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ABSTRACT

Arsenic contamination of groundwater
ORIGINAL ARTICLE represents one of the most significant public health
crises of the twenty-first century, affecting an
estimated 94-220 million people acrossat least 70
countries. Conventional remediation technol ogies,
while effective, are often hampered by high
operational costs, secondary waste gener ation, and
limited sustainability. This review synthesizes the
foundational principles of green chemistry with
recent advances in biosynthesized nanomaterials
Author for arsenic decontamination. We examine the
mechanistic frameworks underlying green

Aman Prasad nanoparticle synthesis wusing plants,
E-mail : prasadaman911@gmail.com microorganisms, and agricultural wastes, with
particular emphasison their application as nano-
biosorbentsfor arseniteand arsenateremoval. The
integration of bio-based nanomaterialsincluding

shodhsamagaml@gmail.com biochar composites, chitosan derivatives, and

metal oxide nanostructures—offers enhanced
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material stability, and ecotoxicological
considerations, provides a roadmap for future
research directions. This review positions green
nanotechnology as a transformative approach to
achieving sustainable, affordable, and safe
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INTRODUCTION
1. TheGlobal ArsenicCrisis

Water, thefundamentd prerequisitefor dl recognized formsof life, faces unprecedented contamination
challenges in the modern era. While freshwater constitutes merely 2.5% of Earth’s total water resources, its
uneven digtribution 87%inicecaps, 11%in swamps, and only 2% inriver sysemsexacerbatesthe vul nerability
of human populationsto water quality degradation . Among the myriad contaminantsthreatening globa water
security, arsenic occupies a uniquely perilous position, earning its historical epithet as “The King of Poisons.”

Arsenic contamination of groundwater affectsat |east 106 countries, with recent statistical modeling
indicating that 94-220 million individual s are potentially exposed to arseni c concentrations exceeding the
World Health Organization’s provisional guideline value of 10 ig/L . Bangladesh remains the most devastating
case study, where an estimated 35-77 million peopl e face chronic exposure through shallow tubewells,
representing oneof thelargest mass poisoningsin human history . The Bengd Delta, encompassing Bangladesh
and West Bengal (India), hasrecorded the most severe arsenic poisoning events, with millionsat risk from
geogenically contaminated aguifers.

Thetoxicologicd profileof arsenicisprofoundly species-dependent. Inorganic arsenic predominatesin
agqueous environments, existing primarily astrivaent arsenite[Ag(l11)] and pentavdent arsenate[AS(V)], with
Ag(111) exhibiting Significantly grester toxicity and mobility . Chronic exposuremanifeststhrough characteristic
arsenicod ssymptomshyperpigmentation, keratos's, and ultimately cancersof theskin, lung and bladder while
emerging evidenceimplicatesarsenicin cardiovascul ar disease, neurol ogical impairment, and adversebirth
outcomes.

2. Limitationsof Conventional Remediation

Traditiona arsenicremoval technol ogies coagul ation-flocculation, ion exchange, activated alumina
adsorption, and membrane processes such asreverse osmosi s have demonstrated technicd efficacy but face
substantial practical limitations. These methods frequently generate toxic metal-laden sludge, require
sophisticated infrastructure, consume significant energy, and prove economically prohibitivefor resource-
constrained communities. The coagul ation process, for instance, while capabl e of achieving regulatory
compliance, produces secondary waste streamsthat posetheir own disposa challenges.

The1993WHO guiddinerevisonfrom50ig/L to 10ig/L further strained conventiond technologies, as
many establi shed treatment systems could not reliably achievethe morestringent standard . Thisregulatory
evolution, combined with therecognition that arseni c disproportionately affectsrura popul ationsin devel oping
nations, created anurgent imperativefor dternativegoproachesthat ba anceefficacy with affordability, smplicity,
and sugtainahility.

3. TheEmergenceof Green Nanotechnology

Green nanotechnol ogy representsthe convergence of two transformative paradigms. the size-dependent
propertiesof nanosca e materid sand the environmentally benign principlesof green chemistry. Asarticulated
by Anastasand Warner, thetwel ve principles of green chemistry provideasystemeatic framework for designing
chemicd productsand processesthat reduce or €liminate hazardous substances. When applied to nanoscience,
these principlesguidethedevel opment of synthetic methodol ogiesthat minimizewaste, maximizeaom economy;,
employ renewabl efeedstocks, and prioritizeenergy efficiency .

