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Abstract

Continuedindustrialization urbanizationand ecologicaldestructionhave causedsignificant
environmentalproblems,particularlyincreasedwater pollution. Introducingharmful organic

and inorganic effluents into watercourses has limited the supply and accessibility of safe and
affordable drinking waterThereis an urgentneedto find greenand sustainableabatement
solutionsfor water remediation,manybasedon nanoparticlesTheprimary objectiveof this
reviewis to exploreandhavea comprehensiveliscussioron the presenttrends, challenges

and prospectsfor the green synthesisof nanoparticlesfor wastewater remediation. The
connectionbetween green chemistryand nanoparticlessynthesisis articulated with many
examples exploring the use ofnewableor biobasedresources Energyefficient processes
(microwavesultrasoundandlaserablation)andthe useof alternativesolvents(supercritical
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carbondioxide,ionic liquids and biobasedsolvents)are explored. Thereview aimsto make
the readersdiscernthe mechanistiansightstowardsthe workingof variousgreenprocesses.
Conclusivelythe adoption of greennanotechnologyhasthe potential to veritablyaddresses
the globalwater shortageissueunderthe domainof environmentalsustainability.

Keywords
Nanoparticlesgreenchemistry;photocatalysisyater remediation

1. Introduction

Water hasundeniablyprecededasbeingthe most vital natural resourcewhoseaccessibilityis
crucial for the existence of life. Ironically, human activities (anthropogenic) have polluted
watercoursego suchan extent that accesgo safeand cleandrinkingwater hasbecomea grand
global challengeof this century [1]. Accordingto a report by WaterAid (2018),just 10 waterless
countriesaccountfor 60%of the world's populationwithout accesdo cleanwater. It includesindia
at the first positionwith 19.33%followed by Ethiopia(7.17%) Nigeria(7.05%)and China(6.82%)
[https://www.wateraid.org/The%20water%20gap
The%20state%200f%20the%20World%BE29%4#0s%20Watgr Deteriorating water quality
jeopardizesthe state of the environmentand human health. It induceschronicailmentssuchas
gastroenteritis,cholera,amoebiasistyphoid, giardiasis hepatitis, fluorosis, dysentery,diarrhea
arsenicosisjaundice,tuberculosis,etc. [2] Approximately0.8 million people die eachyear from
diarrheaaloneandglobally, it isprojectedthat 785million peoplewill haveadeficit of cleandrinking
water. Accordingto the World Health OrganizationWHO),0.485million diarrhoealdeathsoccur
yearly from drinking contaminatedwater By 2025, one-half of g 2 NXp&pQationwill be live in
water-stressedareag3].

Besidedgliarrheg severakkinconditions,malnutrition, organfailure andcarcinogenieffectsare
alsolinked to water contamination[4]. Therefore,Water pollution affects diseaseheterogeneity
andclarifiesthe valueof safedrinkingwater, whichis crucialfor achievingsustainabledevelopment
goals. Regrettably, despite several genres of literature concentrate on water pollution,
comprehensiveanalysesf the methodsfor mitigatingwater pollution are still lacking.Thisstudy
focuseson the removal of water contamination,both theoretically and mechanisticallywithout
compromisingenvironmentalconcerns.

Water contaminants can be broadly categorized[5] as inorganic, organic, biological, and
radiological(Figurel), which continueto increasewith time. Thereis a broad rangeof abatement
technologiesemployed in wastewater treatment plants, namely: i. physicalmethods such as
adsorption, nanofiltration, sedimentation, reverse osmosis and electro dialysis; ii. chemical
methodslike coagulatiorflocculation,solventextraction,precipitation,conventionaloxidation,ion
exchange,and; iii. biological methods such as aerobic and anaerobic microbial degradation,
activatedsludge bioaugmentationandthe useof pure enzymeqd6]. However theseprocesseslio
not offer efficientand completeremovalof contaminantslt requiresusingnon-reusableand harsh
chemicalssuch as flocculants, has very high energy consumption, increased sludge volume
generation, and has greater maintenanceand operation costs [7]. Therefore, developing and
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incorporatingnew technologieghat will provide high efficiencyalongwith multiple functionalities
andgenerateminimumenvironmentalhazarddgs pertinent

N

INORGANIC CONTAMINANTS
Various hazardous metal ions
including Arsenic, Lead, Copper,
Chromium, Mercury, Antimony,
Tin, Beryllium, Barium, Selenium
and other ions such as Cyanide,
Nitrates, Fluorides, Carbonates
and Sulphates

( ORGANIC CONTAMINANTS
Pesticides and insecticides, volatile
organic chemicals including Toluene,
Benzene, Styrene, Trichloroethylene,
Vinyl Chloride, etc.; dyes mainly from
Textile industry; Pharmaceutical
products; industrial compounds (viz.
Chlorinated solvents, Petroleum
hydrocarbons, Plasticizers; Surfactants,

BIOLOGICAL CONTAMINANTS
Various pathogenic BACTERIA such as
E.coli, Salmonella, Cryptosporidium;
ALGAE such as Red tides, blue-green
algae, and cyanobacteria; VIRUS such as
Adenovirus, Astrovirus, Hepatitis A and
E viruses, rotavirus, norovirus;
PROTOZOA such as Toxoplasma gondii,
Entamoeba histolytica,

RADIOLOGICAL
CONTAMINANTS
Alpha particles, Beta particles
and photon emitters, Radium
226 and Radium 228 (combined),
Uranium

Figurel List of variougontaminants presenin Water.

Overthe years,nanotechnologyand its ability to provide diversefunctionalitieg propertiesto
materialshaveledto its broadapplicabilityin catalysissensingglectronics photonicsandmedicine
[8]. However,within nanoscienceand nanotechnologythe designand synthesigor manufacture)
of nanoscalematerialswith tailored propertiesis stillamajorandrecurringobstacle[9]. Assessment
of the designof materials,processesnd applicationsthat mitigate hazardsand wastewill be vital
asnanosciencdindingsmoveto commercializedhanotechnologybasedgoods|6].

Commonly, two distinct approachesi.e., top-down and bottom-up are reported for the
fabrication of nanomaterials.The top-down approachuses,for example,lithography [10], ball
milling [11], etching [12] and sputtering [13]. While, the bottom-up method typically employs
processesuchaschemicalvapordeposition(CVD)14], sotgel methodology[15], spraypyrolysis
[16] andlaserpyrolysis[17]. Themorphologicaland textural propertiesof NPs,suchasshapeand
size,maybeattuned by varyingchemicalcompositionandreactionparameters(e.g.,temperature,
solventand pH). Thus,the judicioussynthesisof NPsthrough controlled reduction, growth and
stabilization (Figure 2) using green processesfor water remediation provides a double
environmentalbenefit[18, 19].
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Green Reductants

Figure2 Schematigepresentationof the synthesisof NPs Adaptedfrom Ref[18].

Thisreview highlightsthe variousmechanismaitilized by NPsfor the removalof effluents. It is
followed by the requirementandincorporationof greenchemistryin the fabricationof theseNPs.
Varioussynthesisfactors such as processessolventsand utilization of renewableresourcesare
discussedin detail. The review also discussek considerationsof wastewater treatment,
managementgxistingknowledgegapsandfuture directives.

