] 

Hybrid adsorption–photocatalysis 

Hybrid systems can exploit adsorption to concentrate pollutants near catalytic sites and then degrade them. This 

configuration is particularly attractive for dilute contaminants because adsorption increases local concentration while 

photocatalysis can regenerate active sites. However, catalyst deactivation, light penetration, and energy requirements 

remain important considerations. [51–54] 

Redox-active iron-based systems 

Iron oxides and iron-containing composites can support redox chemistry and magnetic recovery. Recent critical 

reviews identify iron oxide nanoparticles and hybrid materials as active areas for pollutant degradation and emphasize 

that catalyst choice, energy source, and reaction duration influence process efficiency. [46] 

Antimicrobial BioNano Interfaces 

Water-treatment membranes and surfaces can be designed to combine physical filtration with microbial inactivation. 

Silver, copper, zinc oxide, titanium dioxide, and other nanophases have been studied for antimicrobial functions. 

Possible mechanisms include membrane disruption, oxidative stress, ion release, and interference with cellular 

metabolism. [51–54] 

The principal safety challenge is that antimicrobial activity and ecological toxicity can share underlying mechanisms. 

A material that damages bacterial membranes may also affect beneficial aquatic organisms. Therefore, antimicrobial 

performance should be reported together with nanoparticle release, dissolution, and ecotoxicological testing rather 

than as an isolated benefit. [51–54] 

Antimicrobial membranes 

Embedding antimicrobial nanomaterials within a membrane can localize activity at the water–surface interface and 

reduce dispersion of free particles. The immobilization strategy must remain stable during cleaning, backwashing, and 

long-term hydraulic operation. [51–54] 

Biofilm control 

Biofilm formation is a major cause of membrane fouling. Hydrophilic and low-adhesion surfaces can reduce initial 

attachment, while antimicrobial components may reduce viable organisms. A robust membrane should combine anti-

adhesion and antimicrobial effects rather than relying on continuous release of biocidal agents. [51–54] 

Representative Literature Performance 

The following table is deliberately limited to values that are explicitly reported in the cited studies. These values are 

not directly comparable because experimental conditions differ. They are included to demonstrate the range of 

functions achievable with BioNano systems, not to establish a universal ranking. [51–54] 

 
Material/system 

Target Reported result Key conditions/notes Ref. 

Magnetic chitosan nanocomposite Crystal violet 
72% maximum adsorption 

efficiency 

140 min; 1 g dose; 77 mg/L 

initial concentration; RSM 

optimization 

[47] 

Alginate / CoFe₂O₄ nanocomposite Cu²⁺ 95% removal for CF/G 

Optimized batch conditions; 

pH 6.5; 2 h; 0.15 g 

adsorbent 

[48] 

Alginate / titanate nanotube composite Cu²⁺ 98% removal for T/G 

Optimized batch conditions; 

pH 6.5; 2 h; 0.15 g 

adsorbent 

[48] 
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Alginate / CoFe₂O₄ composite Fe³⁺ 60% removal for CF/G 
Same study and optimized 

batch framework 
[48] 

Titanate nanoadsorbent As³⁺ 98% removal 
Reported under optimized 

experimental conditions 
[48] 

Chitosan/graphene oxide composite Au³⁺ 
1076.649 mg/g maximum 

adsorption capacity 

5 wt% GO composite; pH 

3–5 range reported as 

favorable 

[49] 

Chitosan/graphene oxide composite Pd²⁺ 
216.920 mg/g maximum 

adsorption capacity 

5 wt% GO composite; pH 

3–4 range reported as 

favorable 

[49] 

 

These examples illustrate why performance comparisons must be normalized. The magnetic chitosan dye study reports 

a removal efficiency under a specific optimized formulation, while the chitosan/graphene oxide study reports 

equilibrium adsorption capacities in mg/g. The two metrics answer different questions and should not be compared as 

if they were equivalent. [51–54] 