The application of green chemistry to nanotechnology addresses a fundamental tension: while
nanomeateria soffer unprecedented capabilitiesfor contaminant removal, their synthesi sthrough conventiona
routes often involvestoxic reagents, energy-intens ve processes, and the generation of harmful by-products.
Traditional nanoparticlesynthesisfrequently relies on sodium borohydride, hydrazine, or organic solvents
substances whose environmenta and human health impacts contradict thevery goalsof remediation.
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Thisreview examinestheintegration of green chemistry principleswith nanotechnology for arsenic
remedi ation, focusing on biosynthes zed nanomateria sas sustainabl edternativesto conventiona adsorbents.
Weexplorethemechanisticfoundationsof green synthess, evd uatethe performanceof bio-based nanosorbents,
and critically assessthe challenges and opportunitiesfor trandating laboratory innovationsto fiel d-scale
goplicationsinarsenic-affected communities,

Principles of Green Chemistry in Nanomaterial Synthesis
1. TheTwevePrinciplesand Their Nanotechnological Applications
Thetwe veprinciplesof green chemistry, originaly formulated to guide sustainable chemical practice,
find renewed relevancein the context of nanomateria synthesis. Table1l summarizestheseprinciplesandther
specific application to green nanotechnology .
Table1: The TwelvePrinciplesof Green Chemistry Applied to Nanotechnol ogy

Principle Description Application in Green Nanotechnology
Prevent waste rather Design processes minimizing by-
Prevention than treat after : . .
creation products in nanoparticle synthesis
Maximize

incorporation of all Use methods yielding higher
materials into final percentages of desired nanoparticles
product

Use and generate

Atom Economy

Less Hazardous substances with little Employ benign solvents and nontoxic
Syntheses e precursors
or no toxicity
Designing Safer Pregerve eﬁ.' cogd Select natural extracts as reducing and
Chemicals while reducipg capping agents
toxicity 4pping &g
Safer Solvents and g/ljlbrgtr::é;a;;(éhary Utilize water or bio-based solventsin
Auxiliaries ensure safety synthesis
Enerav Efficienc Minimize energy Conduct synthesis at ambient
vy Y reguirements temperature and pressure

Prefer renewable

Reficwable g over depleting feed | Utilize biomass and agricultural waste
stocks

stocks

. . Avoid unnecessary | Streamline synthesis to reduce reagents

Reduggiberivailies derivatization and waste

Use catalytic rather .
Catalysis than stoichiometric E”.‘p.' Oy enzymes or biocatalysts for

efficient synthesis

reagents
Design for Design products to
Degradation degrade into Develop biodegradable nanomaterials

harmless substances
Monitor processes to
Real-time Analysis | prevent hazardous

Integrate monitoring during synthesis

. for safety
formation
Inherently Safer Minimize potential Design processes reducing explosion or
Chemistry for accidents release risks
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2. Biological Entities as Green Synthesis Reagents

Thecornerstone of green nanomateria synthesisliesin utilizing biologica sysemsor naturdly derived
compoundsasreducing and stabilizing agents. Thesebio-resourcesranging fromwholeorganismstoisolated
biomol ecul es offer inherent advantages: they operate under mild conditions, require no toxic reagents, and
oftenimpart uniquesurfacefunctionalitiesthrough natural capping agents.

Plants have garnered particul ar attention dueto their extensive biodiversity, accessibility, and rich
phytochemical profiles. Polyphenols (flavonoids, tannins, phenolic acids), terpenoids, alkaloids, and
polysaccharides present in plant extracts possess hydroxyl, carboxyl, and amine groups capabl e of reducing
metd ionsand subsequently stabilizing the nascent nanoparticlesthrough steric or e ectrostatic mechanisms.
Thehydroxyl groupsof polyphenols, for instance, donate e ectronsfor metal ion reduction whiletheir bulky
molecular structures prevent nanoparticle agglomertion.

Microorganismsbacteria, fungi, algae offer alternative biosynthetic platforms employing enzymatic
reduction mechanisms. Nitrate reductase, NA DH-dependent enzymes, and secreted metabol itesfacilitate
nanoparticleformationthroughintra- or extrace lular pathways. Fungi are particul arly advantageousfor large-
scaesynthesisdueto their highmetd tolerance, efficient bioaccumulation, and secretion of subgtantia quantities
of reducing proteins.

Agricultural wastesrepresent an underexpl oited but highly promising feedstock for green synthesis.
Materials such asrice husk, betel nut husk, fruit peels, and oil cakes embody the renewabl e feedstocks
principlewhiles multaneoudy address ng waste management challengesthrough valorization.