2. CommonApproachesfor Using Nanoparticlegn Removalof Efluents

The developmentof numerousnanotechnologyenabledtools and procedures,particularly in
water purification,hasopenedup a new possibleoption to treat wastewatermore efficientlyand
costeffectivelyin recentyears.Thefollowingaresomepromisingwater treatmenttechniques/tools
offered by nanotechnology.

2.1 Photocatalysis/Degradatiorof OrganicPollutants

Photocatalysiss a viable water purification processthat use a light-active nanostructured
catalystmediumto break down variouscontaminantsin water. Photocatalysissa ¥ O K l-in/ti® S
rate of a chemicalreactionor its initiation in the presenceof a substancej.e., the photocatalyst,
that absorbsthe light. It isinvolvedin the chemicaltransformationof the reactionpartnersunder
the action of ultraviolet, visible,or infrared radiation[20]. A typical photocatalysisystemconsists
of a semiconductomaterial that actsasa catalystmediumand forms an electron-hole (e-h) pair
when exposedto light with a wavelengthgreaterthan its bandgapenergy[21]. Superoxideg(;,),
hydroxylions(OH), andother highlyreactiveoxidizingand reducingradicalsare producedin water
by the photo-generated e-h pair (Figure 3). Subsequently these radicals destroy any
organic/inorganigollutant moleculespresentin the contaminatedwater. When photo-generated
electronsor holesare transmitteddirectly from the catalystsurfaceto the contaminantmolecules,
water pollutantscanalsobe degraded7].
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Figure3 Schematiaepresentationof photocatalysigprocesson nanostructuredmetal
oxidephotocatalystsurface Adaptedfrom Ref[21].

Photocatalysiss aphenomenonthat occurson the surfaceof a material. lts generalmechanism
isa complexprocessnvolvingfive basicsteps[22]: (i) diffusionof reactantsto the catalystsurface;
(i) adsorptionof the reactantson the surfaceof the catalyst;(iii) reaction at the surfaceof the

catalyst;(iv) desorptionof the productsfrom the surfaceof the catalyst,and; (v) diffusion of the
productsfrom the surfaceof the catalyst.

Thefollowingreactionsoutline [23] ageneralcoursefor the breakdownof organiccontaminants
by nanophotocatalysts:
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2.2 Adsorptionof HazardousSubstances

Cationicand anionic dyes are two types of organicpollutants that are commonly utilized in
differentindustrialapplications Organicdyesare extremelyimportant in the paper,textile, plastic,
leather,culinary printing,andpharmaceuticaindustriessincethey arein highdemand[24]. Around
60%o0f dyesare consumedn the textile industryduringthe coloringprocesgor variousmaterials.
Nearly 15%o0f dye wastage leadsto significantpollution due to their low degradation[25]. These
manufacturing operations' pollutants are the most significant contributors to environmental
contamination.Theygenerateundesirablgurbidity in the water, whichlowerssunlightpenetration
and leadsto photochemicalsynthesisresistance.Thisleadsto biomagnificationand adversely
affectsthe marinebiota [26].

As a result, one of the most difficult tasksin environmentalchemistryis controlling effluent-
containingcolours.Theneedfor cleanand safedrinkingwater is growingby the day. Becauseof
this, applyingmetal and metal oxide semiconductorNPsfor oxidizingharmful contaminantshas
gainedmuchattention in recentmaterialresearchdomains.

2.3Sensing/Removabf HeavyMetal lons

Heavymetals (suchas Ni, Cu, Fe, Cr, Zn, Co, Cd, Pb, Cr, Hg, and Mn) are commonlyfound
pollutants presentin air, soil, and water. Mining waste, car emissionsnatural gas,paper, plastic,
coal,anddyeindustriescontaminate heavy metaEvenat trace ppmlevels,severaimetals(Pb,Cu,
Cd,and Hgions)haveincreasedoxicity potential [27]. Asa result,identifyinghazardousmetalsin
the biologicaland aquaticenvironmenthasbecomecriticalfor effectiveremediation.

In multi-elementanalysistraditionaltechniquesbasedon instrumentalsystemdypicallyprovide
greatsensitivity. However the experimentalsetupsrequiredfor suchanalysesare extremelycostly,
time-consuming,skilkdependent, non-scalableand non-portable [28]. Metallic NPshave been
favoredfor detectingheavymetal ionsin polluted water systemsdue to their variablesizeand
distancedependentoptical characteristicsSimple,costeffective,and high sensitivityat sub-ppm
levels are some benefits of using metal NPsas colorimetric sensorsfor heavy metal ions in
environmentalsystems/samplef29].

2.4 Anti-Microbial Activity

Various photocatalytic materials employ different interactions (e.g., Van der Waalsforces,
electrostatic attractions, receptorligand and hydrophobic interactions) to come close to the
bacterial cell membrane and alter the cell metabolism [30]. By causing oxidative stressors,
membranepermeabilityimbalancesit causesa changein cell shape protein inhibition, metabolic
alterations,and DNAdamage promoting bacterialcell death. Figure4 showshow photocatalytic
NPsgeneratediversereactiveradicalswhenthey receivephoton energylargerthan the bandgap
energy.Theseradicalspenetratethe cells,affectingcellmetabolismand geneexpression.
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Figure 4 The possiblemechanismsof antimicrobial activities exhibited by different
photocatalyticsemiconductorsReproducedvith permissionfrom Ref[31].

The NP can causestressvia variouscell routes, ultimately leadsto cell death. The following
sections will explore the common mechanisms of microbe killing with examples [31].

(i) Exces®RROSProduceddue tothe redoxprocessncourageshe oxidationprocessn the cells.
Thiscausedipid membraneperoxidationandinvadesproteinsandsubsequenthydamageshe
DNA.

(i) The leachingof metal ions from metal oxide semiconductorggets on the cell membrane,
passeghroughandinteractswith proteinsandnucleicacidvia¢SH,¢NH,and ¢cCOOHyroups
leadingto celldamage.

(i) Without inducing oxidative stress,the non-oxidative mechanisminactivatesbacteria by
loweringimportant cellularmetabolismssuchasprotein, aminoacid,nucleotide,energy,and
glucosemetabolism.

Thefirst of these three putative pathwaysof NP antibacterial activity has gainedthe most
interest from researcherqd32]. In general, O, moleculesare reducedby NPsgeneratingseveral
formsof ROY; OH, H.O,) whichcausestressreactionsin cells.lt damageghe peptidoglycarayer,
electrontransport chainsystem,genomicmaterials(DNA,RNA) proteins, and ribosomes,among
other cell components.It affectsthe integrity of the cell membraneand disruptsit to causethe
releaseof cytoplasmiaccontent. Furthermore,ROSnhibitsthe activitiesof severalproteinsrequired
for the cell'sphysiologicaprocesse$33].

