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Section 1

Chapter 1
IntroductiontoEnvironmentalNanotechnology:E-Nano...................................................................... 1

Rabia Nazir, Pakistan Council of Scientific and Industrial Research, Pakistan

Withtheadventofindustrialization,therearenewtechnologicaldevelopmentsgoingonwhichhave
triggeredthenewresearchesandfields.Nanotechnologyisonesuchfieldthatismarkedastwenty-first
centuryindustrialrevolutionandledtothedevelopmentofvariousproductsthathaveimpactedlifein
almosteveryfield.Amongthesefields,nanotechnologyhascontributedsignificantlytotheenvironment
protectionanditsremediationbyaddressingissuesthathavebeenthreateningthehumanforlong.In
thisregard,severalnanomaterialshavebeensynthesizedandmanymorearestillinpipeline.Nodoubt
thefieldhasmadegreatcontributionsandhasbestowedhumanwithvariousamenitiesbyenhancing
atomefficiency,useoffewerchemicals,lessenergyandotherresource,reductioninwaste,providing
bettermaterials,andtechnologyforenvironmentalapplicationspromisingenvironmentalsustainability,
howevertherearecertainnegativeimpactsthatstillneedtobeexplored.

Chapter 2
PropertiesofNanomaterialsandEnvironment..................................................................................... 28

Phool Shahzadi, Pakistan Council of Scientific and Industrial Research (PCSIR) Labs, 
Pakistan

Thechapterprovidesatimelyreviewofthevariouspropertiesofnonmaterialandtheirapplications
intoenvironmentalcompartments.Anextensivevarietyofpoisonouschemicalsisdischargedintothe
environmentbecauseofglobalizationandindustrialization.Thedimensional,compositional,geometric,
andstructuralpropertiesarefundamentaltoconveyusefulnessofthenanomaterials.Thecontrolledsizes
andshapesofnanoparticlesareanticipatedtoyielduniquecatalytic,electrochemical,andphotochemical
properties.Theelectrochemicalpropertiesofmonolayer-functionalmetalnanoparticlesareexpectedto
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becontrolledbytheparticlesizes.Metalnanomaterialshaveinterestingopticalpropertiesduetostrong
surfaceplasmonabsorptionandfieldenhancementeffects;metaloxideslackvisibleabsorptiondueto
verylargebandgap.Nanocompositeshavecomplexopticalproperties.Nanomaterialspresentgigantic
advantagesondiverseapplications,catalysis,imaging,biotechnological,andsensorapplicationsdueto
theirimprovedproperties.

Chapter 3
CharacterizationofNanomaterials....................................................................................................... 44

Mintu Maan Dutta, Gauhati University, India

This chapter provides a general introduction to the new learners in the field of the synthesis and
characterizationofnanoparticles.Thepeoplewhoarefamiliarwiththisfieldbutareunabletointerpret
thedatawilllearnhowtointerpretfromvariousdataavailable.Keepinginthemindtheusefulnessof
numericaldata,thischapterincludesanumberoftablesandgraphsforthehelpandeasyunderstanding
ofthestudents.

Chapter 4
GreenApproachestoEnvironmentalSustainability............................................................................. 81

Lubna Tahir, Pakistan Council of Scientific and Industrial Research, Pakistan

Thedevelopmentofdifferenteco-friendlytechnologiesinmaterialsynthesisisplayingitsroletoexpand
theirbiologicalapplications.Nanoparticlesaresynthesizedchemically,butbecauseoftheirhazardous
effects,theresearchershavenowturnedtobiologicalsystemsforinspiration.Thereisagrowingconcern
aboutthepossibleresultsofeffectsofchemicalsynthesisofnanoparticles.Therefore,theaimofthis
chapteristoprovideanoverviewofhownanomaterialscanbesynthesizedusinggreenroutetoplayits
roleinenvironmentalsustainabilityasgreensynthesisprocessesareconsideredtobeasafealternative
toroutineprocessesduetotheircosteffectiveness,easytohandle,andenvironmentallyfriendlynature.
Infact,itopensanewscopeforphyto-chemistsbydiscouragingtheuseoftoxicchemicals.

Section 2

Chapter 5
NanomembraneApplicationsinEnvironmentalEngineering............................................................ 103

Sumaira Nosheen, Pakistan Council of Scientific and Industrial Research Lahore, Pakistan

Thischapterdeliversanoutlineofthestrategiesandtechniquesthatareusedanddevelopedforthe
fabrication of membrane techniques/methods for application in environmental engineering. Human
activitiesarethecauseofincreasedhazardousgasesinatmospheremainlyinsoilandwater.Nanotechnology
dealstheabilitytocontrolmatteratthenano-scalelevel.Materialspreparedareinnanolevelandthus
theywillpossesssomespecialpropertiestodealwithspecificfunctions.Oneofthemajoraspectsof
nanotechnologyisnanomembranefabricationwhichismainlyemployedforwaterpurificationplants.
Thechapterisspecificallyoffersafullunderstandingofthetechnologiesandlawsusedtosynthesize
membranes.Thechapteralsoprovidesanintroductiontotechniquestocharacterizenanomembranes.
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TheworldaroundusisagiftofGod.Athrusttoknowandreconnoitertheenvironmentaroundusis
innate.Manhasdrasticallyexploredandutilizedtheresourceshiddeninnature,butunfortunatelyin
thissprintofdevelopment,thenaturalenvironmentisseverelyaffected.Itistheneedofthehourto
focusonmethodologies for environmental remediation.Many technologieshavebeendeveloped to
reducethepollutioncausingfactors.Useofnanotechnologyforthesakeofsavingenvironmentisan
emergingfield.Nano-technologyisbasedonnano-sized(smallerthan1micron)materials.Nanosize
particleshaveinitiatedtheadvancementinnewandlowcosttechniquesforenvironmentalpollution
controlincludingairpollution.

Chapter 7
NanomaterialSurfaceModificationsforEnhancementofthePollutantAdsorptionFrom
Wastewater:AdsorptionofNanomaterials......................................................................................... 143

Hamidreza Sadegh, West Pomeranian University of Technology Szczecin, Poland
Gomaa A. M. Ali, Al-Azhar University, Egypt
Hamid Jafari Nia, Islamic Azad University, Khorramabad Branch, Iran
Zahra Mahmoodi, Islamic Azad University, Science and Research Branch, Iran

Withthedevelopmentofdyeing,textile, leather,paper,andotherchemicalindustries,anincreasing
amountofdyewastewatercontainingrefractoryorganicdyesisdischarged.Undoubtedly,muchhigh
contentdyewastewaterwillleadtoseriousenvironmentalissuessuchascolorpollution,lightpenetration
interference,andvirulencetoaquaticorganisms,evenendangerhumanhealth.Therefore,itisanimminent
problemandhasbecomeaglobalconcerntodegradedyewastewaterefficiently.Sofar,manytechniques
havebeenusedtodegradedyeingwastewater,suchaschemicaldegradation,biologicaldegradation,
photochemicaldegradation,coagulation,membranefiltration,andcombinedmethods.Thesemethods
havecertain impactson thedegradationofdyewastewater,butusuallywith slowdegradation rate,
complexandhighoperationcosts,aswellaseasilycausingsecondarypollution.Theadsorptionprocess
isasimple,effective,andlow-costwaytoremovedyes.

Chapter 8
NanotechnologyforWaterEnvironmentalApplication:FunctionalizedSilicaHybridsasNano-
Sorbents............................................................................................................................................... 171

Saima Nasreen, The Women University Multan, Pakistan
Uzaira Rafique, Fatima Jinnah Women University, Pakistan

Indevelopingcountries likePakistan, industriesdonotallocatebudget forcontroland treatmentof
pollutiondue to limited resources.Mostof thepollutants emitted from these industries areusually
reusablebuttheircapturefromwasteishighlyuneconomical.Thisgoalcanbeattainedbysynthesizing
theadvancedmaterialssuchassilicahybrids,theclassofsilicahybridsconsistingofinorganicsilica
linkedwithorganicligandstoformnetworkstructure.Theirhighporosity,surfacearea,andcrystallinity
provideawayfor removing largeamountofpollutantswithsmallquantityofsilicahybrids.These
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applicationsincludetheuseofpowderhybridsasadsorbentforremovalofdifferentpollutantssuchas
heavymetals,persistentorganicpollutants,andtoxicorganicchemicals.Thesefunctionalizedhybrids
canbefurtherfabricatedintothinfilms.Thisnewformwillbefurtherusedforcatalyticdegradation
ofvariouspollutants.Besidesalltheseapplications,thesehybridswillhavethepotentialtobeusedas
sensorsfordetectingvariouspollutantsinindustries.

Chapter 9
ApplicationofMagneticNanomaterialsforWaterTreatment........................................................... 201

Ambreen Lateef, University of the Punjab, Pakistan
Rabia Nazir, Pakistan Council of Scientific and Industrial Research, Pakistan

Theavailabilityofcleandrinkingwaterbecomesacriticalissueforallthepeopleoftheworldduetoa
rapidincreaseinpopulationandindustrialization.Thewaterbodiesgetcontaminatedduetothedischarge
ofwastewater,thatwillnotonlydisturbtheaquaticlifebutalsobadlyaffecthumanhealth.Therefore,
differentmethodsareadoptedtotreatthecontaminatedwatertomakeitcleanandsafeforpeople.In
lastfewyears,thenanomaterialshavegainedmuchattentionforwatertreatmentbecauseoftheirunique
properties.Amongallnanomaterials,magneticnanomaterialsareconsideredmoreefficientandattractive
becauseoftheireasyseparationandreusableproperty.Inthischapter,abriefreviewrelatedtosynthesis
andcharacterizationofMNMwasstudiedalongwiththeirapplicationinremovalofdyes,heavymetals,
andmicrobesfromwastewaterthroughsimpleadsorptionprocesses.