Arsenic Speciation and Remediation Mechanisms
1.  Environmental Chemistry of Arsenic

Arsenic’s environmental behavior and toxicity are fundamentally governed by its chemical speciation.
In agueous systems, arsenic exists primarily intwo oxidation states: arsenite[A(111)] and arsenate[AS(V)],
withAg(I11) predominating under reducing conditions(e.g., groundwater aquifers) andAs(V) under oxidizing
conditions(e.g., surfacewaters) .

The speciation profoundly influencesboth toxicity and remova efficiency. A1) exists predominantly
as neutral Hf AsOf at circumneutral pH, rendering it less amenable to electrostatic adsorption mechanisms
that effectively capture anionic As(V) species (H, AsO,, { , HAsO,, ¥ ). This differential behavior necessitates
ether oxidativepretrestment converting As(l11) toAs(V) or thedevel opment of sorbentswith high affinity for
both species.

2. Mechanismsof Arsenic Removal by Nanomaterials

Nanomateridsfacilitate arsenic remova through multiple complementary mechanisms:

Adsorption representsthe primary removal pathway, |everaging the high surface area-to-volumeratios
characteristic of nanomaterials. Surfacefunctional groupshydroxyl, carboxyl, amino form complexeswith
arsenic speciesthrough ligand exchange or e ectrogtatic interactions.

Surfacecomplexationinvolvestheformation of inner-gphereor outer-spherecomplexesbetween arsenic
oxyanionsand metal oxide surfaces. Iron oxides, in particular, exhibit strong affinity for both As(111) and
Ag(V) through bidentate binucl ear bridging complexes.

Redox reactions can transform arsenic species, either through oxidation of As(111) tothe morereadily
adsorbable As(V) or through reduction to e emental arsenic or arsine (though thelatter isundesirabledueto
acutetoxicity).

Ion exchange mechanisms operatein material swith | abile counterions, exchanging harmlessionsfor
arsenateor arsenite.

Photocatal ytic degradation, while morerel evant to organic pollutants, can facilitate arsenic oxidation
through generation of reactive oxygen species.
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Biosynthesized Nanomaterials for Arsenic Remediation
1.  Biochar-Based Nanocomposites

Biochar, produced through pyrolysis of biomass under oxygen-limited conditions, hasemerged asa
versdtile platform for green nanosorbent devel opment. Itshigh carbon content, porousstructure, and surface
functionality providean excedllent substratefor nanoparticleimmobilization.

A representative example involves the green synthesis of magnetite-biochar composites (Fef O,, @BC)
using betel nut husk-derived biochar andiron oretailings, with Hibiscusrosa sinensisleaf extract serving as
anatural biosurfactant and reducing agent. This approach embodies multiple green chemistry principles:
renewabl efeedstocks (agricultural waste), waste va orization (minetailings), and benign synthesisconditions
(ambient temperature, agueous medium).

The optimized composite (Fef O,, @BC, Fe:BC ratio 1:2) achieved a BET surface area of 73 m2g{?*
with crystalinemagnetite nanoparticd esuniformly dispersed on the biochar matrix. Batch adsorption experiments
demonstrated maximum capacitiesof 42.74mgo{ forAs(V) and 27.62mg g *for As(lI1), withfavorable
kinetics, minimal interferencefrom coexistingions, and effective regeneration over three cycles.

2.  Chitosan-Based Adsor bents

Chitosan, derived from chitin the second most abundant biopolymer after cellulose exemplifiesthe
renewablefeedstocks principle. Itsabundant amino and hydroxyl groups provide coordination sitesfor metal
ionswhileenabling chemica modificationto enhancearsenic affinity .

Chitosan compositeadsorbentsincorporating iron oxides, titanium dioxide, or other metal oxideshave
demongtrated enhanced arsenicremova through synergisti c effects: thebiopolymer matrix providesmechanica
stability and additiond functiondity, whilethe embedded nanopartides contribute high surfaceareaand specific
arsenic binding sites. Magnetic chitosan compositesoffer the additional advantage of facile separation using
externd magneticfields, addressing the recovery challengethat plagues many nanomateria applications.

3.  Metal and Metal Oxide Nanoparticles

Iron-based nanomaterials including zero-valent iron (nZV1), magnetite (Fef O,, ), maghemite (&-Fe,
Of ), and goethite (&-FeOOH) have received extensive attention for arsenic remediation due to their high
affinity, low cost, and environmental compatibility. Green synthesisroutes employing plant extracts(e.g.,
green tea, Eucalyptus, Azadirachta indica) produce iron nanoparticles with comparable or superior
performanceto chemically synthesized analogs.