3. Linkbetween GreenChemistryand NanoparticleSynthesis

Herein thisreviewexploreshe applicabilityof greenchemistryprincipleg34, 35] to synthesizing
nanomaterialsconcerningwastewaterremediation. Severalexemplarystudieshave alreadybeen
reported on synthesizing and assemblirfignctionalizednanoparticles(NPs).The aim is not to
provide a detailed coverageof these subjectsbut to concentrateon aspectsmost important to
greenchemistry.
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Greenchemistryisa U Htifization of principlesthat reducesor eliminatesthe useor generation
of hazardoussubstancesn the design,manufacture,and applicationof chemicalLIN2 R d36]ii
Theseprinciplesknownasthe TwelvePrincipled34, 35] havenow beenimplementedin the design
of a broad range of chemicaltechnologiesand systemsaimed at mitigating chemicalhealth and
environmentalhazards,reducingwaste and preventing pollution (Figure5) [37]. Implementing
these principleshas minimizedthe use of dangerousreagentsand solvents.It hasimprovedthe
renewability of precursorsof chemicalprocessesand energyefficiency, and the designof end-of-
life productsso they may degradeand/or not pollute [38]. The developmentand processingof
inherently safer nanomaterialsand nanostructureddeviceswill be facilitated by applyingthese
conceptsto nanosciencg39].

r‘
* P1 - Prevent Waste

¢ P2 — Atom Economy

* P3 - Less Hazardous chemical synthesis

* P4 - Designing safer chemicals
BASIC ¢ P5 - Safer solvents and Auxiliaries

PRINCIPLES OF * P6 — Design for energy efficiency
GREEN < * P7 — Use of renewable feedstocks

CHEMISTRY * P8 — Reduce derivatives

¢ P9 - Use of catalysis

* P10 - Design for degradation

¢ P11 - Pollution Prevention

¢ P12 - Inherently safer chemistry

* Design of safer nanomaterials (P4,P12)
DECIPHERING ¢ Design for reduced environmental impact (P7, P10)
THEM IN ¢ Design for waste reduction (P1, P5, P8)
NANOMATERIAL < * Design for process safety (P3, P5, P9, P12)
DESIGNING * Design for nanomaterial efficiency (P2, P5, P9, P11)
¢ Design for energy efficiency (P6, P9, P11)

Figure5 Connection between design of nanomaterials and the 12 Principles of Green
Chemistry.

Asexemplifiedin Figure5, often acombinationof principlesis usedin the designandfabrication
of nanomaterialsRenewableesourcesare plentiful and varied,and detailed examplesare given
later. Also, energyefficient processes(microwaves,ultrasound, laser ablation) and green or
alternativesolvents(supercriticaFluids, ionicliquids,and basedsolvents)are gainingtraction.
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4. Efficient EnergyProcesses

Regardingenergy consumption,reaction time and consistencyof NPs,each synthesisroute
shouldbe optimized.Researcherfave beenworking on new energytransfertechniquessuchas
microwave,ultrasoundand laserablationin recent yearslt facilitatessimultaneouslyminimizing
reactiontime andenergyrequirementsandincreasingegulationof the sizeandshapeof NPg40].

4.1 Microwaves

Thefrequencyandwavelengthof microwaveradiationspanfrom 0.3to 300GHzand1 mmto 1
m, respectivelycorrespondingo the electromagneticangebetweeninfraredandradiofrequency.
Sincethese microwaveshavelessenergy,they do not inducedistortion or breakin the chemical
bond with subsequentlyno effect on the framework of the chemicalmolecule[41]. Microwave
assistednanomaterialsynthesisroute is a costeffective wet-chemicalprocessthat offers several
advantagesuchashomogeneouwolumetricheating,fastreactionrates,evenmorphologycontrol
andenergyefficiency.Thecreationof evenlydistributednanomaterialgs attributed to the uniform
heatingof the reactants whicheliminatesthe possibilityof thermal gradientsand providesuniform
nucleationand growth conditions[42].

Li et al illustrated the comparison between conventional microwave heating who [43]
successfullypreparedorthorhombic crystalof WGs-0.33R0 under different reaction and solvent
conditions.Ilt wasfoundthat the microwaveassistedoute helpedin the orientedgrowth of crystals
(e.g.,urchinsand snowflakes)which wasabsentin conventionalmethods. Thisdirectionalgrowth
further exposedthe highly acidic crystal faces promoting better photocatalytic activity with
Methyleneblue (MB)dyechosenasareferencemodel.Microwavebaseddirectionalcrystalgrowth
along (100) direction helped in exposingthe acidic (010) faceswhich facilitated more catalytic
activity (Figure6). The microwaveassistedNP crystal showed 100% dye degradationin 180 min
whichis significantlypotent in contrastto 50%of dye degradationin 300 min for other crystals.
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Figure 6 lllustrates the morphological changes observed in WGQ0;-0.33RH0O
nano/microstructuressynthesizedunder different conditionsand their photocatalytic
activesites.Reproducedvith permissionfrom Ref[43].

Sunet al. [44] used microwaveirradiation to synthesisefluorescentC NPsusingammonium
citrate dibasic servingasa CandN source.Theuniform heatingafforded by microwaveirradiation
resultedin uniform growth of NPsfurther carbonisednto nano-crystallineform. Thesynthesised
NPswere well dispersedwith a 5.5 + 1.5 nm diameter. Also,the NPsresulted in the selective
detection of PAwith a quenchingconstantof 3.18 x 10* M. The high selectivityand quenching
efficiency are due to the synergisticeffect of electrostaticinteraction, photo-induced electron
transfer and fluorescenceenergytransfer between NPsand PAmolecules Manteghainet al. [45]
assembledMoOs NPsunder microwaveirradiation usingethyleneglycolasthe solventand heating
medium.Thehomogeneousandstrongheatingresultedin sphericaNPswith a50 nm averagesize.
SEManalysishowedthat the particlespreparedundermicrowaveirradiationwere nano-sizedwith
strongcolloidalsolution dispersionand stability, while particlessynthesizedy traditional heating
were unstablewith largediameters.

Theimpactof microwaveon the structuralmorphologyof NPswasrecentlyexploredby Kauret
al. [46]. MoOs NPstend to form rod like structures under normal temperature and pressure
conditions However anydistortion of the morphologycouldonly be obtainedunderharshreaction
conditions.Kauret al. demonstratedthe useof microwavesor homogenousheatingof precursor
solution and incorporatingsurfactant molecules. The activation of reactant moleculesunder
microwaveallowedthe reactionto completeunder10 minsat 100°Cand preventedthe directional
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growth of NPs.Thisfacilitated the formation of sphericalshapedNPswith a sizeof nearly10 nm
(Figure?).

-~
N i™)
Microwave at 100 "C and Nesiad
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Figure7 Schematicepresentationof the formation of sphericalshapedvioO; NPsusing
microwavesReproducedvith permissionfrom Ref[46].

Hence microwavesynthesishasbeenusedin nanoparticleproductionbecausdat combinesthe
advantagesf speedand homogenousheatingof the precursormaterials.Microwaveirradiation
hasa penetratingfeature that allowsfor uniform heatingof the reactionfluid. Comparedo other
traditional proceduressynthesidy microwaveirradiationhasthe benefitof arapidresponseime.
It is attributed to the combinedforcesgeneratedby the MW's electricand magneticcomponents
whichundergovibration, producingfriction and generationof heat.

4.2 Ultrasoundand Sonochemistry

Sonochemistrys derivedfrom the severetransitorywavescausedoy ultrasound,whichleadsto
the formation of hot spotswith temperaturesreachingnearly 5000K, pressuressurpassing.000
ATMs, alongvith heatingand cooling speedsexceedingl010 K/s. The wavelengthof ultrasonic
wavesrangesfrom 10-100 mm which exceedshe molecularsizescale[47]. Hencethe synthetic
reactionis causedoythe physicaprocessf acousticcavitationproduceddueto ultrasoundenergy.
It involvesthe production,development,and collapseof bubblescreatingactivesitesfor reaction.
Hencethese ultrasoundspromote chemicalreactionsand have been used for NPsfabrication
without high bulktemperatures,high pressurespor long reactiontimes. Severalphenomena[48]
like acousticcavitation(the formation, growth, and implosivecollapseof bubbles)are responsible
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for the productionand modificationof NPs Asshownin Figure8, acousticcavitationfacilitatesthe
formation of hot spotsfor the formation of AuFCGianostructures.