Comparative material-selection table 

Biopolymer 
Main strengths 

Typical 

nanophases 
Major functions 

Main 

limitation 

Best development 

route 

Chitosan 

Amino/hydroxyl groups; 

biodegradability; 

film/hydrogel formation 

Fe oxides, GO, 

TiO₂, ZnO, MOFs, 

g-C₃N₄ 

Metal/dye 

adsorption; 

membranes; 

antimicrobial; 

catalytic supports 

Acid 

sensitivity; 

mechanica

l weakness 

Crosslinking + 

immobilized 

nanophase + 

continuous-flow 

tests 

Cellulose/nanocellulose 

Abundance; strength; 

hydrophilicity; high 

surface area 

GO, MOFs, metal 

oxides, nanoclays 

Membranes; 

adsorption; 

catalysis; 

filtration 

Swelling; 

functionali

zation/proc

essing cost 

Surface 

functionalization + 

scalable membrane 

fabrication 

Alginate 

Hydrogel formation; 

carboxyl groups; mild 

processing 

Magnetic oxides, 

nanotubes, metal 

oxides 

Adsorption; 

beads; membranes 

Water 

stability/m

echanical 

strength 

Crosslinking + 

magnetic recovery 

Starch 
Low cost; renewable; 

broad availability 

Clays, metal oxides, 

carbon 

nanomaterials 

Adsorption; films; 

hydrogels 

Poor 

native 

water 

stability 

Chemical 

modification + 

reinforcement 

Lignin 

Aromatic structure; 

phenolic/hydroxyl groups; 

biomass valorization 

Carbon materials, 

metal oxides, 

magnetic phases 

Dye/organic 

adsorption; hybrid 

sorbents 

Feedstock 

variability 

Standardized 

fractionation + 

functionalization 

Regeneration, Reuse, and Resource Recovery 

A material becomes more sustainable when it can be regenerated and reused without unacceptable loss of capacity or 

structural integrity. Regeneration may involve pH adjustment, salt solutions, solvent washing, thermal treatment, 

photoregeneration, or catalytic self-regeneration. Each method has a hidden environmental cost. Chemical 

regeneration can create concentrated waste streams; thermal regeneration consumes energy; and repeated washing can 

mobilize nanoparticles. [51–54] 

Future studies should report capacity retention over multiple cycles, mass balance of the contaminant, recovery of the 

nanophase, and composition of regeneration waste. For metal capture, resource recovery may transform the treatment 

process from waste management into a secondary resource-production process. For dyes and pharmaceuticals, 

however, recovery may be less valuable than catalytic destruction. [51–54] 
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Regeneration metrics 

1. Capacity retention after each cycle. 

2. Mass loss of the sorbent or membrane. 

3. Nanoparticle release during regeneration. 

4. Energy and chemical consumption per regeneration cycle. 

5. Concentration and toxicity of the regeneration effluent. 

6. Change in surface chemistry and pore structure after reuse. 

7. Total treated-water volume per unit mass of material over the full service life. 

 

Environmental Safety and Nanotoxicology 

The central environmental paradox of nanotechnology-enabled water treatment is that a material introduced to remove 

pollutants must itself remain controlled. Potential release pathways include nanoparticle detachment, dissolution of 

metal-containing phases, mechanical abrasion, chemical degradation, and regeneration-induced mobilization. 

Reviews of engineered nanomaterials emphasize the importance of ecological risk assessment and the persistent gap 

between demonstrated treatment performance and understanding of environmental fate. [37,50] 

Risk assessment should distinguish hazard from exposure. A nanoparticle may have measurable toxicity under high-

concentration laboratory conditions while posing a much smaller risk if it remains strongly immobilized and exposure 

is negligible. Conversely, a material with modest intrinsic toxicity could become problematic if large quantities are 

continuously released. Therefore, leaching measurements and exposure estimates are essential. [51–54] 

Safe-by-design principles 

1. Select the minimum nanomaterial loading that achieves the required treatment function. 

2. Prefer strong immobilization and architectures that facilitate recovery. 

3. Evaluate dissolution and release in the actual pH and ionic-strength range expected during use. 

4. Design for regeneration and controlled end-of-life handling. 

5. Characterize transformation products rather than measuring only parent-contaminant disappearance. 

6. Integrate ecotoxicity and life-cycle assessment early in development. 

 

Green Chemistry and Circular Economy 

BioNano water treatment is often described as sustainable because it uses a natural polymer. Sustainability, however, 

is a systems property. Extraction of cellulose or chitosan, purification, chemical functionalization, nanoparticle 

synthesis, drying, membrane fabrication, transport, cleaning, regeneration, and disposal all contribute to 

environmental burden. A bio-based composite can therefore have a higher footprint than a conventional material if its 

processing is energy or chemical intensive. [51–54] 

 

Circular-economy approaches can improve the picture by converting agricultural residues, forestry by-products, food-

processing residues, or industrial biomass into functional feedstocks. The conceptual pathway is biomass → 

biopolymer extraction → BioNano fabrication → water purification → material recovery → regeneration → reuse. 