Chapter 10
WastewaterTreatmentinRemovalofHeavyMetals:NanotechnologyApplicationsin
EnvironmentalEngineering................................................................................................................ 220

Tehseen Yaseen, Pakistan Council of Scientific and Industrial Research, Pakistan
Anum Yaseen, University of Punjab, Pakistan

Nanotechnologyistheareaofnanosciencethatshowsgreatpotentialtoestablishanewprocessfor
wastewatertreatment.Ithasbeenappliedonananometerscalelevel.Currently,limitedwaterresources
andrealtreatmentofwastewaterisachiefrequirementforthegrowingeconomy.Itisingreatdemand
to introduce the progressive wastewater treatment technologies. Therefore, the modern innovative
processesinnanomaterialscienceshavebeenappealingthetargetofscientists.Thechapteraddresses
thedevelopmentsinnanotechnologywithrespecttowastewatertreatment,especiallytheremovalof
heavymetalsandtotheenvironmentalapplications.Itwilldiscusstheapplicationofdifferentclasses
ofnanomaterialsforwastewatertreatmentinremovalofheavymetalsanditspossibleeffectstothe
environment.Therefore,thescopeistoofferanoverviewofhownanomaterialsarecausingconcerns
relatedtoheavymetalremovalforwaterandinthesurroundingenvironment.

Chapter 11
NanoparticlesforDegradationofOrganicPollutants......................................................................... 241

Sana Aslam, Government College Women University Faisalabad, Pakistan
Matloob Ahmad, Government College University Faisalabad, Pakistan

Waterpollutionisbecomingaserious threat to theenvironment.Theaccess tosafedrinkingwater,
especiallyforthepoor,isreachinganalarminglylowlevel,andthenumberofpeoplesufferingfrom
kidney,stomach,and liverdiseases,etc. is increasingeveryday.Amongvariouspollutants,organic
pollutants have major contribution in the contamination of water. These pollutants include toxic
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dyes,pharmaceuticalcompounds, industrialchemicals,andorganicsolvents,etc.Variousroutesare
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non-renewabilityandhighoperatingcosts.Thus,limitationsinconventionalremediationtechnologies
haveheadedtotherapidprogressionofnewavenuesforadvancedtreatmenttechnologiesformetalloid
pollutantremovalsuchasgreennanotechnology.Incontrasttomanyofthecurrentlyavailableadsorbents,
nanoparticlesoftenhaveuniquepropertiessuchastinysize,moreactivesitesandbigsurfacearea,easy
separation,andhighreactivitythatenhanceremovalefficiencies.
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Fuelcellhasbecomeanemergingrenewableenergydevicewithpotentialtomeetenergydemandby
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providesaninsightintodesignanddevelopmentofmembranesforPEMFCsandrecentprogressesmade
inmembranesso far.Althoughmajorityof researchhas focusedonfluorinatedandnon-fluorinated
membranes,thesepolymericmembraneshaveshoweddeterioratedpropertiesatelevatedtemperature
(>80oC)andlowerrelativehumidity(30%).Consideringthemajorissueswithpolymericmembranes,
theauthorshavereviewedinorganic-organicnanocompositemembranesshowingimprovedphysicaland
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potentialeffectsonhumanhealthassociatedwiththemanufactureanduseoftheseimportanttechnology.
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Manyquestionsremainunansweredregardingtheshort-andlong-termeffect,systemictoxicity,and
carcinogenicity.Engineerednanoparticlescanbetakenupbythehumanbodyviainhalation,ingestion,
dermaluptake,andinjection.Theycanreachthebloodstreamandultimatelyaffectmultiplebodyorgans
suchas liverandspleenoreventranscendtheblood-brainbarrier.Becauseof thehugediversityof
materialsusedandthewiderangeinsizeofnanoparticles,theseeffectswillvaryalot.Localandsystemic
adverseeffectsconsistofprimarilyinflammatoryreactions.Otherobservedeffectsincludegeneration
ofreactiveoxygenspeciesandsubsequentoxidativestress,disruptionofproteins,DNA,mitochondria
andmembranestructures,aswellaschangesincellsignalingpathways.
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Foreword



EnvironmentalNanotechnologyorE-NanoissproutedasanewbranchofNanotechnologythataddresses
themultifariousapplicationsnanotechnologyplayinenvironmentalengineering.Thisfieldhasastrong
potentialtoaddressthecurrentissuesthatarebeingfacedbyhumanlikereducingthealreadyentered
pollutantsinthesystemandalsoavoidingthemorepollutantstoenterintothesystem.TheE-nanois
acombinationoftechnologiesandprocessesthatareusedtoputastepforwardtowardssustainable
developmentandhenceconsequentlytosustainableenvironment.Thesetechnologiesandprocessescan
besummarizedintothreemainheadsthatcanbecomeandportraythetrueessenceofenvironmental
nanotechnology:1)environmentalmonitoring,2)environmentalremediation,and3)pollutionprevention.

Environmentalmonitoringdealswiththedetectionofcontaminantsatlowdetectionlimitssothatthe
propermeasurescanbetakentoremovethesepollutantsbeforetheycanenterinenvironmentinlarger
amounts.Inthisregardnano-sensorshaveplayedamajorrolethatenablelowleveldetectionsandwith
highsensitivitythatwasearliernotpossiblewiththeuseoftraditionalsensors.

Environmentalremediationincludesboththetreatmentofeffluentssothattheinfluxofpollutants
intotheenvironmentcanbecontrolled.Inadditiontothatitalsoincludesthetechnologiesandmaterials
usedtoremovethepollutantsalreadypresentinwater,airandsoilsoastodiminishthenegativeimpacts
causedbytheiroccurrence.Thisincludestheuseofnanoparticles,nanocomposites,nanomembanes
andnanofiltersalongwithassociatedtechnologiesthatusethesematerialstopurifytheenvironment.

Pollutionpreventiondealswiththemodificationofprocessesandtechnologiesthatensureuseof
greenapproachestoavoidthegenerationofcontaminantsinfirstplacesothatallthefurtherstepsmight
notberequiredthatresultedinthecostsaving,resourceconservationandbetterefficacyofthesystem.

Thisbookprovidesavaluableinformationandoverviewaboutthesethreeaspectsoftheenviron-
mentalnanotechnologycoveringallthenecessarydetailsrequiredtocoverthisbroaderaspectasafore-
mentioned.Thechallengesfacedbytoday’sresearchersandengineersindevelopingnewmaterialsand
designingnewprocesseshavemadetheirendeavormuchmorecomplicated.Thebookinashortway
caterstheentiretopicthatcanhelpingettingknowhowofthemultifacetedaspectsofnanotechnology
thatcanhelpinresolvingtheseissuesandchallenges.Inthisnewageofindustrialrevolutionmarked
bynanotechnology,itisnecessarytoprovidesimpleandbasicinformationondifferentaspectsofenvi-
ronmentalnanotechnologythatcanbenefitstudents,professionalsandresearchers.Thisbookisagood
stepinthatdirection.

Shahzad Alam
Pakistan Council of Scientific and Industrial Research, Pakistan
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INTRODUCTION

Nanotechnologyisthetwenty-firstcenturyrevolutionthathasimpactedeachandeveryaspectoflifeby
itssmallsize.Theindustrybymanipulatingthesmallsizeanditsassociatedpropertieshasresultedin
manydiverseamountsofapplicationsrangingfromsimplehouseholdthingstocomplexengineering
products.Thenanotechnologyutilizationisthefieldofenvironmentonlyhastakenmanydirections
andishelpingindifferentdirectionslikemonitoring,treatment,remediationandprevention.Hence,
tofocusonthisupcomingroleofnanotechnologyandtogiveanoverviewoftheareasofenvironment
wherenanotechnologyhasplayedcriticalrole,thecurrentbookislaunched.

Thebookisthemedathighlightingtheroleofnanotechnologyinenvironment.Themainobjective
ofthebookistoprovideathoroughandcomprehensivelookatthenanomaterialsandtheirimpacton
environment.TherecentadvancesinthefieldofNanotechnologyhaveshownthatthenano-adsorbents,
nano-membranes,nano-catalystsandnano-sensorsetc.caneffectivelydealwiththechallengesoftoday’s
environment.Thebookwillalsoprovidethefundamentalbasisneededforunderstandingofnanomateri-
alssynthesisandtheiruniquepropertiesandcharacterization.

Thebooktargetstheaudiencecomposedofprofessionalsandresearchersworkinginthefieldof
informationandknowledgeinfieldofnanotechnologyanditsapplicationsinenvironmentalengineering.
Moreover,thebookisagoodsourcetoprovideinsightsandsupportEnvironmentalscientists,Nano-
technologistsChemistsandEngineersconcernedandworkinginfieldofenvironmentalnanotechnology.

ORGANIZATION OF THE BOOK

Thebookisdividedintotwomainsectionsconsistingoftotal14chapters,writtenbytheauthorswho
areworkingintheirfieldofexpertisesincelongtimeandhavesufficientknow-howaboutthetopics
theycater.Thefirstsectionpresentstheunderlyingsciencebehindnanotechnology,thetoolsusedto
createandcharacterizenanostructuresandthevariousuniquepropertiesofnanomaterials.Thesecond
sectiondiscussesthecurrentandpotentialapplicationsofnanomaterialsinenvironmentalscienceand
engineering;showcasinghownanomaterialscanbetailoredtoaddresssomeoftheenvironmentalreme-
diationandsensing/detectionproblemsfacedtoday.Areascoveredincludeairandwaterremediation.
Thebookwillalsohighlightfewaspectsoftoxicologyrelatedimpactstotheenvironmentandhuman.