® Water molecules Q
@ Radical molecules 3 :
@ Au*‘ions

-
@ Auatoms Q

[ Temperature>

Ultrasonic . 3 Q High crystalline
irradiation b FCC structures

Figure8 Workingmechanisnof Sonochemica¢nergyvia bubble formation leadingto
the formation of AunanostructuresReproducedvith permissionfrom Ref[47].

Greensynthesisof 3D hexagonalike zerovalent CuNPswasdocumentedby Kamaliet al. [49]
viathe oncolysisof copper(ll) acetatein ethyleneglycol/ethanol(1:1). Thelow vaporpressureand
extremelyhightemperaturein the bubblesof solventcreateddueto acousticcavitationled to the
decompositionof the precursorandformation of NPs.Theresultanthighpurity (>99%Yerovalent
Cunanostructuredmaterials(99 percent)showedexcellentability to removenitrates (90%removal
in 30 mins)from contaminatedwater.

Yasudaet al. [50] used ultrasound irradiation to create ultrafine bubbles (UFBs)within an
agueoussolutionof HAuC] aqueoussolutionsto obtain sizecontrolled AuNPs.Theaddition of air-
UFBsgreatly lowered the diameter of the spherical Au NPsdue to the air-UFB'saccelerated
sonochemicateduction of Au(lll)ions. SinceAu nanospheresvere electrostaticallyadsorbedon
those UFBswith a long water life, of more than two months,the substancewvas homogeneously
dispersedin an aqueoussolution. In addition, the NP'sdiameter could be further decreasedoy
pulsedultrasoundsuppliedwith the sametime-averagedpower ascontinuousirradiation.

Furthermore,chitosan/activatedcarbon/iron NPsbio-compositewas synthesizedy Sharififard
et al. [51] viathe sonochemicamethod. Theultrasonicapproachprovidedadequatetemperature
and pressureconditions resultingin increasednasstransferrate andbetter uniformity in particles
sizewith decreasedreaction time. The novel composite had excellentadsorption potential for
removingcadmiumfrom polluted water (344mg of Cdremovedin approximately20 mins).

Hence,the Sonochemicakynthesisof NPshas a high potential in synthetic chemistry. This
approachis reasonablypowerful yet simple for manufacturingnanomaterials.Justtuning the
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ultrasonic processparameterscan form diverse NPswith many characteristics It providesan
unconventionalpath to existingmaterialswithout needinghigh bulktemperatures,pressurespr
extendedreactionperiods.

4.3 LaserAblation

Asthe laserbeamin the atmospheriamedium(gasor liquid)is centeredon the surfaceof a solid
target material, the temperature of the irradiated spot increasesexponentially,vaporizingthe
targetmaterial. Collisiondetweenthe evaporatedspeciegatomsandclusters)andthe intervening
moleculescontribute to electron state excitationcombinedwith light emissionand generationof
electronsand ions, forming a laserinduced plasmageneration. The advantagesof this method
include doesnot requirea highvacuumgives highyields and avoidsusingchemicals.

Altuwirqgi et al. [52] fabricatedCuand CuyO sphericalNPsviaa greenmethod usingPulsed_aser
Ablation in Liquid (PLAL)technology from spinachleaf extract. The ablation experiment was
performedusinga pulsedQ-SwitchedNd: YAGaserwith a wavelengthof 532 nm, laserenergyof
200 mJ/pulsehavinga repetition rate of 10 Hz,and a pulsewidth of 6 ns. Thebeamwasfurther
reflected downward perpendicularto the sampleusinga 90° prism. A 50 mm focal length lens
focusedthe laseron the target containingCupowdermixedwith spinachextract. Thelaserablation
method enhancedthe y I y 2 LJI- dikbeksiori,p8rily@nd stability and allowed sizeand shape
controlled synthesisby changingthe irradiation time. Theaveragesizeof the NPsobtainedwas5
nm, which have huge potential to act as sensors.Acomparativesynthetic analysisof CuGZnO
nanocompositeusingthe laserablationmethod versusthe anodizationmethod wasperformedby
Rashidet al. [53]. It wasreported that homogeneoudNPswith smallerdiameters(74 nm) were
preparedusinglaserenergywithout any aggregation However,the nanoparticlesformed by the
other method were aggregatedand had greater diameters Also, the laserablation method was
energyefficientaslesstime wasrequired. Theauthorsaimedto solvethe water pollution problem
in the DiyalaRiver(Iraq)due to different contaminantsIt wasfound that laserablationcomposite
needslessthan 60 mins to treat broadspectrumwater pollutants. In contrast the anodization
compositewater sampleisstill polluted evenafter 90 minutesobservedoy changesn water sample
absorbance.

In a vortex fluidic system (VFD),CuwO NPswere selectivelyprepared in high yields under
continuousflow by irradiatinga Curod with a pulsedlaseroperatingat 1064nm and 600 mJ[54].
The plasmaplume was formed inside a glasstube interacting with the enclosedair inside the
microfluidicchamber.Thisled to a largemasstransferof materialinto a flexible thin film of water
(Figure9). ObtainedCwO NPswere of 14 nm and under subsequentheat treatment formed CuO
NPsof 11nmat 50Cin 10hrs.
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Figure 9 VFDshowsthe position of the pure Cu rod as the laser target wikie
arrangementof the tube for the formation of G NPs and further formation of CuO
NPs. Reproduced with permission from Ref [54].

Luoetal. [55] selectivelysynthesizednagnetiteNPsusinglase ablationof bulk Femetalat 1064
nm in a VFDwith Nd: YAGpulsedlaser.Thesuperparamagnetisinglephasemagnetite NPswere
hexagonaland spheroidalshaped with an averagesize of 15 nm. This method can selectively
monitor phase compositionand the size and shapeof the particles comparedwith traditional
processeslt minimizesthe generationof chemicalwaste and avoidstime-consumingpurification
steps.Themagnetitephaseselectivesynthesisassistsn the magneticretrievabilityof the NPswhich
isusuallyanissuein heterogeneousvater treatment systems

Furthermore Jalehet al. [56] reportedthe depositionof PANPson carboncloth usingliquidlaser
ablationasthe fabricatingtechnique.Theexperimentexploitedthe significantcharacteristicof the
laser method such as laser wavelength,energy per pulse, power density and a combination of
solventswhich led to the synthesisof nanoparticleswith the requiredshape,sizeand crystallinity.
The nanoparticlesproved to be an efficient catalystfor the degradationof 4-NP, CR,MB and
hexavalenCrionin 390s,120s,3 sand4 min respectivelyat ambientroom temperature.Also,the
nanocatalystouldbe reusedfor over9 cycleswithout anychangein catalyticcapacity.

Overall,the major advantageof usingthis vapor phaselaserablationroute is the formation of
high-purity NPsusinga continuousflow reactor. However the processsuffersfrom dispersedsize
and morphologysometimesleadingto agglomeration.Therefore,the processis lessprominently
usedthan themicrowaveor sonochemicatoute.