Zinc oxide nanoparticles synthesized through sustai nabl e routes have demonstrated dual functiondity:
arsenic adsorption coupled with photocatalytic oxidation of As(l11) toAs(V) under solar irradiation . The
green synthesisgpproach, utilizing plant phytochemica sas reducing and capping agents, yieldsnanoparticles
with enhanced biocompatibility and reduced ecotoxicity compared to conventional ly produced ZnO.

Titanium dioxide nanomateria soffer photocatalytic capabilitiesthat oxidizeAg(I11) tothemorereadily
adsorbable As(V) while simultaneously degrading organi ¢ co-contaminants. Green synthesisusingagal or
plant extracts produces TiO, nanoparticles with tailored crystal phases (anatase vs. rutile) and surface properties
optimized for arsenicremoval .
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4.  ComparativePerformanceAnalysis
Table2: Biosynthesized Nanomateria sfor Arsenic Removal

. : . Adsor ption
Nanomaterial Biosynthesis Target Capacity Key Features
Type Agent Species (mg g? 1)
Fe3 04 @BC | Hibiscus leaf As(V), | 42.74 (AsV), | Waste-derived,
composite extract A1) | 27.62 (Aslll) | regenerable
. Biodegradable,
Chitosen-Fe Crustacean shells | As(V) | 35.2 magnetic
composite ;
Separation
. Ambient
:\zgsl oxide Green tea extract ﬁz((ul)) 28.5 synthesis,
stable
Zn0 . Plant extracts As(ll) | 23.8 Ph_otoc_:atalync
nanoparticles oxidation
Zero-vaent Eucalyptus . .
iron extract Al | 31.2 High reactivity

M echanistic Insights into Biosor ption
1.  EquilibriumandKinetics

Biosorptioninvolvesthe partitioning of dissolved arseni ¢ speci es between agqueous sol ution and solid
bi osorbent phasesuntil equilibriumisestablished. The processfoll ows characteristic patterns describable by
adsorptionisotherms (Langmuir, Freundlich, Temkin) and kinetic model s (pseudo-first-order, pseudo-second-
order, intraparticlediffusion) .

The Langmuir model, assuming monolayer adsorption on homogeneous surfaceswith finiteidentical
sites, frequently providesexcel lent fit for arsenic biosorption data, yiel ding maximum capacity valuesand
affinity constants. The Freundlich model, describing multilayer adsorption on heterogeneous surfaces, often
better representsbiosorbentswith diverse surfacefunctionalities.

Kinetic studiestypically reved rapidinitial uptake (minutesto hours) followed by d ower gpproach to
equilibrium, suggestinginvolvement of multiplerate-limiting stepsincuding film diffusion, intrapartidediffusion,
and surface complexation reactions.

2. Factorsinfluencing Biosor ption Efficiency

pH exertsdominant influence on arseni ¢ biosorption by governing both arseni ¢ speciation and surface
charge of biosorbents. AS(V) removal typically maximizesunder acidic to neutrd conditions(pH 3-7) where
anionic H, AsO,, { predominates and positively charged biosorbent surfaces facilitate electrostatic attraction.
As(111) removal often shows broader pH optima due to the neutral Hf AsOf species, with removal mediated
primarily throughinner-sphere complexation rather than el ectrogtatics.

Biosorbent dosageaffectsremova efficiency through availability of binding Sites, withincreasing dosage
typically enhancing percentage removal whilereducing capacity dueto siteunderutilization.

Competingionsparticularly phosphate, silicate, and carbonate can significantly reducearsenic remova
through competition for binding sitesor modification of surface charge. The extent of interference dependson
both anion concentration and affinity for the biosorbent surface.

Temperatureinfluences both equilibrium capacity (typicaly endothermic adsorption processes show
enhanced capacity at elevated temperatures) and kinetic rates.
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3.

Regeneration and Reuse
Biosorbent regeneraionisessentia for economic viability and waste minimization. Effectivedesorption

of arsenic enablesboth biosorbent reuseand, potentialy, arsenic recovery. DiluteNaOH solutionseffectively
el ute adsorbed arseni c through pH-induced reversal of surface complexation, while maintai ning biosorbent
integrity for subsequent cycles.

Successful regeneration over multiple cycles (typically 3-5) has been demonstrated for various

bi osorbents, though gradua capacity decline necessitateseventud replacement. The spent biosorbent, if non-
toxicand biodegradable, may be disposed of throughincineration with significant volumereduction, or potentidly
used in controlled land application if arsenic content meetsregul atory standards.

Challenges and Future Per spectives

1.