Thefirstchapterdealswithgeneralintroductiontothefieldofenvironmentalnanotechnologyfa-
mouslyknownasE-nano.ThreemainsubfieldsareengrossedinE-nanoi.e.Environmentalmonitoring,

xvi
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EnvironmentalremediationandPollutionprevention.Nano-sensorsplayimportantroleinenvironmental
monitoringowningtotheirhighsensitivityandlowdetectionlimits.Byuseofthesenano-sensorsit
becomesmucheasiertodetectthecontaminantslevelatmuchlowerconcentrationsandindifferent
typesofsetups.Differenttypesofnanomaterialsareusedtosynthesizethesenanosensorsandareuti-
lizedbasedontheirsensingpropertiestowardsdifferentpollutants.SecondimportantsideofE-nano
isenvironmentalremediationthatbasicallyfocusesontheclean-uptechnologiesthathelpsinremoval
ofpollutantsfromthewater,airandsoil.Inthisareatheroleofnano-adsorbentsandnano-catalystsis
highlightedinthechapterwithfocusonthreetypesofpollutantsi.e.organic,inorganicandmicrobes.
ThethirdaspectofE-nanoispollutionpreventionthatisbasicallyawaytosupportgreentechnologies
byuseofwhichthesourcesofpollutionaremitigated.Thisismadepossiblebyhavinginnovationsin
productsandprocessesaswellasenhancingenergyandresourceefficacy.Thiswasmadepossibleby
modifyingtheseaspectsintheindustrialprocessesandespeciallytheonesthatearlieronleadtogeneration
ofhugewaste.Thechapteralsofocusesonthebalancebetweenthebenefitsandrisksthisfieldcaters.

Thesecondchapterfocusesonthepropertiesofthenanomaterials.Nanomaterialshavingsmallsize
rangingfrom1-100nmandhighsurfaceareagivethempropertiesthataredifferentfromtheirbulkcoun-
terparts.Thesematerialscanshowdifferentphysicalandchemicalpropertiesthatcanbemanipulated
byincorporatingothermaterialsorbymodifyingtheirsizeandshape.Thechapterbrieflydescribesthe
electrical,magnetic,catalytic,mechanicalandbiologicalpropertiesofthenanomaterials.Thechapter
alsodiscussestheimpactsofthesepropertiesonenvironmentbyalteringthewaysthesenanomaterials
interactswiththepollutants.Furtherthesepropertiescanplaysignificantroleindecidingthefaithand
behaviorofnanomaterialsintheenvironment.

The nanomaterials are characterized by using different techniques that are overviewed in third
chapter.Owingtotheirsmallsize,thesematerialsrequirespecialinstrumentsfortheircharacterization.
Thechapterdetailsaboutthespectroscopy,X-raydiffraction,microscopy,thermalanalysis,Vibrating
samplemagnetometryetc.Spectroscopyiswidelyused todetermine thegeometry,aggregationand
surfacecompositionofthenanomaterialswhileX-raydiffractionishelpfulinanalyzingcrystallitesize,
phaseandmaterialidentification.Thetechniqueofmicroscopyincludesscanningelectronmicroscopy
(SEM),transmissionelectronmicroscopy(TEM)andatomicforcemicroscopy(AFM).Allthesemi-
croscopictechniquesusedifferentunderlyingworkingprinciplestodeterminethenanoparticleshape,
size,particlesizedistribution,composition,crystallographicinformation,thickness,phasesetc.inthe
samples.Thermalanalysistechniquesarehelpfulindeterminingthethermalstabilityofthesamplealong
withthephasetransformationsthatcanoccurasaresultofheating.Italsogivesinformationaboutthe
decomposition,dehydration,adsorption,desorptionbehaviorofthenanomaterials.Suchtechniquesare
specificallyhelpfulingettingmultipleinformationincaseofpolymericnanocomposites.Magneticprop-
ertiesofthenanomaterialsarejudgedwithhelpofVibratingsamplemagnetometergivinginformation
abouttypeofmagnetism,magnetization,remanence,coercivity,hysteresisetc.Theadsorptionbehavior
ofthenanomaterialsisstudiedbyapplyingvariouskineticmodelsthatarealsodetailedinthechapter.

Thesenanomaterialsarefabricatedorsynthesizedusingvariousapproacheslikesol-gel,chemical
vapourdeposition,ballmilling,hydrothermal,micro-emulsion,sonicationandmanymore.Onecontext
oftheenvironmentalaspectofnanotechnologyistofocusonthedesigningofnovelandnewsynthetic
approachesthathelpinpollutionpreventionbyusingprincipalsofgreenchemistry.Fourthchapterof
thisbookfocuslightonthegreensyntheticapproachesofnanomaterialsandtheneedtopromotesuch
approaches.Thesegreenmethodsareusuallybasedonutilizationofplantextractsofdifferentorigin
preparedinvariouskindsofsolventsincludingtheaqueousones.Thechapterdetailsthepreparationof
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somesilvernanoparticlesthatisthemoststudiednanoparticlebyusingthisgreenapproach.Thechapter
alsofocusesonthevarioustechniquespeculiarlyrequiredforthecharacterizationofsilvernanoparticles
preparedbygreenroutefollowedby theirdetailedapplicationoverviewinmedicine/drugdelivery,
watertreatment,agricultureandfood.Thechapteralsobrieflypointsouttheenvironmentalaspectsof
thenanoparticles.

Themembranetechnologyisoneofthepromisingtechnologiesofthenanofieldthathaveplayeda
majorroleinenvironmentalpollutioncontrol,remediationandtreatment.Thefifthchapterdealswith
nano-membranesdetailingtheirintroduction,types,syntheticapproaches,characterizationandapplications.
Thedifferentkindsofmembranesareisotropic,anisotropic,micro-porous,nonporous-dense,electrically
charged,ceramic,metalandliquid.Thesynthetictechniquesusedfortheirpreparationaremainlyfocused
onkeepingthebarrierpermselectivewhichmeansthatitrestrictsthemovementofmoleculesinitin
averyspecificmanner.Thesemembranesarecharacterizedusingtwomainapproachesi.e.staticand
dynamictechniqueswhichcanfurtherbesub-dividedintodifferentcategories.Thecharacteristictests
forthesemembranesaremostlysimilartotheonesrequiredbysimplenanomaterialsbutinadditionto
thatspecificcharacterizationtechniquesarealsorequiredtogetinsightintothepropertiesandbehavior
ofthesemembranes.Thesemembraneshavefoundampleapplicationsintheenvironmentalengineering
fieldandarefrequentlyusedinindustrialsetupstotreattheeffluents.

ThesixthchapterdealswiththeE-nanoimplicationintheairremediation.Thechaptersmoothly
runsaroundthecriteriaforairpollutantsandthewaysthatareusedtomitigatethesepollutantsfrom
theenvironment.Inthisaspectthechapterdiscussedtheroleofnanomaterialsasnano-sensors,nano-
adsorbents,nano-filters,nano-catalysts,antibacterialagentsanddendimers.Theroleofnano-sensors
likesolid-stateandgasusedtomonitorthepollutantsinairwithhighprecisionisdetailedwithrespect
totheirefficacyandtypesofmaterialsusedfordetecting.Anotherroleofnanomaterialsinairremedia-
tionisbyuseofnano-adsorbents.Theroleofdifferentnanomaterialslikecarbonnanotubesbothsingle
andmulti-walled,Fullerenes,Grapheneasnano-adsorptivematerialshasbeendiscussedforabsorbing
pollutantslikemetaloxide,volatileorganiccompoundsandmicrobes.Specialattentionisalsogivento
highlycarcinogenpollutantsremovalthatincludesmercuryandformaldehydeusingdifferentkindsof
nanomaterials.Anotheraspectofutilizationofnanotechnologyinairpollutioncontrolisthroughuseof
nano-filtersthathavebeeneffectivelydesignedforthefiltrationofparticulatematter,industrialemis-
sionsandvehicleexhausts.Thechapteralsohighlightstheuseofnano-catalystsinconvertorreactions
ofautomobilevehiclesandindustrialexhaustwhichconvertthetoxicgasestoharmlessgases.Therole
ofvariouscatalystsliketitaniumandcarbonbasednano-catalysthavebeenemphasizedwithdetails
abouttheirmodeofworkingandpracticalapplications.Theroleofthesenanomaterialsasbacterial
decontaminantisalsobeingaddressedinthischapter.

Thewaterandwastetreatmentwasalsotriedbyusingsurfacemodificationsofdifferentnanomate-
rials.Theseventhchapterofthebookdealswithdifferentwaysthatsurfacemodificationcanbemade
effectiveanditsimpactonenhancementofadsorptioncapacityofthesemodifiednanomaterials.The
varioustypesofnano-adsorbentsarediscussedthatismetaloxidebasednanomaterials,carbonbased
nanomaterials(includingcarbonnanotubes,activatedcarbon)andpolymerbasednanomaterials.There
areseveralfactorsthataffecttheadsorptionphenomenaarealsobriefedinthischapter.

Water treatment applicationsofnanomaterials arewidely studiedbyusing simple single system
basedsmallsizedparticlesaswellascomplexoneslikefunctionalizedsilicahybridsthathavebeen
discussedintheeighthchapterofthisbook.Thechapterbrieflydescribesthecomplexityandpresent
statusofwaterpollutionandprevailingcontaminantsandtheadvantagesofusingnanomaterialsfor
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waterpurification.Functionalizedsilicahybridsarechosenaspotentialnano-adsorbentsbasedonthe
ampleadvantagesofferedbysilicaandespeciallytheonesthataremesoporous.Surfacearea,particle
sizeandsurfacemorphologyareactuallybasicfeaturesofnano-sorbentsthatmakethemuniquefor
specificsorbatesandhenceowingtotheirhighadsorptioncapacityandhighcatalyticactivityaswell
theycanenjoyhighefficacybyuseoftheirmulti-actionapproachtowardsremovalofvariouskindsof
contaminants.Therearedifferentapproachestosynthesizethesematerialswhicharebrieflydiscussed
inthechapter.Thecontaminantsthathavebeenremovedbythesefunctionalizedsilicahybridsaremetal
ions,phenolsandpolycyclicAromaticHydrocarbons.Sorptionofgasmoleculelikenitrogenhavealso
beenachievedwiththehelpoftheseadvancedengineerednanomaterialsthatiscomprehensivelybeen
addressedinthechapter.