Pagel4/65



Adv Environ Eng R2623; 4(2), do0i:10.21926/aeeR302027
5. Alternative GreenSolvents

In a wider range of reactionmedia/solvents new transformationsand reagentsthat are more
reliable,safer,andefficientwill inevitablyprovideaccesso greenermedia.Recenfrogressn using
alternativesolventshasopenedup new arenasfor the greensynthesiof NPsandminimizingwaste
generation.

5.1 SupercriticalFluids

Supercritical fluids such as CQ have density, viscosity and solvent properties that are
intermediatebetweenthe vaporandliquid phasesat temperaturesandpressuresabovethe critical
point of liquid vaporequilibrium.Theirstrength[57] couldbe easilytuned by changingpressureor
temperaturein asupercriticalstate. Liuet al. [58] obtainedi -D-glucosestabilizedAuNPsof 6.9nm
processednto low-defect, wide-areathin films usingcarbondioxideinsteadof traditional organic
solvents. CQ-expandedliquid and supercritical CQ (scC®@ methods prevented the adverse
dewetting effectsandinterfacialpressuresn traditional solventevaporationtechniques.ThisCQ-
basedapproachalsoallowsfor much greaterconcentrationon NPsdepositionsincethe particles
settledirectlyonthe substratewithout beingtransportedby the liquid/vaporinterfaceto undesired
locations.Hencesynthesiof NPsis facilitatedwithout anyleachingor handlingloss.

Highly crystallineand pure-phaseanataseTiQ: NPswere synthesizedoy Wanget al. [59] in
supercriticalwater (SCW)with a diameter of around 10 nm. Water servesas both a medium for
reactionandareagent.nthe first stageof the reaction,metal saltsof water solutionsuchasTi(SQ)2
can be hydrolyzedwith alkaline solution (KOHfor example)or pure water in SCWcondition to
Ti(OH); immediate dehydrationof Ti(OH) follows to obtain particlesof TiG. Dueto increased
temperatureand pressure the NPsadsorblesswater asconfirmedby FTIR.

5.2lonicLiquids

Saltswith low melting points (lessthan 100°C) are known as ionic liquids. Due to their high
thermal and chemical stability, they comprise anionic and cationic components and citizwszl
in hightemperature operations up to 300CTemperaturesgreater than just this induce
decomposition[60]. In general,ionic liquids are saltsof asymmetricand massiveions with fewer
attractive cation-anion attractionsthan traditional saltslike table salt. It allowsthem to be liquids
at varioustemperatures,includingthe ambienttemperaturein mostsituations(Figurel0) [61].
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Figure 10 Schematioof ion clusterssurroundingNPs.The clustersform a protective
electricaldoublelayer.Reproducedvith permissionfrom Ref[61].

Corréaet al. [60] synthesizedAgNPsusingin ahomogeneougphaseconstitutedof differentionic
liquids based on the 1-alkyl3-methylimidazolium cation tetrabutylammonium borohydride
(TBABK) as reducingagent and silver(l) bisgrifluoromethane sulfonyimide (AgTiN) as a salt
precursor. The four imidazolium ionic liquids used were 1-butyl-3-methylimidazolium
bisgrifluoromethane sulfony)imide, 1, 2-dimethyt3-butyl imidazolium bis (trifluoromethane
sulfonyl) imide, 1-butyl-3-methyl imidazolium tetrafluoroborate, 1-octyl-3-methylimidazolium
bisg¢rifluoromethane sulfonyimide. The PVPstabilizedthe resultant NPsfor one month. The
electricdoublelayerprovidesnecessarglectrostaticinteractionswhichpreventthe agglomeration
of NPsandincreasetheir shelflife.

Ahmedet al. [62] reported the synthesisof " -FeO; rhombohedralquantum dots usingionic
liquid (1-butyl-3-methylimidazoliumtetrafluoroborate) under microwave irradiation. The NPs
showedexcellentphotocatalyticactivity for the degradationof Methyl orange(MO)with quantum
dots havingmaximumefficiencyfor 10026 dye removalfrom water in 240mins.

5.3BiomassDerivedor Bio-BasedSolvents

Glyceroland its acetals,some low melting carbohydratemixtures, esters of lactic acid and
gluconicacid, 2methyl tetrahydrofuran (2MeTHF) Cyrene(Cyr),limonene (Lim), payment (Cym),
and valerolactoneare some of the most commonbiomassderived or biobasedsolventsusedin
organicsynthesistoday. Unfortunately, the advancementin biomassderived solventshas been
limited to organictransformationreactionsandveryfew are usedasa substitutefor NPssynthesis.

Rizket al. [63] were successfullyable to utilize polyol media i.e., ethylene glycol (EG)or
diethyleneglycol(DEGjor the fabricationof Magnetite NPS(MNPs)iathe reverseco-precipitation
method. The NPswere highly crystallineand sphericalwith a meandiameter of 18.8,14.45and
10.49 nm for FeOs, DEGMNPsand EG/MNPsyespectively.Compared toDEGMNPs,EG/MNPs
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exhibitedremarkableefficiencyfor Pd(Il)uptakefrom agueousmedium,attributed to a higherOH
groupon EGthanon DEGIt followsthe pseudesecondorderrate equation(k. =0.00337g/mgmin

at 288K) TheLangmuirequationgivesa monolayeradsorptioncapacityof 26.32mg/g, higherthan

other traditional models.Thesorptionis spontaneousandendothermico p E25.93kJ/mol)dueto

the presenceof electrostaticinteractionsbetween sorbentand sorbatespecies EGcoated MNPs
demonstratedgoodefficiencyandselectivityin separating?d(l1)from different metalionswith good
reusability.

Cyrene (dihydrolevoglucosenone)s a biodegradableand bio-derived green solvent with
interestingpropertiesfor manyapplications[64]. Poonand Zhitomirsky[65] usedthis bio-derived
solventto producemulti-walled carbonnanotube (MWCNT suspensionsThefabricatedMWCNT
were durable, devoid of surfactants and stable for more than two months even at high
concentrationsof 1-3 g/L. For the manufacturingof Polymethylmethacrylate PMMA) binder
solutions,Cyrenewvasuncoveredo be a sustainableeplacementor harmfulsubstancesin Cyrene,
the interactions of soluble PMMA with Mn3Os NPsled to strong colloidal dispersionand the
developmentof stablesuspensionlt is suggestedhat PMMAmacromoleculesadsorbedon NPsin
Cyrenesolventprovidedstericdispersionof the particles.Theelectrodeshada high capacitanceof
3.79F/cn? and4.15F/cn? from cyclicvoltammetryresults,aswell asgoodcyclicstability.

Hence green solventshave becomevery lucrative as a replacementof conventionalorganic
solvents which usuallydemonstratehigh volatility, flammability and toxicity. Takingadvantageof
these newsolvatét Q & 2 firapértiesard gyntheticversatility, a wide variety of applicationscan
be plausiblein environmentaldecontamination.

6. GreenSynthesisof Nanoparticlesfor Water Remediation Using Renewable Resources

Theuse of biologicalmatter or renewableresourcesfor example,bacteria,fungi, algae,plant
extracts,etcin the greensynthesiof metallicnanoparticlegsreportedwidely. Usingtheseextracts
or livingspeciessafairly convenientandstraightforwardmethodof generatingNPson alargescale.
Thesematerials are collectively known as NPsof biogenicorigin [66]. NPssynthesismediated
through biomolecules has gained interest because of their inherent non-toxicity and the
involvementof harshsyntheticmethods.Biomoleculesuchaspolyphenolsflavonoidsterpenoids,
proteins, amino acids, carbohydrates,polysaccharidesand sugarsact as reducing, stabilizing
cappingand templating agentsduring NPssynthesis.Thisprocessalsoallowsthe shapeand size
controlledsynthesiduringNPformation [67].