Such systems align material production with resource recovery rather than a linear make-use-dispose model. [51–54]. 

Real-Water Testing and Process Engineering 

The most important methodological shift required in the field is movement from idealized batch tests to realistic 

process conditions. A material should eventually be tested against representative groundwater, surface water, 

municipal wastewater, industrial effluent, or a defined synthetic matrix that reproduces realistic ionic strength and 

organic-matter content. [51–54] 

Continuous-flow reactors 

Continuous-flow columns and membrane modules provide information unavailable from batch tests: breakthrough, 

pressure drop, hydraulic residence time, fouling, channeling, attrition, and regeneration under flow. These data are 

essential for estimating media volume, replacement frequency, and operating cost. [51–54] 

Water-matrix complexity 

Competitive adsorption can be severe. Calcium and magnesium can compete with target metals; natural organic matter 

can occupy sorption sites; chloride and bicarbonate can alter speciation; and suspended solids can foul surfaces. A 

composite that retains performance under these conditions is more valuable than one that performs exceptionally in 

deionized water. [51–54] 
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Mass-transfer considerations 

As particle size decreases, external and internal mass-transfer distances can decrease, but nanoparticle aggregation 

and difficult separation can offset the benefit. Porous beads and monoliths can improve handling but may create 

diffusion limitations. The optimal geometry therefore depends on the balance among accessible surface area, hydraulic 

transport, mechanical strength, and recoverability. [51–54] 

Techno-Economic and Scale-Up Considerations 

Cost analysis should include feedstock preparation, nanoparticle synthesis, crosslinking reagents, solvent use, energy 

for drying, membrane fabrication, regeneration, replacement, and waste management. A material that is inexpensive 

per gram may not be inexpensive per cubic meter of treated water if its capacity is low or its regeneration requirement 

is high. [51–54] 

 

Manufacturing reproducibility 

Natural feedstocks vary in molecular weight, degree of deacetylation, crystallinity, ash content, lignin fraction, or 

functional-group density. Standardized feedstock specifications are therefore necessary. For chitosan, degree of 

deacetylation and molecular weight can strongly affect solution behavior and adsorption. For cellulose, source and 

pretreatment influence fibril dimensions and surface chemistry. [51–54] 

Scale-up of nanomaterial integration 

Uniform nanoparticle distribution is easier to achieve at laboratory scale than in kilogram or tonne-scale processing. 

Mixing, heat transfer, solvent removal, and precursor distribution become engineering challenges. Roll-to-roll 

membrane production, continuous fiber processing, spray deposition, and extrusion-compatible formulations may be 

more practical than laboratory casting methods. [51–54] 

Regulatory pathway 

Commercial water-treatment materials must demonstrate chemical stability, consistent composition, contaminant 

removal, and acceptable leaching. Regulatory requirements vary by jurisdiction and application, but the underlying 

scientific need is consistent: treated water should not acquire a new unacceptable hazard from the treatment material. 

[51–54] 

Data Science, Machine Learning, and Digital Design 

The increasing number of combinations among biopolymers, nanophases, functional groups, pore architectures, and 

operating conditions creates an opportunity for machine learning and data-driven materials design. Models can 

potentially predict adsorption capacity, membrane permeability, selectivity, or regeneration performance from 

material descriptors. [51–54] 

 

 

The value of machine learning depends on data quality. Inconsistent experimental conditions can cause a model to 

learn laboratory-specific artifacts rather than transferable chemistry. A useful database should record pH, temperature, 

initial concentration, adsorbent dose, ionic strength, competing ions, contact time, particle size, surface area, and 

analytical method. The recent literature on chitosan adsorbents already identifies machine-learning-based modeling 

as an emerging direction. [21] 