Inadditiontofunctionalizednanomaterials,magneticnanoparticlesandtheirnano-compositeshave
alsobeenwidelyusedtotreatwaterandremovecontaminantsbyprovidingadditionaladvantageofeasy
separationofthesemagneticnanomaterialsbysimpleapplicationofappliedmagneticfield.Theroleof
thesemagneticnanomaterialsinwaterandwastewatertreatmentiscomprehensivelybeenaddressedin
ninthchapterofthisbook.Thesemagneticnanomaterialsarecharacterizedbyhavingmagneticproperties
owingtopresenceofironandothermagneticallyactivemetalsmakingthesematerialspreferredoverthe
non-magneticonesasthelaterrequiredadditionalseparationtechnologiesleadingtoextracostandtime.
Thechapteralsohighlightsdifferentmethodologiesforthepreparationofthesemagneticmaterialswhich
aresol-gel,microemulsion,co-precipitation,chemicalpolymerizationandmanyothers.Thesemagnetic
nanoparticlesareeffectivelyusedfortreatmentofdyes,heavymetalsandevenmicrobes.Thetypesof
magneticmaterialsusedforeachofthecaseandtheresultingremovalcapacityisbrieflydetailedinthe
chaptergivingreadersabird-eyeviewaboutthemechanismandadvantagesofthesemagneticsystems.

Removalofheavymetalsfromwasteandwastewaterusingnanomaterialsisdiscussedintenthchapter
ofthebook.Heavymetalsareconsideredtobeoneofthemosttoxiccontaminantsthatcaneveninvery
smallamountportrayserioushealthimpactstotheaquaticfloraandfaunaaswellashuman.Hencethere
effectiveremovalfromthewaterbodiesishighlydesirableandalsoinveryhighamountsandlesstime.
Nanotechnologyhadplayedimmenseroleinthisregardandhasalwaysremainedasatopicofinterest
andattentiontotheirhighremovalrates.Thechapterbriefsaboutthesyntheticapproachesusedtopre-
parethenanomaterialsthathavebeenusedasheavymetaladsorbentsfollowedbytheircharacterization
techniques.Theheavymetalremovalwasdiscussedinrespectwithnano-adsorbents,nano-catalystsand
nano-membranes.Themergerofbiological-nanotechnologyprocessesforbetterandenhancedremoval
ofheavymetalswasalsoelaboratedinthechapter.

Theorganicpollutantsareotherhazardoussubstanceswhichhaveadverseeffectsonhumanhealthlike
dysfunctionofliver,adverseeffectsonbrain,reproductivesystem,kidneyandcentralnervoussystem.
Nanotechnologyisconsideredasoneoftheadvancedtechnologiesthatcanhelpintheremovalofthese
complexorganicmolecules.Theeleventhchapterfocusesonuseofvariousnanomaterialslikecarbon
nanotubes,grapheneoxide,metalorganic frameworks,andmetalbased.Theorganiccontaminates
removedbyusing thesenanomaterialsarepharmaceuticalproducts,dyes,phenolsetc.Thedetailed
mechanismofphotocatalyticdegradationoftheseorganicpollutantsinpresenceofphotocatalystswas
alsodiscussedinthechapter.

Thetwelfthchapterofthebookdealswithspecificapplicationsofnanomaterialspreparedbyusing
greenapproachasalreadycateredinchapterfourthofthebook.Thechaptergoessmoothlycovering
variousaspectsofthesegreensynthesizedmaterialslikedifferentsyntheticapproaches,characterization,
surfacechemistry,plantextractsused,mechanismofsynthesisandfactorseffectingthegrowthofthese
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nanoparticles.Themainfocusofthechapterwaskeptonmagnesiumandzincoxidenanoparticleand
theiruseintreatmenttechnologies.

Addressingtheirpowerdemandthroughnewandrenewablesourcescanreducedemandonthelarge
stationarypowergenerationsystemsandhelpinenvironmentsustainabilitythroughnon-renewablere-
sourcesconservation.Chapter13ofthebookisbasedonthethisaspectofenergyconsumptionthrough
useoffuelcell,whichutilizeslargerangeofhydrocarbonfuels,hasemergedasapotentialcandidate
tofulfilltheenergydemandofportableapplicationslargely.Performanceoffuelcellsdependsonthe
judiciousdesignandselectionofeffectiveandrobustmaterialslikesolidprotonexchangemembranes
(PEMs), electro-catalysts andbipolarplates.Thechapter focusesonpolymer electrolytemembrane
fuelcellanditscomparisonwithearlierdevelopedandfrequentlyusedNafionmembraneandother
commerciallyavailablemembranes.Thealternativemembranesthatwerepreparedinordertogetbet-
terpropertieswerealsodiscussed.Themembranesmadeupofinorganic-organicnanocompositethat
compriseofstablepolymericsupportdopedwithsubmicrontonano-sizedinorganicion-exchangersare
discussedincomprehensiveway.Theimpactofdifferentkindsofion-exchangersandpolymericsupport
isalsodiscussedalongwiththeirroleindefiningthepropertiesofthesemembranes.Theapplications
ofdifferentcellslikepolymerelectrolytemembranefuelcell,vanadiumredoxflowbattery,microbial
fuelcelletc.werealsodiscussedalongwithabriefnoteonchallengesforthenextgenerationfuelcell
membranes.

Thenanotechnologyhasnodoubtbestowedhumanwithmultifariousfacilitiesandhavegivenanew
revolutiontotheindustrybutthistechnologylikeallothertechnologieshascertainnegativeaspectsas-
sociatedwithit.Thelastchapteri.e.fourteenthchapterofthebookdealswiththetoxicologicalimpact
ofnanomaterialswhentheybecomepartoftheenvironmenteitherthroughfoodchainordirectcontact.
Withnanomaterialsbecominganintegralpartoftheeconomyandarelevantcomponentofconsumer
productstheidentificationofriskthesematerialscanposehencemustbeidentifiedandstudied.The
chapterdiscussesthevariousroutestoexposureofthesenanoparticlesthroughabsorptionanddistribu-
tionfollowedbytheirfateinmetabolismandexcretion.Mechanismsofactionofnanoparticlesisalso
discussedthatcanplayapivotalroleindecidingthetoxicologicalimpactandpotentialofthesesmall
particles.

CONCLUSION

Nanotechnologyhasplayedapivotalroleinrefiningtheindustryandamenitiesoflifebygivingnew
definition to the materials, their designing, processing, fabrication and even to the characterization
techniques.Thevastdomainofnanotechnologycannotbecateredinthissmallbookof14chapters
buttheeditorandauthorstriedtopresentanoverviewofthislargehorizon.Thepotentialthisfield
ofnanotechnologyhasstillnotbeingfullyexploredandthereisalotatthebottomthatstillcanbeen
discovered.Thesimplesyntheticapproachestothecomplexnoveloneshavebeenusedtoprepareand
fabricatenanomaterials.Theseapproachescanusegreenwaystopreventpollutionandthegeneration
ofwaste.Thenanotechnologyfieldhasalsoaidedintreatmentofwater,airandsoilresources.These
materialsenableeasyremovaloforganic,inorganicandbiologicalcontaminant.Theprosandconsof
everytechniqueareinthehandsofhumanandsoisthecasewiththisnanotechnology.Beingsmall
sizefacilitiestheseparticlestoshowdiversepropertiesthataredifferentfromtheirbulkcounterparts
butonotherhandthesepropertiescanresultinnegativeimpactstotheenvironmentaswellashuman.
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ABSTRACT

With the advent of industrialization, there are new technological developments going on which have 
triggered the new researches and fields. Nanotechnology is one such field that is marked as twenty-first 
century industrial revolution and led to the development of various products that have impacted life in 
almost every field. Among these fields, nanotechnology has contributed significantly to the environment 
protection and its remediation by addressing issues that have been threatening the human for long. In 
this regard, several nanomaterials have been synthesized and many more are still in pipeline. No doubt 
the field has made great contributions and has bestowed human with various amenities by enhancing 
atom efficiency, use of fewer chemicals, less energy and other resource, reduction in waste, providing 
better materials, and technology for environmental applications promising environmental sustainability, 
however there are certain negative impacts that still need to be explored.

INTRODUCTION

Nanotechnology according to American Society for Testing and Materials (ASTM) International is 
defined as “a term referring to a wide range of technologies that measure, manipulate, or incorporate 
materials and/or features with at least one dimension between approximately 1 and 100 nanometers 
(nm); such applications exploit the properties, distinct from bulk/macroscopic systems, of nanoscale 
components” (Sellers et al., 2008). Owing to the manipulation of the properties and materials the field 
offers, Nanotechnology is considered 21st century industrial revolution. The term was initiated with an 
idea of Richard Feynman and is understood as a “technology at nanoscale” (Ramsden, 2011). With its 
multidisciplinary nature the field encompasses production and development of materials at atomic and 
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molecular scales and their integration into large nanostructures. The resulting nanomaterials show dif-
ferent properties from their bulk counterpart which can be tailored as well due to their small size and 
high surface to volume ratio (Figure 1) (Karkare, 2008; Ratner et al., 2003).

The power of this small technology can be envisioned by the fact that it not only offers improved 
products but has also resulted in better manufacturing and technological processes in almost every field 
of life starting from simple house hold products to complex engineered materials (Karkare, 2008). In the 
environmental arena nanotechnology has contributed in multiplex ways and has significant impact on its 
sustainability. The chapter presents a brief overview of the role of nanotechnology in environment field.