Herein,the current state of researchon greenmetal/metal oxide NPssynthesisusingbiomass
andtheir biomoleculeswithin isreviewedcoupledwith approacheghat are energyefficientor use
greensolventswhereappropriate.

6.1 TerrestrialPlant (And Their ResiduesMediated Synthesis

GardeaTorresdeyet al. [68] first reported the synthesisof icosahedralAg NPsfrom the root
extractof Alfalfa sproutswith a diameterof 2-4 nm. Alfalfaroots are capableof absorbingsilveras
Ag(l)ions and reducingthem to Ag(0)which are then translocatedinto the shootsin the same
oxidationstate. TEM/SEManalysissuggestedhat the Agatomsaccumulateinsidethe alfalfaplant
tissueundergoingnucleationand NPsformation concurrently.
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Nadagoudaand Varma[69] could fabricate face centered cubic Ag and Pd NPs(20-60 nm
diameter, Figure10) usingcoffee- and tea-leaf extract without any external surfactant,capingor
templatingagent.Organicmoietiessuchaspolyphenolsand caffeinewere responsiblefor capping
the metal NPs leadingto apparentinter-particleseparation asshownin Figurell (A).Further,the
reductionpotential of caffeineis sufficientto simultaneouslyeduceAgand Pdmetalsand provide
the cappingof oxidisedpolyphenols/caffeine A control experimentwas also carried out on Au
whichyieldedwire-like structuresin the presence gpure caffeine(Figurell (B)).

(A) Ag and Pd NPs
LA

Figure 11 (A) TEM images of (a, b) Ag NPs prepared using coffee and tea extract
respectively, (c, d) Pd NPs from coffee anddrtact respectively. (B) TEM images of

Au nanowires (2 mL of 0.01 N) fabricated with (a) 25 mg (b) 100 mg (c) 200 mg and (d)
300 mg of pure caffeine. [Inset shows the corresponding diffraction area]. Reproduced
with permission from Ref [69].

Hatamifardet al. [70] carriedout the greensynthesisof Ag/zeolitenanocompositaisingthe leaf
extract of Euphorbiaprolifera. The presenceof phenolicacid and flavonoidsin the leaf extract
facilitated the formation of nanocompositeby reduction of Ag(l) ions. Ag/zeolite composite
demonstratedeffective catalysisfor ligandfree hydroxylationof phenylboronicacid. It was also
potent at room temperature of 4-nitrophenol (4-NP), methyl orange (MO), Congored (CR),
methyleneblue (MB) and rhodamineB (RhB).Similarly,Ag NPs(5-15 nm diameter)derivedfrom
Rutagraveolendeaveq71] extractactingasareducingandstabilizingagenthavebeenimmobilized
on the surfaceof a wastealmondshell. Thecatalyticperformanceof the synthesizedcatalystwas
analyzedfor the reduction of 4-NP,RhBand MB at ambient temperature. AgNPs/almondshell
compositedemonstratedgood recyclabilityup to seventimes with the minimum lossof catalytic
activity.

Doanet al. [72] demonstratedthe significanceof OHgroupspresentin the phytochemicalgor
the synthesiof AuNPausingfruit extractof Litseacubeba Theextractisrichin alkaloidsflavonoids,
lignansand steroids,and wasresponsiblefor reducingAu metal ions and cappingof AuNPs.The
formed NPscatalyticallyreduced4-NPto 4-APin the presenceof NaBH4.Similarly,Momordica
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charantia leaf extract was used for the green synthesis of Gold@Silver@Silvechloride
(Au@Ag@AgChore-double shell NPs.TheseNPswere used for photocatalytic degradationof

pharmaceuticalsuchasclofibric acid (CA)and ibuprofen (IBP),and 2, 4, 6-trinitrophenol (2, 4, 6-

TNP)Likewise Nasrollahzadelet al. [73] prepareda Pd bentonite nanocompositeusingGardenia
tritenessleafextract. Thecatalyticactivity of the preparednanocatalystvasevaluatedn the ligand

free hydroxylationof phenylboronicacid to phenol and reduction of chromium (VI) and nitro-

compoundssuchas4-NPand 2, 4-dinitrophenylhydrazing€2, 4-DNPH).

Ghoshet al. [74] successfullysynthesizeCuNPsusingleaf extract of Jatrophacurcas(JC).The
existence of flavonoids, tannins, glycosides,and alkaloids acted simultaneouslyas reducing,
stabilizingand cappingagents.Theaverageparticle and crystalsizesof the JCCuNPaere 10+ 1
and12+1 nm,respectivelyTheJCCuNPshowedpotential photocatalyticactivityagainstMB with
arate constant(k) valueof 2.30x 10 s> comparedwith other dyesin sunlight(Figure12).

CB
0 :
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= ho 0 “20
. y 4 :
i = Oz'f/
E = 4.1\ < Cu(Cl JC-CuNPs _>IE'=3.6¢\
: - < ‘OH +MB
H 1
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Figure 12 Proposedmechanismof the utility of Jatropha curcasbased CuNPsin
degradationof MB. Reproducedvith permissionfrom Ref[74].

Songand Yang[75] explored bamboo shoots as a readily availableand renewable form of
biomassfor NPssynthesisTheyfabricatedPdNPsimmobilizedon N, O-dualdopedporouscarbon
derivedfrom bambooshootsby wet chemicalimpregnationandreduction. ThePdNPswere found
to behomogeneouslylistributedthroughoutN, O/carbonsupportwith anaveragediameterof 11.9
nm. The synthesized Pd/N, O-porous carbon was utilized for selective hydrogenation of
functionalizednitroarenesto form anilines,imines,and formamides,offering a perspectivefor a
nitro compoundreductionin wastewaterremediation.
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Sharmaet al. [76] reported the green synthesisof magneticallyretrievable FesOs NPsusing
starchrich potato extract. Starch comprises amylose and amylopectin, which differ in the
regiochemistryof the glycosididond,i.e.,100%alpha(1-4) and,a mixture of alpha(1-4) andalpha
(1-6), respectively.The OHgroupswithin amylopectinthrough H-bondingform cavitiesacting as
templatesfor the growth of NPsand facilitatingthe complexationof metal ions. The synthesized
FesOs NPS(10mg)showedpromisingresultsfor the 100%degradationof RhBdyefrom wastewater
in 30 mins. Themagneticpropertiesof the NPsallowedtheir easyseparationafter usein 20 secs.

Intriguingly, Devi et al. [77] demonstratedthe use of a Jute stick (waste material) to form
activatedcarbonwhichwasimpregnatedwith AgNPsderivedfrom peelextractof Cocciniagrandis
(commonlyknown as ivy gourd, scarletgourd, tindora or kowai fruit). The Ag-activated carbon
nanocompositeshowedantimicrobialactivity towards gramnegative (E. coli, P. aeruginosa and
positive (B. subtilisand S.aureug bacteria,and had great potential for photocatalyticdegradation
of toxicmalachitegreenoxalatedye (98%)andactive pharmaceuticadompound Clofibricacid(97%)
undersolarirradiationunder90 mins.