Integrated and Multifunctional Treatment Platforms 

A major opportunity for BioNano interfaces is multifunctionality. A single membrane or monolith could potentially 

combine adsorption, catalytic degradation, antimicrobial action, and magnetic recovery. Integration can reduce 

process steps and footprint, but complexity can also increase manufacturing cost and create new failure modes. [51–

54] 

Adsorption plus catalysis 

Adsorption can concentrate contaminants near catalytic sites, while catalysis can regenerate adsorption sites. This 

coupling is particularly useful for dilute organic contaminants. The key requirement is that catalytic transformation 

must not simply convert a parent contaminant into another persistent compound. [51–54] 

Filtration plus adsorption 

A porous membrane can provide size exclusion while embedded functional groups capture dissolved species. Such 

membranes may improve overall selectivity but can also foul faster if the sorption sites interact strongly with natural 

organic matter. [51–54] 



1459 S A K T H I V E L  

 

Antimicrobial plus antifouling design 

Combining low-adhesion surfaces with localized antimicrobial activity can reduce biofilm formation without requiring 

high release of biocidal agents. The design objective should be surface control rather than continuous chemical dosing. 

[51–54] 

Magnetic recovery plus regeneration 

Magnetic responsiveness can make powdered or nanoscale adsorbents easier to separate. When coupled with 

regeneration, this creates a closed-loop material cycle. The magnetic component should remain strongly immobilized, 

and magnetic recovery efficiency should be tested after repeated cycles. [51–54] 

Research Gaps 

1. Insufficient long-duration studies under realistic water chemistry. 

2. Limited standardization of nanoparticle-release and leaching measurements. 

3. Few studies report complete mass balances across adsorption, regeneration, and disposal. 

4. Batch adsorption remains overrepresented relative to continuous-flow treatment. 

5. Reported removal efficiencies often lack harmonized test conditions. 

6. Transformation products are under-characterized in many photocatalytic studies. 

7. Life-cycle assessment is still uncommon at the material-development stage. 

8. Natural-feedstock variability is insufficiently incorporated into scale-up planning. 

9. Nanotoxicology is frequently treated as a secondary topic rather than a design constraint. 

10. More pilot-scale demonstrations are needed to establish pressure drop, fouling, replacement intervals, and 

operational economics. [51–54] 

 

Future Research Directions 

1. Safe-by-design chitosan, cellulose, alginate, and lignin nanocomposites with minimal nanoparticle loading. [51–54] 

2. Nanocellulose–MOF and biopolymer–MOF architectures fabricated as robust membranes or monoliths. 

3. Magnetic BioNano adsorbents designed for repeated regeneration and resource recovery. 

4. Solar-responsive photocatalytic biopolymer composites with validated mineralization and toxicity outcomes. [51–

54] 

5. Continuous-flow membrane and packed-bed systems tested with real wastewater. 

6. AI-assisted prediction of adsorption and membrane performance using standardized datasets. 

7. 3D-printed treatment architectures with controlled pore networks and replaceable cartridges. 

8. Integrated sensors that monitor breakthrough, fouling, contaminant concentration, or material degradation. [51–54] 

9. Life-cycle and techno-economic assessment performed before claims of sustainability are made. 

10. Standardized protocols for nanoparticle release, ecotoxicity, regeneration, and end-of-life management. [51–54] 

 

 

Comparative Matrix of Pollutants and Suitable BioNano Functions 

Pollutant class 
Preferred mechanism 

Useful biopolymer 

features 

Useful nanophase 

features 

Primary 

performance 

metric 

Key caution 

Heavy metals 
Complexation/adsorption/ion 

exchange 

Chitosan amino groups; 
alginate carboxylates; 

functionalized cellulose 

Magnetic iron oxides; 
GO; porous 

frameworks 

Capacity, 
selectivity, 

breakthrough 

Competing ions 
and metal-rich 

regeneration 
waste 

Anionic dyes 
Electrostatic adsorption; 

catalysis 

Protonatable chitosan 

groups 

GO, metal oxides, 

magnetic phases 

Removal %, 

capacity, 
regeneration 

pH dependence 
and 

transformation 

products 

Cationic dyes 
Electrostatic adsorption; π–π 

interactions 

Carboxylated 
cellulose/alginate; 

modified chitosan 

GO/carbon phases Capacity, kinetics 
Competition 
from natural 

organic matter 
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Pharmaceuticals 
Adsorption + catalytic 