E-NANO

According to the U.S. Environmental Protection Agency defines nanotechnology as “research and tech-
nology development at the atomic, molecular, or macromolecular levels using a length scale of approxi-
mately one to one hundred nanometers in any dimension; the creation and use of structures, devices and 
systems that have novel properties and functions because of their small size; and the ability to control 
or manipulate matter on an atomic scale” (Sellers et al., 2008; Tratnyek et al., 2006). The three major 
areas of environment in which nanotechnology plays its role are:

1.  Environmental monitoring
2.  Environmental remediation
3.  Pollution prevention

These three traits of E-Nano along with the famous kinds of nanomaterials that have really bloomed 
these aspects are briefly overviewed in Figure 2.

Figure 1. 
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Environmental Monitoring

Environmental monitoring has become much more complex in terms of quality and quantity of pollutants 
that are generated with hike in world population and rapid urbanization. The generation of toxic wastes 
is at high levels and its presence at minute levels has raised the question on current available technolo-
gies and have surged the scientists to look for more viable alternatives that can detect these pollutants 
at very small levels with high sensitivity and selectivity and in shortest possible time (Rogers, 2006). 
Nanotechnology has helped in this regard by development of several nanomaterials and hence nanosen-
sors which have the desired properties.

Nanosensors are defined as “devices having size, sensitivity and spatial distance between sensor and 
object in nanoscale”. The general attributes which help in distinguishing the nanosensors are depicted 
in Figure 3a (Khanna, 2016; Wang et al., 2015) along with the nanomaterials used to synthesize these 
sensors (Figure 3b). These nanomaterials can be in form of nano-fibers, nano-tubes, nano-belts, nano-
probes, nano-wires, nano-grains, quantum dots and thin films (Khanna, 2016). Nanosensors usually 
make use of any specific property to work on and based on these they are classified into different types 
which are given in Table 1 and the working principle of these is given in Figure 4 (Akyildiz et al., 2010; 
Khanna, 2016). Additional classes have also been described by other researchers as optical, electromag-
netic, mechanical, vibrational, magnetic, thermal and bio nanosensors (Khanna, 2016; Lim et al., 2006).

Nanosensors enjoy the special advantage in environmental monitoring as they facilitate high sensitiv-
ity, lower detection limits and real-time analysis without need to undergo extensive, tedious and lengthy 
sample preparation procedures (Long et al., 2013).

Several materials are used to prepare and fabricate nanosensors among them the few important ones 
are discussed.

Figure 2. 
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Metal Based Nanomaterials

These include metal and metal oxide based materials that have been employed in nanosensors preparation 
and have offered advantages of being low cost, better life expectancy, robust, lightweight, high sensitiv-
ity and swift response time with high accuracy for detection of toxic gases i.e. COx, NOx and NH3 (Fine 
et al., 2010). Gold NPs functionalized with fluorescent dye molecules have showed sensitivity for the 

Table 1. Classification of sensors

Class Description Function Measurand

Physical Sensor

Sensors used to measure 
physical properties like 
temperature, force, stress, 
flow, position, pressure etc.

The working principle is based on the fact that the 
electronic properties of both nanomaterials change 
when these are bent or deformed.

Mechanical, acoustic, 
thermal, radiation, 
magnetic, electric charge

Chemical Sensor

Sensors used to determine 
the nature and quantity of the 
chemical substance like gases, 
pesticides etc.

The functioning is based on the fact that the 
electronic properties of nanomaterials change when 
different types of molecules are adsorbed on top of 
them.

Identity, concentration, 
states of elements or 
compounds

Biological 
Sensor

Sensors used to monitor 
bio-molecular processes like 
antibody -antigen interaction, 
DNA interaction, protein etc.

The functioning is either based on the fact that the 
electronic properties of nanomaterials change when 
different types of biological molecules interact 
with them (electrochemical biological sensors) or 
based on the use of noble metal nanoparticles and 
the excitation using optical waves, the resonant 
frequency of the surface plasmons resulting from 
light irradiation changes when different materials 
are adsorbed on and in between the particles 
(photometric biological nanosensors).

Identity, concentration, 
states of bio molecules

Figure 3. 
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mercury ions in aqueous system. The mechanism of these is based on generation of fluorescent signals 
based on the released dye molecules from the surface of Au as they interact with the Hg at a distance 
of 10nm. Improved selectivity was achieved when the dye molecules surface was modified using thiol 
ligands. Even better approach and sensitivity for mercury in water was attained by use of un-modified 
gold nanowires (Selid et al., 2009). Colorimetric sensors of Ag or Au NPs were developed for the detec-
tion of heavy metals, radioactive metals and isomeric aromatic compounds (Su et al., 2012). The Au NP 
- enzyme complex changed color from blue to red on exposure to Pb (II) which is based on aggregation 
of Au NPs that is inhibited by presence of Pb (II) and consequently complex formation with enzyme 
(Riu et al., 2006). The Ur (VI) radionuclide had been detected in ppb levels by superparamagnetic core 
(Fe3O4) –shell (Au) magnetic NPs functionalized with organophosphorous ligand by exploiting the 
uranium natural affinity for the phosphate molecules. (Banerjee et al., 2010).

Metal oxides with their semiconducting nature have depicted variations in conductance response 
owing to their stoichiometry, defects and interacting target species. n-type materials (e.g. ZnO, SnO2) 
exhibit decrease in conductance on interaction with oxidizing gases (e.g. NO2) while the p-type materi-
als such as CuO demonstrate increase in conductance. Exposure to reducing gases (i.e. H2S, CO, H2, 
H2O vapors) impart opposite behavior in n- and p-type materials. Surface morphology has also played 
its role in defining the sensitivity of the nanosensors e.g. ZnO brushes depicted detection of ethanol 
upto 5 ppm level while the ZnO flowers can go as low as 1 ppm. Similarly, better sensing performance 
was shown by thin SnO2 nanorods in contrast to thick ones (Huang et al., 2009). SnO2 nano-ribbons, 
synthesized by thermal deposition method, have shown considerable change in electrical conductance 
with adsorption of NO2. The sensor can be cleaned up by simple application of UV light unlike SnO2 
thin films that underwent desorption at high temperatures with risk of explosion. The UV light trig-
gered the conductance to increase due to photocurrent generation and number of free carriers leading 
to photo-desorption (Law et al., 2002).

Figure 4. 
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Carbon Based Nanomaterials

Carbon-based nanomaterials usually designated as CBNs include carbon nanotubes (both single and 
double walled), carbon nanodots, graphene, fullerenes and nano-diamonds have been in spotlight due 
to their properties and have found applications in environmental monitoring in areas of heavy metals 
detection, gas molecules, pesticides etc.(Hu et al., 2017).

Among these, carbon nanotubes have gained ample attention due to their high sensitivity and ability 
to detect very minute concentration of gas molecules at room temperature (Hefzollah Mohammadian et 
al., 2013) with added advantage of low-cost, power saving, large life span and regeneration (McNicho-
las et al., 2011; Mubeen et al., 2009). The changes in transport and electronic properties is recorded 
when these CNT interact with gas molecules either directly through physio- or chemi-sorption or by 
indirect interaction through CNT bonded contaminants By altering these parameters the specificity of 
the Single-walled CNT (SWNT) can be altered and employed for the monitoring of toxic gases (Goldoni 
et al., 2003). The mode of synthesis of CNT had considerable impact on the electrical response gener-
ated on exposure to contaminant. The CNT mats fabricated by plasma enhanced CVD and the SWCNT 
synthesized by drop casting resulted in detection limits of 10 ppb NO2 at 165°C and 44 ppb NO2 at room 
temperature respectively (Zhang et al., 2008).

The electrical properties of CNTs showed enhanced sensitivity to chemical doping and transfer of 
charge owing to doping or presence of various molecules (Rogers, 2006). The decoration of SWNT 
with gold NPs have also enabled the detection of H2S (Limit of detection (LOD) 3 ppb) by triggering 
the conduction mechanism working across the nanotubes and electron exchange occurring between the 
defect sites of gold and SWNT (Mubeen et al., 2009). These Au loaded CNT are able to monitor the 
levels of both oxidizing and reducing gases at much lower level and better sensitivity as compared to 
simple CNTs by undergoing decrease and increase in electrical resistance, respectively upon exposure. 
Better mean sensitivity was observed in case of NO2, NH3 and H2S at 200°C with 5% Au loading (Penza 
et al., 2009). Similar Au-SWNT have enabled detection of Hg vapors in gas phase at even 2ppb level 
by utilization of Surface Enhanced Raman Scattering phenomena that operates through transfer of Au 
NPs electron density to SWNT on Hg exposure resulting in resistance changes and hence measurements 
(McNicholas et al., 2011). The resistance response in both the cases is found to be directly proportional 
to the size and density of Au NPs while desorption phenomena is simply affected by lowering the tem-
perature resulting in weakening the bond affinity between the contaminant and Au NPs (McNicholas et 
al., 2011; Mubeen et al., 2009). Direct label-free analyte detection was made possible by employing thin 
films of biological receptors (aptamers, antibodies and binding proteins) modified SWNT enabled the 
detection of biological contaminants (E. coli, hepatitis C virus, Aureococcus anophagefferens (algae), 
Bacillus anthracis) as well as Trinitrotoluene and organophosphate nerve agents (Sarkar et al., 2013).

Modified or unmodified SWCNT have been extensively used for the detection of volatile organic 
carbons (VOC) like nitrotoluene, toluene, ethyl acetate, ethanol, acetone, methanol, methyl ethyl ketone, 
dichloromethane, water vapor, propanol, hexane, trichloroethylene, chloroform, methane etc. (Li et al., 
2003; Lu et al., 2004; Penza, Michele et al., 2006; Shirsat et al., 2012; Tasaltin et al., 2014). Moreover, 
Multi-walled CNT (MWNTs) based sensor exhibited early response with appreciable sensitivity towards 
the detection of pesticides (0.04 ppb Dichlorvos and 0.1 ppb carbofuran) in aqueous media (Su et al., 2012).
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Environmental Remediation

Environmental remediation deals with the clean-up strategy that enables removal or degradation of pol-
lution from the water, air and soil.