Thi et al. [78] used orange peel waste to synthesizeZnO NPswhose size and morphology
significantlydependedon physicochemicaparameterssuch as annealingtemperature and pH.
Samplesannealedat 400, 700,and 900 Cgavea random patrticle sizedistribution from 35-60, 70-
100 and 200-230 nm, respectively. Theflavonoids,limonoids,and carotenoidsin the orangepeel
ligatewith the Znprecursorleadingto stabilization,nucleationand formation of ZNONPs.TheNPs
showedstrong antibacterialpropertiesagainstE. coli and S.aureusdue to ROSoroducedby ZnO
NPsin water at alow concentrationof 0.025mg/ml.

Kauret al. [79] exploredMoOz: NPsembeddedin a carbonaceousnesoporougnaterial derived
from cornstarchknownasStarbom for their efficacyascatalystsn reducing4-NPto 4-AP(Figure
13). TEMand SEManalysigevealedhomogeneouslispersionof the MoOz NPs(averagediameter
2 nmwithin the Starborn matrix. TheNPshadexcellentcatalyticactivity for reducing4-NPto 4-AP
in the presenceof NaBH (k = 11.2 x 10?) provingits worth for wastewater remediation. This
materialalsoshowedsuperiorDPPHadicalquenchingactivity with alow 1G (1.006mg/ml) value
comparedconcerningo other greensynthesizedompositesand NPs.
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Figurel3Schematic representation of the useRBibmassderivedNPs in 4P reduction.
Reproduced with permission from Ref [79].

Liet al. [80] synthesized\gNPsusingrice strawat room temperatureconcerningdight intensity,
biomassconcentration,time, and AQNQ concentration.Ricestraw is a significantwaste streamin
rice-growingregionsthat are often burned. Therice straw actedasboth a reducingand stabilizing
agent and XRDdata showed the Ag NPshad a tetrahedral centripetal crystal structure. The
synthesizedAg NPshad good antimicrobialactivity againstE. coli, P.aeruginosaB. subtilis,and S.
aureus.

Hanet al. [81] utilizedlentinan (LN T)asboth a reducingand stabilizingagentfor synthesizind>d
NPs.LNTis a polysaccharidavith the compositionof onei -6 m MHo-glucopyranosiddéoranchfor
everythreei -0 m MgluecopyranosiddinearlinkagegFigurel4).LNTisreportedto possesantiviral
and anticancerproperties [82, 83]. The Pd-LNTNPsformed were sphericalwith of 2529 nm
hydrodynamicradii and no cytotoxicity. The synthesizedNPsshowedgreat potential for the 90%
reductionof 2, 4-NPto 4-APin 21 mins.
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Kahrilaset al. [84] exploredthe use of different biomoleculessuchas starch, arabinose,and
dextrose,for the microwaveassistedgreen synthesisof Ag NPs(diameter <30 nm). Microwave
methodologyallowedfor selectivesizecontrol of NPsascomparedto traditional methods.Further,
the highmicrowaveenergyoutput in smalltime helpedexpand theamylosecontentof starch which
controlled the NPsmorphology. The synthesized\Psshowedactivity againstbiofilms and were
activeagainstvariousbacteria(E.coli(MG1655)B.subtilis K.pneumoniagP.aeruginosaS.aureus
andJanthinobacteriuntividum).

Saponin,a terpenoid (Figure15), was used as a biosurfactantand shapecontrolling agent by
Sundaret al. [85] for the morphologicalcontrolled synthesisof anisotropicFeOs; NPs.Saponin
enrichedaloe vera extract was utilized in the selectivegrowth of different polymorphsof FeOs
nanostructuressuch as FeOs nanospheres,! -FeO: nanoribbon and h-FeQOs. The formation
mechanismoianospheresand thus nanoribbonswas describedas nucleation,surfaceregularity,
growth and oriented attachmentof the NPsto saponin.The NPsdisplayedbiosensingoroperties
towards pharmaceutical products like uric acid and dopamine, thus giving us a perspective for
removingpharmaceutical waste from water sources.
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Zeinproteinisanalcohotsolubleplant protein foundin cornandmanufacturedrom corngluten
meal.Mahal et al. [86] incorporatedzein protein to preparebioconjugatedZeinAu NPs.Herethe
unfoldingof zeinin aqueousphasehelpsprovide stabilizingand reducingproperties. Thesurface
plasmonresonancg SPRpf Au NPsactivatedthe adsorptionof zeinon the NP'ssurfaceand thus
resultedin the unfoldingof the protein. Thisexposedhe reducingaminoacidssuchascysteinethat
reducedof Au (lll) to Au (0) and simultaneouslyformed Au NPs.The adsorptionof zein further
helpedcontrol the crystalgrowth of AuNPswhichdirectly correlatedwith the degreeof unfolding
and fusogenicbehaviori.e., cell fusion of zeindue to its hydrophobicnature. Thelatter property
triggereda significantblue shiftin the SPRarelyencounteredin the growingNPsduringnucleation
(Figurel6).Adeeperunveilingof wasessentiain inducingzeincoatedfacetedNPsassignedo their
haemolyticresponseor subsequenuseasdrugreleasevehicles.
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Figurel6 (a) The UWisible time study of the interaction of 0.25 mi¥AuC{ and 0.1%
zein solubilized in 24 mM aqueous SDS. The inset signifies the blue shahwithease
in time. (b) Plots of time variation in absorbance at 540 nm (blue shift) with change in
HAuC] concentration. Reproduced with permission from Ref [86].

Ricehuskand Sugarcanevaste (bagasseand ash)are agriculturalwaste productshavinghigh
silicon content. Rovaniet al. [87] synthesizedhighly pure SiQ NPsfrom sugarcanewaste ash.
Sodiumsilicatewasextractedfrom the sugarcaneashwasteby heatingit to 400C in the presence
of NaOH .For SiQ NPssynthesisthe sodiumsilicatewas hydrolysedand condensedusingsulfuric
acidin a biphasicmediumin the presenceof cetyltrimethylammoniumbromide (CTAB)ThisCTAB
surfactantcontrolledthe sizeof the NPsand stabilizedthem. No definitive form wasobservedfor
the NPs;however, TEManalysisshowedthe sizeto be lessthan 20 nm andthe NPsproducedwere
pure without anyorganicmatter. BETanalysigepresentedthe specificsurfaceareato be 131m? g
L. TheproducedSiQ NPsprovedan excellentadsorbentfor acidorange8 dye with an adsorption
capacityof 230mgg? (90%adsorption).Theadsorbentcouldbe effectivelyreusedfor over5 cycles
(Figurel7).

Page?4/65



Adv Environ Eng R2623; 4(2), do0i:10.21926/aeeR302027

reensh=zzazzzzzzzzl
2 00 3 ’d'_,'-"“ o,
&I’ 200- . W
1% o
'
150 4 o
- !
00 14 ‘é”mm
QD ! ~— ®  Experimental paints 25°C
E 100‘ * c-o 50+ Langmuir isotherm model
“'@ Freundlich sotherm mode!
O o * 0 = = = Liusotherm mode!
' 0 200 400 600 800
o -1
5018, therms Experimental Cc mgL)
|} ===25C B 25°C
| ===35C ® 35°C
O4{® -~--45°C A 45°C
| 4 1 v 1 b 1 L4 ]
0 200 400 : 600 800
C. (mglL")

Figurel7 Adsorption Liu Isotherms fakcid Orange 8408 dyeadsorbed by SiENPs.
Reproduced with permission from Ref [87].