transformation 

Functionalized 

cellulose/chitosan/alginat
e 

MOFs, 

photocatalysts, carbon 
materials 

Removal %, 

mineralization, 
toxicity 

Parent-compound 
disappearance 

may not equal 

detoxification 

Pesticides Adsorption/photocatalysis 
Hydrophobic or 
functionalized 

biopolymer matrices 

Carbon materials, 

metal oxides 

Removal and 
degradation 

products 

Low 
concentration and 

matrix effects 

Microorganisms Filtration + inactivation 
Nanocellulose/chitosan 

membranes 
Ag, Cu, ZnO, 

photocatalytic phases 
Log reduction, 
flux, stability 

Biocidal release 

and ecological 

effects 

Microplastics 
Size 

exclusion/adhesion/hybrid 

capture 

Fibrous cellulose/chitosan 

structures 

Functional or 

magnetic nanophases 

Particle rejection 

and recovery 

Fouling and 
particle 

accumulation 

Natural organic 
matter 

Size exclusion/adsorption 

Hydrophilic 

cellulose/chitosan 

matrices 

Hydrophilic/charged 
nanophases 

Fouling rate and 
organic rejection 

Competes for 
active sites 

Comparative Matrix of Fabrication Strategies 

Fabrication route 
Advantages Limitations Best-fit architectures Scale-up priority 

Solution casting 

Simple;low 

equipment demand; 

compositionally 

flexible 

Solvent use; 

thickness 

control; 

drying energy 

Films, membranes Moderate 

Phase inversion 

Established 

membrane route; 

tunable porosity 

Solvent 

exchange; 

structural 

defects 

possible 

Mixed-matrix 

membranes 
High 

Electrospinning 

Very high surface 

area; fibrous 

morphology 

Low 

throughput; 

process 

sensitivity 

Nanofiber mats Moderate–high 

Freeze-drying 
Creates highly 

porous aerogels 

Energy 

intensive; 

fragile 

structures 

Aerogels, monoliths Moderate 

Ionic/chemical 

crosslinking 

Improves water 

stability 

Crosslinker 

selection and 

residual 

chemicals 

Hydrogels, beads High 

In situ nanoparticle 

growth 

Good dispersion and 

interfacial coupling 

Reaction 

control and 

residual 

precursors 

Hybrid 

gels/membranes 
High 
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3D printing 

Geometric control; 

customized flow 

paths 

Formulation/p

rinting 

constraints 

Monoliths, cartridges Emerging 

Vacuum 

filtration/layeri

ng 

Useful for 

nanocellulose and 

2D materials 

Layer defects; 

batch 

processing 

Layered membranes Moderate–high 

 

Conclusion 
Eco-engineered BioNano interfaces represent a promising convergence of biopolymer chemistry, nanotechnology, 

membrane science, environmental engineering, and sustainable materials design. Their potential derives from 

complementarity: biopolymers provide renewable structural frameworks and chemically active functional groups, 

while nanomaterials add surface area, catalytic activity, magnetic responsiveness, antimicrobial behavior, and tunable 

separation properties. Chitosan and cellulose are particularly versatile, while alginate and lignin provide additional 

routes toward hydrogel and biomass-valorization strategies. [51–54] 

The literature demonstrates impressive laboratory performance across heavy-metal adsorption, dye removal, 

membrane separation, catalytic degradation, and microbial control. Yet these demonstrations should not be interpreted 

as evidence that the technology is already mature. The major unresolved issues are realistic-water performance, 

continuous operation, regeneration, nanoparticle release, mechanical stability, cost, reproducibility, and 

environmental safety. A material that removes a pollutant efficiently but cannot be recovered or safely disposed of is 

not necessarily a sustainable treatment technology. [51–54] 

The most credible path forward is therefore systems-oriented. Material composition, interface architecture, reactor 

design, regeneration, life-cycle impacts, and toxicological safety should be considered simultaneously. Future 

BioNano technologies should be evaluated by the volume of safely treated water per unit resource input, the durability 

of the material, the fate of both target contaminants and treatment components, and the ability to operate under realistic 

conditions. When these criteria are integrated, biopolymer–nanomaterial interfaces have the potential to become 

practical components of next-generation water-purification systems rather than remaining laboratory-scale materials 

concepts. [51–54] 
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