Approaches to Environmental Remediation

There are two different aspects that are dealt in this area:

• Ex-situ vs. In-situ approach
• Absorptive vs. Reactive approach

A general comparison of both approaches under one roof is presented in Table 2. The basic essence 
in both the terminologies is cost-effectiveness that poses a major challenge to the current treatment 
methods available. In this context nanotechnology offers improved and energy efficient processes for 
environmental remediation. In this regard extensive work is done to reach out nanomaterials that have 
increasing ability to degrade or remove the pollutants from environment.

1. Ex-Situ and In-Situ Environmental Remediation

The former technique entails the pollutant removal from site followed by its treatment while the later 
involves treatment of pollutants on site directly (Lofrano et al., 2017; Tratnyek et al., 2006).

Ex-situ treatment can be explained in a way that it involves the pumping of the contaminated water 
from the place of its occurrence to another place like surface and then treating it at the treatment plant 
(Mulvaney, 2011). The famous example of such technique is the photo-oxidation of organic contaminants 
using semiconducting nanomaterials as this involves the illumination which is conducted in specially 
designed reactor (Tratnyek et al., 2006).

In-situ technologies incorporate one of the three ways that are illustrated in detail in Figure 5.

• The first in-situ approach is based on the construction of barrier made up of nanomaterials in-
corporated in that. This barrier is usually named as “Permeable reactive membrane” (Figure 5a).

• The second one is named as “Reactive treatment zone” which involves formation of a reactive re-
gion made by injecting the low mobility nanomaterials when flowing water comes in contact with 
this zone the clean-up phenomena takes place (Figure 5b)

Table 2. Environmental remediation approaches

In-situ Ex-situ

Adsorptive Sequestering of pollutants in-situ by addition 
of nano-adsorbents

Nano-filtration which involves removal of contaminants by 
filtration on filtration plant

Reactive Reactive degradation of organic contaminants 
on site

Photo-oxidation of organic contaminants in especially designed 
UV reactors
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• Third way is to develop “reactive nanoparticles plumes” with aid of mobile nanoparticles that 
migrate to contaminated areas and come in contact with the non-aqueous phase liquid (DNAPL) 
to ensure their clean-up as shown in Figure 5c.

The zero-valent iron are usually considered the successful candidates for in-situ treatment (Tratnyek 
et al., 2006).

Both techniques have their own pros and cons; ex-situ techniques inspite of being costly offer fast and 
timely solution to the pollution problem, on other hand in-situ approach are quite effective for long term 

Figure 5a. 

Figure 5b. 
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treatment but they usually face threats of effectiveness risk and residual liability in addition to delivery 
difficulties (Mulvaney, 2011). Another short-coming of the ex-situ methods is the generation of hazardous 
waste concentrates that need further treatment and disposal protocols to be followed (Grieger et al., 2015).

2. Absorptive vs. Reactive Approach

Absorptive remediation approach is the removal of contaminants by sequestration using different nano-
materials. On other hand reactive remediation technologies undergo degradation of contaminants to 
less benign and sometimes to completely harmless products i.e. carbon dioxide and water. The earlier 
method is usually targeted to the heavy metals removal while the later refers to organic pollutants (Trat-
nyek et al., 2006) by involvement of the different processes as depicted in Figure 6. Hence, according 
to this approach, nanomaterials can be broadly categorized as nano-adsorbent and nano-catalysts. In 
this context many nanomaterials have been prepared and checked for their efficacy for the treatment 
of pollutants in water, soil and air. These nanomaterials with large surface to volume ratio show high 
reactivity that can be utilized well in adsorption and catalyzation (Tratnyek et al., 2006). This part of 
chapter will present an overview of the developments that have been taken place over the years in the 
field of adsorption and catalysis.

Nano-Adsorbents

The simple definition of nano-adsorbents is “Nanoadsorbents are nanoscale particles from organic or 
inorganic materials that have a high affinity to adsorb substances” (Bhatnagar et al., 2014). These ma-
terials owing to their small size, high surface reactivity, porosity, high binding capacities, and regenera-
tion ability are able to adsorb variety of contaminants with different physical and chemical attributes. A 
simple layout of the potential these materials cater is presented in Table 3 which presents just few of the 
contaminants that can be removed by using nano-adsorbents. Various types of nanomaterials that can 

Figure 5c. 

 EBSCOhost - printed on 2/14/2023 11:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



10

Introduction to Environmental Nanotechnology
 

be used in this regard are given in Figure 7. The materials can be subdivided into many other types like 
metallic NPs, metallic nanoalloys, metallic oxide NPs, mixed metal oxide NPs, single, double and multi 
walled CNT, carbon NPs, carbon nandots, carbon nanosheets, metal-clay nancomposites, polymer-clay 
nanocomopsite, polymer-metal nanocomposite etc. (Khajeh et al., 2013)

Figure 6. 

Table 3. Different types of contaminants treated by using nano-adsorbents 

Chlorinated Methanes Chlorinated benzenes Trihalomethanes

Carbon tetrachloride 
Chloroform 
Dichloromethane 
Chloromethane

Hexachlorobenzene 
Pentachlorobenzene 
Tetrachlorobenzene 
Trichlorobenzene 
Dichlorobenzene 
Chlorobenzene

Bromoform 
Dibromochloromethane 
Dichlorobromomethane

Chlorinated Ethenes Polychlorinated Hydrocarbons Organic Contaminants

Tertachloroethene 
Trichloroethene 
cis-Dichloroethene
trans-Dichloroethene
1,1- Dichloroethene 
Vsinyl chloride

PCBs 
Pentachlorophenol 
Dioxins

N-nitrosodimethylamine 
TNT

Pesticides Dyes Inorganic and Heavy Metal Ions

Lindane 
DDT

Orange II 
Chrysoidine 
Tropaeolino 
Acid Orange 
Acid Red

Dichromate 
Arsenic 
Perchlorate 
Nitrate

Mercury 
Silver 
Cadmium 
Arsenic
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All these materials have been utilized in water, soil and air remediation by the exploitation of two 
main properties’ i.e.

1.  Innate Surface Properties
2.  External Functionalization

• Innate Surface Properties: These properties are basically determined by the nanomaterials’ 
composition, size and surface structure. The nature of active sites and their distribution together 
with the location of surface atoms, surface binding energy and surface chemical activity overall 
affect the adsorption potential of the nano-adsorbent.

• External Functionalization: These are the changes that are induced into the material owing to 
the functionalization induced into the material. Various functional groups are added on the surface 
as a result of that they impart several impacts to the adsorbent properties. Few of these can be 
listed in terms of enhanced adsorption capacity, changes in hydrophilicity, increased selectivity, 
resistance to agglomeration and oxidation prevention (Khajeh et al., 2013).

Nano-Catalyst

Nano-catalysts, the catalysts on nanoscale, have advantages over the traditional catalyst because of three 
attributes which are:

• High Activity: Large surface area that helps in providing more catalytic sites for enhancing reac-
tion rates.

• High Selectivity: Special tailored properties that enhance selectivity and reduction of byproducts.

Figure 7. 
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• Long Life Time: Lesser usage of catalysts lead to longer life time reducing the cost of catalysts 
and generation of waste.

Owing to last two traits, the nano-catalysts are famously known as environment catalyst. Further, 
these catalysts exhibit the properties that are in between homogeneous (catalysts existing in same phase 
as reactants; easily accessible; high surface area) and heterogeneous catalysts (catalysts existing in 
insoluble and exist as solid particles; stable; easy handling and isolation). They are divided into four 
classes i.e. Nanoparticulate, Nanoporous, Nanocrystalline and Supramolecular in broad sense (Anastas 
et al., 2012; Lofrano et al., 2017; Polshettiwar et al., 2013; Sanghi et al., 2012). Several researches based 
on applications of these nanocatalysts towards environmental remediation were done over the years and 
have shown the broad spectrum aspects of these nano-catalysts, some of these are outlined in Table 4.

Photocatalyst has received an exceptional place among the catalysts that undergo degradation of or-
ganic pollutants by getting activated in presence light. These catalysts are usually solid semiconducting 
materials having large and gap and are readily available owing to their low cost. The materials that have 
gained attention in this regard are TiO2 (Yu et al., 2007), ZnO (Hariharan, 2006), clay based nanocom-
posites (Chong et al., 2009), ZnS (Chen et al., 2010) and Graphite nanocomposites (Bai et al., 2012).

Types of Environmental Remediation

Considering the three dimensions of the environment, environmental remediation is categorized broadly 
into water, soil and air remediation (as already defined in Table 4) which will be discussed briefly in 
this chapter:

Water Remediation

Water remediation including drinking water, ground water and wastewater is one of the most researched 
areas of environmental remediation. The “pump and treat” i.e. ex-situ treatment methods have gained much 
attention in this regard and there are a number of research publications available that have reviewed the 
role of different types of nanoparticles and materials in this field. In case of on-site (in-situ) approaches 
zero-valent iron nanoparticles (nZVI) have enjoyed the attention of majority of the environmental sci-
entists (Grieger et al., 2015; Mueller et al., 2012). The plenty of contaminants have been removed from 
the drinking and wastewater by adopting absorptive and reactive approaches including heavy metals, 
organic contaminants, anionic inorganic pollutants and microbiological impurities using nanoparticles, 
nanomembanes etc. Nano-filtration has recently gained much attention owing to its effectiveness in re-
moving hardness, natural organic material, pesticides, VOCs, dyes, metals, inorganic anions and more 
over the viruses and bacteria (Van der Bruggen et al., 2003).