Scalability and Reproducibility: Despite promising laboratory results, translation of green
nanosorbentsto fiel d gpplicationsfaces substantia hurdles. Batch synthesisusing plant extractsexhibits
inherent variability dueto seasond , geographical, and genotypi c differencesin phytochemica compaosition
. Thisvariability complicates quality control and reproducible performanceacritical requirement for
regulatory approva and user acceptance.

Scale-up from milligram laboratory synthesesto kil ogram quantitiesrequired for community-scale
treatment systems demands process engineering innovations. Continuousflow reactors, standardized
biomass processing, and formulationinto practical deployment formats(cartridges, packed columns,
impregnated filters) remain underdevel oped .

Material Stability and Performancein Complex M atrices. Real groundwater matrices contain
multi ple sol utesdissolved organic matter, competing anions, natura organic matter that can compromise
|aboratory-optimized performance. Long-term stability under field conditions, including resistanceto
microbia degradation, oxidativetransformation, and mechanicd atrition, requiressystematicinvestigation
Ecotoxicological Considerations: Paradoxically, nanomaterials designed for environmental
remedi ation may themsel ves pose environmenta risksif released during production, application, or
disposa. Theunique propertiesenabling efficient contaminant removal highreactivity, smdl size, surface
functionality dso governther environmental fateand potentid toxicity .

Green synthes sapproaches, employing natura capping agentsand biodegradabl e matrices, may reduce
but not eliminate ecotoxicological concerns. Comprehensivelife-cycleassessment, encompassing rav
materia extraction, synthesis, gpplication, and end-of -life scenarios, remainsessentia for establishing
trueenvironmenta superiority over conventiond dternatives.

I ntegration with ExistingWater I nfrastructure: Successful deployment requirescompatibility with
existing water supply systems and user practices. Point-of-use devices, community-scal e treatment
plants, and piped water systemsimpose different constraints on material format, flow rates, and
mai ntenance requirements. Integrati on with solar-powered systems, smart sensing technol ogiesfor
breskthrough detection, and remote monitoring capabilitiesrepresent promising directionsfor enhancing
practical utility .

Futur e Resear ch Directions: M echanistic understanding at molecul ar and atomic scalesthrough
advanced spectroscopic techniques (XAS, EXAFS) and computational modelingwill enablerational
design of biosorbentswith enhanced selectivity and capacity.

Hybrid systems combining biosorption with membrane filtration, photocatalytic oxidation, or

electrochemical processesmay overcomeindividua limitationswhileleveraging complementary strengths.

Weaste va orization converting agricultura, industrial, or municipa wastesinto val ue-added biosorbents

embodiescircular economy principleswhileaddressing multipleenvironmental chalengessimultaneoudly.
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Field vdidationthrough carefully designed pil ot studiesin arseni c-affected communities, incorporating
socio-economic dimensionsa ongs detechnica performance, will bridgethe gap between [aboratory innovation
and real-world impact.

CONCLUSIONS

Green nanotechnol ogy, i ntegrating the foundational principlesof green chemistry with the unique
capabilitiesof nanoscale materials, offerstransformative potentia for addressing theglobal arseniccrisis.
Biosynthesi zed nanomaterial sderived from plants, microorganisms, and agricultural wastesprovidearsenic
removal capacities comparableto conventional adsorbentswhile embodying environmental compatibility,
cost-effectiveness, and sustainability.

Themechanigtic diversty of biosorption encompassing surface complexation, e ectrogtatic interactions,
redox transformations, and ion exchange enables effective removal of both arsenite and arsenate across
varied water matrices. Biochar composites, chitosan derivatives, and biosynthesized metal oxides have
demonstrated particular promise, with adsorption capacities reaching 40-50 mg ¢{ * and regeneration
capabilitiessupporting multipletreatment cycles.

Yet significant challengesremain. Scalable, reproducible synthesis; long-term stability in complex
environmental matrices, comprehensive ecotoxicol ogical assessment; and i ntegration with existing water
infrastructure demand sustained interdi sciplinary effort. Thetrandation of |aboratory innovationstofield-scde
applicationsin resource-constrained communitieswhere the arsenic burden fallsheaviest requires not only
technical optimization but al so atentionto affordability, culturd acceptability, and institutional capacity.

Thegreen synthesisparadigm, by aigning nanomaterial productionwith environmenta stewardship,
offers a path toward remediation technologies that heal rather than harm solutions that address today’s
contamination without creating tomorrow’s problems. As global arsenic contamination continues to threaten
millionsof lives, theimperativefor such sustainabl e approaches has never been more urgent.
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