Further, another approachwas explored by Pereset al. [88] for SiQ NPsusing microwave
leachingof rice husk. During the microwave synthesis,no bonds were broken or formed; only
physicatransformationoccurred Usingthe microwavefor ricehuskleachingncreasedsurfacearea,
pore volume,porosityand high purity with a particle sizeof 93 nm. With thesepropertiesSiQ NPs
actedasexcellentadsorbentdor removingMB from aqueousmediawith anadsorptioncapacityof
679.9mgg?in 240mins.

Microwaveassistef nanoscalezerovalentiron nanoparticlednZViINPs)usingleaf extractsof
Menthapiperitawasreportedby Shadet al. [89]. Theuseof microwaveirradiationreducedreaction
time to only 3 minsat 48°C and resultedin sphericalNPsin sizerangeof 5-10 nm. Theresultant
nZViNPswere efficientlyusedfor the removalof five major agriculturalpollutantswithin 24 h from
canalwater, namely:phosphate85.01%)ammonia(99.51%)nitrate (86.33%)lead (79.33%)and;
chloride(83.04%)respectively.

Bananafruit waste extractwasutilized by Deokarand Ingale[90] for greensynthesisof AuNPs
by reductionof hydrogentetrachloroaurate(llhhydrate (HAuC).3H0). FTIRanalysisshowedthat
biomoleculegpresentin fruit wastereducedAumetalionsby oxidizingaldehydego carboxylicacids
At the same timepectinand carbohydratesn the extractactedascappingagentsto stabilizethe
NPs(predominantlysphericalwith 20 nm diameters).

Gurrolaet al. [91] reported the ultrasoundassistedformation of corn starchesterified with 2-
octen-1-yl succinicanhydride(OSANPs.TheNPswere from ovalto sphericalshapewith sizedess
than 100 nm and their morphologiesdependedon sonicationtime. Thestrong mechanicaforces
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produced by acoustic cavitation during ultrasound treatment gradually disintegrated starch
granulesinto smaller particlesresultingin the breakageof amylopectinbranchesinto amylose
blocksas confirmedby FTIRdata. Thetime required for the formation of non-esterified NPswas
optimizedto 80 mins (Figurel8) and one-pot synthesisof esterified NPswasdone by subsequent
additionof OSA.

Figure 18 FESEM studies of non-esterified starch NPs obtained at different
ultrasonicationtimes: (a) nativewaxystarch;(b)n 1 ®3nyh);(c)n 1 HBAnyh); (d)
cn YoByim);, (e)y n Y4Byim), and () mn n (M8 rnyn). Reproducedwith
permissionfrom Ref[91].

Thebiosynthesiof Agimmobilizedon the ZrG surfaceusingAgeratumconyzoide$..extracthas
beendocumentedasa greenandin-situ strategyby Mahamet al. [92]. Topromote Ag(l)reduction,
the phytochemicalgpresentin the Ageratumconyzoided.. extractactedasreducingand stabilizer
agents.TheNPscouldeffectivelydegradel0064-NPin 6 min in the presenceof NaBH with good
reusabilityashighasfive timeswithout losingsignificantcatalyticactivity. Becausef the synergistic
interactionandimmobilizationof AgNPson the ZrG surface jt resultedin better catalyticefficiency
and less propensity for Ag NPsto agglomeraée during the reaction. The proposed reduction
mechanismconsists of two stages:first, the target analyte and NaBH adsorption on the
nanocatalyssurfacefollowed by electrontransferfrom BH; to the target analytewith subsequent
desorptionof the productsfrom the catalystsurface.

Aksuet al. [93] utilized greensynthesizedron oxide NPs(gINPsYo eliminate the beta-lactam
antibiotic amoxicillin(AMX)from carob pods (Ceratoniasiliqug in an aqueoussolution. The NPs
were sphericalwith 7 + 5 nm diameter and a surfaceareaof 7.67 m%g. At a molar ratio of 1:50
AMX/gINPs99% of AMX was reducedin 200 mins at pH 2. Kinetic tests for adsorption and
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degradationprocessesvere usedto studythe removalof AMX.Thekinetic analysigevealedthat
adsorptionisaphysicaprocessvith a30kJ/molactivationenergy.Dueto the highactivationenergy
of 87kJ/mol,the removalefficiencyfolloweda pseudacfirst-orderreactionwith asurfacecontrolled
chemicalreaction. It wasdiscoveredhat initially AMXwasphysicallyadsorbedon the gINPsthen
diffusedto the metallicsurface andeventuallyreducedto severaddegradationproductsasdetected
by HPLC/M&nalysigFigurel9).
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Figurel9 Degradation pathway of AMX. Adapted from Ref [93].

Isoimperatorin,a natural furanocoumarinfound in severalplant speciesjs a reducingreagent
for producingAg NPs(iso-AgNPsith excellentphotocatalyticactivity [94]. Sphericashapediso-
AgNPswere formed in a sizerange of 79-200 nm. They displayed catalytic activity for the
degradationof New Fuchsing96.0%), MB (96.3%), ErythrosineB (92%), and 4-chlorophenol(95%)
in 60 minundervisiblelightin 60 mins.It showedgoodreusabilityup to 4" cyclewith asmalldecline
in photo-degradationperformancej.e., 96%to about88%.Thephotocatalyticmechanisninvolves
the generationof HO’radicalsvia a seriesof reactions(Figure20). Whena photonisirradiated,Iso-
AgNPsabsorbthe photons(hv) and producee-h pairsdue totheir high SPReffect. Underthe light,
the adsorbeddye moleculeis excitedand donatesits photo-generatede” to the CBof IsoAgNPs.
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The photo-generatedelectronsrapidly convert O, adsorbingon the photo-catalystsurfaceto Oy
“and “O0OHradicals.Theholescoulddirectly oxidizeadsorbeddye molecules or reactwith surface

adsorbedHOor OH to produceHC*radicalsvhichaidin the photo-degradatiomrandmineralization
of dyemolecules.

Figure 20 The photo-degradationpathway of dye pollutants in the presenceof Iso-
AgNPsundersunlightirradiation. Reproducedvith permissionfrom Ref[94].

Adsorptionof arsenicon greenfabricated amorphousFe NPs(with a specificsurfacearea of
51.1368m? g') hasbeen evaluatedfor removinghighly toxic and carcinogenicarsenic(As)from
polluted resources[95]. The NPswere fabricated using a hybrid of Eucalyptusurophylla and
Eucalyptusgrandis leaveswhich acted as stabilizing agent@and prevented agglomeration.This
helped in the homogeneousadsorption of arsenateon the iron NP'ssurface. The XPSanalysis
revealedthe presenceof As(V)which predominantlyformed the FeOAdond whichfacilitatedthe
adsorptionas shownby FTIRevaluation.Henceit canbe inferred that the iron NPsinteract with
arsenateto form a monodentate chelatingligandwhich leadsto the formation of the bidentate
binuclearcomplex.The adsorptionefficiencywas maximumin the pH range of 4-6, followed by
Langmuiradsorptionisotherm(RI2 =0.9903)with the highestadsorptioncapacityof 14.617mgg™.
It validated Chemisorptionand the adsorption efficiencyfitted the pseudoesecondorder kinetic
modelwell.

Akpomieand Conradie[96] successfullympregnatedAg NPsinto pristine Solanumtuberosum
peel(STpejo createahybridadsorbent(STpeAgNPJor the eliminationof bromophenolbluefrom
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