Soil Remediation

Soil remediation approaches are also categorized into ex-situ and in-situ and can have very strong but 
indirect influence on the groundwater quality and vice versa. Owing to this reason the soil and water 
remediation are usually dealt simultaneously (Mueller et al., 2010; Mulvaney, 2011). Most promising 
nano approach towards remediating soil is the use of zero-valent iron nanoparticles (nZVI). Several 
studies are done regarding the pesticides decontamination of soil using nZVI utilizing in-situ techniques 
mostly. Malathion degradation was found to be inversely depended on the particle size and NP dose 
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Table 4. Application of nanocatalysts towards air, water and soil remediation

Nanocatalyst Target Contaminants Reference

For Air

Metal (Cu, Co, Fe, Ni) NPs 
supported on Activated carbon

Catalytic incineration of volatile organic 
compounds (VOC) i.e. Xylene, toluene, benzene (Lu et al., 2007)

Carbon based nanocatalysts Reduction in CO2 emissions (Khavarian et al., 2013)

TiO2 Formaldehyde photocatalytic degradation indoor 
environment (Yu et al., 2007)

Ti1-x ZrxO2 Solid Solutions Photocatalytic Degradation of Acetone in Air (Yu et al., 1998)

TiO2 degradation of NOx in air (Cappelletti et al., 2008)

For water

TiO2-V and Ce 3,4-Dichloroaniline degradation (Padmini et al., 2013)

Mn/Iranian hematite Oxidation of SO2 pollutant in aqueous 
environment (Shokri et al., 2017)

nano-gold composite 4-chlorophenol degradation in water (Narayanan et al., 2011)

nZVI Ground water remediation (Lofrano et al., 2017; Tratnyek et al., 2006)

carboxymethyl cellulose stabilized 
iron NP

perchloroethylene (PCE) and trichloroethylene 
(TCE) and polychlorinated biphenyls (PCBs) 
degradation in groundwater

(He et al., 2010)

nZVI/palygorskite composite 
materials Bisphenol A degradation by advanced oxidation (Xi et al., 2014)

nZVI/Cu bimetallic nanoparticles 
with activated carbon support γ-HCH degradation in water system (Chang et al., 2011)

TiO2 Dyes degradation in water (Aarthi et al., 2007; Nagaveni et al., 2004a, 
2004b; Sivalingam et al., 2003)

nZVI Dyes degradation in water (Hoag et al., 2009)

crosslinked chitosan/nano-CdS 
composite Dye degradation in water (Zhu et al., 2009)

TiO2 Nitrobenzene degradation in water (Yang et al., 2007)

Magnesium and barium doped 
TiO2

4-chlorophenol degradation in water (Venkatachalam et al., 2007)

Sn (IV)/TiO2/AC Dye degradation in water (Sun et al., 2006)

ZnO Dye degradation in water (Jang et al., 2006; Kumar et al., 2015)

Grafted TiO2 Polystyrene degradation in water (Zan et al., 2006)

nano-TiO2 coated films Organochlorine pesticides degradation in water (Yu et al., 2007)

In Soil

nZVI Pesticides degradation in soil (El-Temsah et al., 2013; Reddy et al., 2012; 
Satapanajaru et al., 2008; Singhal et al., 2012)

nZVI Poly aromatic Hydrocarbon degradation in soil (Chang et al., 2007)

nZVI Degradation of soil-sorbed trichloroethylene (Zhang et al., 2011)

CMC-Pd/nFe 0 Pesticides in soil (Singh et al., 2013)

nZVI PCB degradation in soil (Varanasi et al., 2007)
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(Singhal et al., 2012) whereas DDT degradation rate was also impacted by mode of nZVI synthesis 
(El-Temsah et al., 2013; El-Temsah et al., 2016). Atrazine, another pesticide, was also degraded by two 
way step i.e. reductive dechlorination followed by acid hydrolysis in presence nZVI. The degradation 
was facilitated by lowering the soil pH and use of additives like sulfates of iron (II and III) and Al (III) 
and alloying with palladium (Satapanajaru et al., 2008). Similar studies have shown the potential of 
nZVI towards destruction of polychlorinated biphenyl present in soil which has shown dependence on 
mixing temperature, mixing time, NP dose, type of mixing and presence of air while no effect was im-
parted by pH, particle size and surfactant addition (Varanasi et al., 2007). Pyrene, a polycyclic aromatic 
hydrocarbon, has been degraded under ambient conditions with 62% efficacy within an hour by using 
optimized dose of 0.15 g g-1 soil (Chang et al., 2007). Moreover, the drug (ibuprofen) contaminated soil 
was successfully affected by the green synthesized nZVI. The studies also highlighted the role of soil 
composition and pH in determining the dominant mechanism of degradation i.e. aggregation, deposition 
and particle-soil interactions. Humic acid levels can change NPs’ physiochemcial properties by promot-
ing agglomeration, reducing surface reactivity by humic acid accumulation, readsorption inhibition and 
enhancing NP dissolution. The article also points out that the degradation starts at the supercritical level 
of soil and afterwards as the reaction progresses nZVI moves downwards and get oxidized by soil oxygen 
or dissolved by soil moisture hence losing their reactivity with passage of time (Machado et al., 2013).

In addition to organic decontamination of soil, nZVI have played an effective role in immobilization 
of heavy metals from soil. This in-situ immobilization of heavy metals like Pb and Zn has the advan-
tages of overcoming the transport issues of NP. Treatment of Cr and As through same approach helped 
in reducing the leaching of these metals from soil by utilization of 2% nZVI which is enhanced many 
times by synergy action of using bio compost with nZVI (Galdames et al., 2017). The importance and 
effectiveness of this technique can be well understood by considering the fact that some commercial 
products have been launched as well e.g. NanoFer 5S (i.e. nZVI), Fe-oxide (nano goethite). The former 
showed 60% decrease in Zn, Pb and Co levels in the soil leachlets and the level was also maintained to 
a constant value even after several weeks indicating reductive action of nZVI (Gonçalves, 2016).

In addition to nZVI, many other nanomaterial have also been researched for their role in soil remedia-
tion. Few of these are amphiphilic polyurethane NP for treatment of polynuclear aromatic hydrocarbon 
(phenanthrene) (Tungittiplakorn et al., 2004), alumina with 10% ferrihydate and nano carbon black for Cu 
decontamination (McBride et al., 2000; Wang et al., 2009), nano-hydroxyapatite for Cu and Pb (Zhang et 
al., 2010), magnetite NPs for phosphate immobilization and calcium peroxide NPs for absorptive removal 
of organic pollutants (gasoline, methyl tertiary butyl ether, ethylene glycol etc.) (Mueller et al., 2010).

Air Remediation

Air remediation techniques are usually defined in context with point source and non-point source. 
The former is based on the removal of targeted contaminants coming from either the cars or industrial 
stacks into harmless gases (by use of reactive approach) or restricting their release into atmosphere (by 
absorptive approach).

The exhaust nano-catalyst (named as convertor catalyst) have played a major role in catalytic abatement 
of toxic automotive exhaust which due to fuels’ combustion releases harmful gases into the atmosphere 
which include NOx, hydrocarbons (HC), CO, CO2 and SOX in addition to particulate matters (Kašpar 
et al., 2003). Among these NOx, nitric oxide (NO) which can be converted successfully to N2 by use of 
gold based nanocatalyst with the added advantage of enhanced selectivity towards Nitrogen formation, 
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resistant to changes affected by moisture and utilization of other unburnt gases (like CO, HC) in catalytic 
conversion reaction (Cortie et al., 2002). These gold based nanocatalysts are also helpful in complete 
combustion of methane by oxidative destruction (Choudhary et al., 2008). Inspite of these advantages 
these catalysts face the issues with thermal instability at high temperatures. The use of ceria-zirconium 
nanocatalyst can not only resolve the thermal stability issues in addition to offering simultaneous re-
duction of CO, NOx and HC (Masui et al., 2000). Industrial stacks polluted stream has been effectively 
decontaminated from VOCs by use of MnO2 nanofibers (Das et al., 2015). Further developments in the 
field of air nano-remediation led to development of nanostructured membranes, made up of CNT, ca-
pable of separating toxic gases like methane or CO2 from the industrial smoke stack (Kowalczyk et al., 
2008). Metallic organic frameworks, marks another class of nonporous materials that have been able to 
efficiently sorb CO2 and desorb by application of vacuum (Ondreiovic et al., 1995).

In-door or non-point source pollution has been tackled by the introduction of photocatalytic reactors, 
the active catalyst being the nanomaterials. The polluted air passes through these reactors which work 
in continuous but turbulent flow mode enabling maximum contact of the polluted air with the pores of 
membrane type filter resulting in transfer of organic pollutants to the surface of nanomaterial followed 
by their catalytic degradation (Luque et al., 2012). TiO2 in addition to CNT have been used to mitigate 
air pollutants including phenolic compounds, airborne microbes and odorous chemicals (Khin et al., 
2012). A novel development in this aspect is the self-cleaning buildings materials coated with TiO2 
nanoparticle having photocatalytic properties. These particles adsorb harmful VOC from the air and in 
presence of sunlight covert them into other less toxic degradable products. NP incorporated in paints 
and cement have shown to clean the indoor environment from various pollutants (Rickerby, 2007).

Pollution Prevention

The other terminology, pollution prevention, portrays the pathways by which pollution is not created 
in any of these three major areas: 1) Products (less toxic, less polluting), 2) processes (more efficient, 
less waste generation) and 3) energy and resource efficient (Products or processes that use less energy 
and fewer raw materials) (Sellers et al., 2008). The pollution prevention marks the “green nano vision” 
approach that will help in revolutionizing the manufacturing approaches by making them more energy 
efficient, less hazardous, use of fewer chemicals, less byproducts generation and use of less toxic chemicals.

In industrial setup the nanotechnology has paved the way towards revolutionizing in environmental 
friendly way (Elnashaie et al., 2015), few of the developments are discussed below in context to major 
fields:

1.  Chemical Manufacturing: The use of nanocatalysts in chemical reactions that enable the faster 
reactions with better product yield due their high mobilization within the reactor leading to increase 
in contact between the reactants. Further high stability of these nanocatalysts prevents frequent 
replacing of the catalysts and consequently frequent shut down of the machines that led to energy 
loses as well as time restrains (Fihri et al., 2011; Tsang et al., 2004). Magnetically active nano-
catalysts facilitates easy separation of catalyst used in various organic reactions saving extra and 
tedious process requirements that helps in saving energy (Polshettiwar et al., 2011)

2.  Petroleum Industry: The in-situ preparation of nanocatalysts helped in enhanced recovery of 
bitumen by converting it into lighter products that can be easily extracted and pumped from the 
surface. This modification in the steam-assisted gravity drainage process has not only helped in 
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cost reduction but also tackling the environmental concerns (Almao, 2012). Moreover, the major-
ity of processes in petroleum industry like separation of olefin/paraffin and light solvents, solvent 
dewaxing, recover of phenol and aromatic compounds, dehydrogenation, oxidative coupling of 
methane and steam reforming of methane have all been facilitated by use of nanomembranes that 
have advantages of high selectivity and permeability over the traditional membranes making all 
these processes cost-effective in terms of energy and material consumption (Ravanchi et al., 2009).

3.  Material Industry: Nanocomposites with improved mechanical properties including stability, 
fire resistance, scratch resistance makes them a viable alternate to conventional nanofillers as they 
can be used in small amounts to impart same effect and hence cut the cost and waste generation 
(Elnashaie et al., 2015). Self-cleaning glass made up of TiO2 NPs deposited over soda-lime glass 
substrates can degrade organic contaminants from in-door and out-door with no acid residues 
(Cedillo-González et al., 2014).

4.  Transport Industry: Use of nanosilica and CNT in tires have considerably deceased the rolling 
resistance and durability which helped in overcoming fuel losses, waste generation and raw ma-
terials excessive use (De et al., 2013; Sui et al., 2008). The nanocomposite have also resulted in 
vehicle weight reduction that reduce fuel consumption and energy saving (Watarai, 2006). More 
advancement in the field of transportation are in area of automotive catalytic converters, by the 
use of these vehicle exhaust emissions can be treated at point-of-source helping in automotive CO 
oxidation (Seyfi et al., 2009).

5.  Textile and Paint Industries: Textiles with nanocoatings that are dirt resistant or easy-to-clean 
facilitating cleaning procedures and consumption of water, chemicals and energy. Paint industry 
also boosted with nanochemistry by use of nanomaterials and nanoemulsions that lead to reduc-
tion in use of organic content and hence effective in saving the petroleum resources. Also use of 
nanoparticle can prevent the walls from microbial growth hence restricting the use of pesticides 
etc. (Li et al., 2003; Mizutani et al., 2006).

6.  Construction Industry: Construction material prepared by using nanotechnology have better 
barrier properties hence improving the buildings’ energy requirements needed for heating and 
cooling these structures (Elnashaie et al., 2015). In addition to that the buildings constructed from 
photocatalytic nanomaterials can help in environmental pollution remediation, self-cleaning and 
self-disinfecting by taking advantage of sunlight and rain water for getting activated (Chen et al., 
2009).

7.  Energy Storage: Lithium-ion batteries (LIB) consisting of CNT showed improved life span, 
enhancement in storage capacity, size reduction, less weight, reduction in material consumption, 
frequent recycling and charging and less energy losses. In case of Fuel cells (considered as alter-
nate to fossil fuels and reducing dependence on petroleum based products), super capacitors (store 
electrical energy) and solar cells better performance in terms of efficacy have been achieved by 
use nanomaterials (Cui et al., 2009; Moniz, 2010; Serrano et al., 2009; Zäch et al., 2006).

8.  Agriculture and Food Industry: The benefits of nanotechnology can be best seen in case of pest 
management that facilities better absorption capacity of pesticides by reducing their size (El-Bendary 
et al., 2013) or in total eradication of pesticide use (Rai et al., 2012) as that is a direct threat to 
environment (Miller et al., 2008). The controlled release of nutrients facilitated with nanofertilizers 
have helped in reducing the excessive use of fertilizers and hence leaching of these into the envi-
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ronment (Lateef et al., 2016). Moreover, the development of bio-degradable packaging materials 
have assisted easy degradation of plastics by micro-organisms and enzymes hence avoiding their 
piling up (Bordes et al., 2009).

E-NANO: A BALANCE BETWEEN BENEFITS AND RISKS

E-Nano – a technology that has played a pivotal role in reshaping the environmental technologies and 
concept. From the old concept where the focus was just on designing new treatment ways, E-Nano has 
stimulated the older technologies with innovative approaches by designing ways to remediate environment 
by mitigating the potential causes of pollution thereby preventing its occurrence. As every technology 
has potential benefits and risks associated with it, hence currently there is controversial aspect linked to 
the E-Nano as well in terms of NPs safety and their influence on environment itself and consequently 
on flora and fauna. This debate between positive and negative impacts is presented in Figure 8 (Bernd, 
2010; Pavličević et al., 2016).

Nanotechnology have helped in sustaining and refining the environment by designing novel and 
improved ways to enhance the quality of three elements of life i.e. water, soil and air through either prod-
uct development or process designing. The three aspects of environment sustainability i.e. monitoring, 
remediation and pollution prevention have been well catered by nanotechnology in terms of designing 
excellent sensors, adsorbents, catalysts and energy and atom efficient products and processes. Nanosen-
sors have reformed the older sensors by enhancing the sensitivity, use of less material and enabling early 
detection of contaminants. On other hand the environmental cleanup was made possible by development 
of efficient nano-catalysts and nano-adsorbents that have resulted in not only enhanced removal of the 
pollutants from the environment but have resulted in conversion of these pollutants to non-toxic products. 
Further these catalysts and adsorbents are energy-efficient as they require less stringent conditions to give 
better performance than their bulk counterparts (Philippot et al., 2012). The execution and employment 
of green principles can be seen in context of nanotechnology either in case of nanoparticles synthesis 
or facilitation in processes or product formation by use of nanomaterials, have given this technique an 

Figure 8. 
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edge over the existing technologies (Sanghi et al., 2012). Nanotechnology has also reformed the energy 
production, energy storage and energy saving by providing alternatives to current practices (Zang, 2011).

In-spite of all the benefits, the nanotechnology has always been under debate and facing the controversies 
regarding its eco-toxicological impacts. The behavior of nanomaterials in terms of their bioavailability, 
toxicity, mobility and stability has raised questions on the safe use of these materials. The inhalation 
of nanoparticles, absorption from the skin and oral intake are the areas of concern. Some studies have 
shown some potential impacts on cellular functions, DNA functioning etc. but equal number of studies 
have negated the probability of the release of nanoparticles into the environment (Bernd, 2010). The 
careful review of the NT in context with its overall impacts can be well assessed while carrying out 
full life assessment studies and careful use of the products and processes developed and used under this 
umbrella of technology.

CONCLUSION

Despite of the negative impacts associated with the nanotechnology, the field caters great potential to 
benefit the lives of humans by overflow of numerous commercial and industrial applications in almost 
every field of life; the most promising and impactful being observed in field of environments.
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ABSTRACT

The chapter provides a timely review of the various properties of nonmaterial and their applications 
into environmental compartments. An extensive variety of poisonous chemicals is discharged into the 
environment because of globalization and industrialization. The dimensional, compositional, geometric, 
and structural properties are fundamental to convey usefulness of the nanomaterials. The controlled sizes 
and shapes of nanoparticles are anticipated to yield unique catalytic, electrochemical, and photochemical 
properties. The electrochemical properties of monolayer-functional metal nanoparticles are expected to 
be controlled by the particle sizes. Metal nanomaterials have interesting optical properties due to strong 
surface plasmon absorption and field enhancement effects; metal oxides lack visible absorption due to 
very large bandgap. Nanocomposites have complex optical properties. Nanomaterials present gigantic 
advantages on diverse applications, catalysis, imaging, biotechnological, and sensor applications due 
to their improved properties.

INTRODUCTION

Nanotechnology is based on materials that fall in size range of 1-100nm.This exceptionally small size 
makes their surface to volume ratio very high which in turn is responsible for nanomaterial properties 
that are different from their bulk counterparts. By manipulating their size and shape these properties can 
be tailored and hence can be utilized for various commercial and domestic applications in different areas 
like; medical, energy resource research, agricultural and food, electronics, environmental applications etc. 
At this nano-scale the bonding is different from that of the bulk materials and so is the atom that is avail-
able on the surface to that of the one available inside the bulk. Further the differential behavior is shown 
by atoms that is present on a smooth surface to the ones available on rough surface; the ones present on 
cluster to the ones occurring on support and the atoms present in doped and pure form (Roduner, 2006).
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NANOMATERIALS’ SIZE MATTERS

Nanomaterials have large surface to volume ratio and that ratio changes dramatically as the size reduces. 
For example, when the size of iron cube reduces from 1cm3 to 10 nm3 the 10% increase in surface atoms 
is noticed; with further decrease in size to 1nm3 all the atoms present will be surface atoms only. Simi-
larly, the total surface energy hypes from 7.2 × 10-5 J/g to 560 J/g with decrease in particle side from 
0.77cm (total surface area 3.6 cm2) to 1nm (total surface area 2.8 × 107 cm2).This kind of pronounced 
impact of surface to volume ratio is held responsible for changes in physical and chemical properties of 
the nanomaterials (Cao, 2004).

These size based effects can be divided into two types:

1.  Surface effects
2.  Quantum effects

In the first case atoms at the surface have less neighboring atoms and hence less coordination number 
and consequently the bond energy per atom (cohesive energy). This is the reason of high stability of 
atoms preset in the bulk which increases with increase in coordination number and cohesive energy. The 
order of atom’ stability for a cube follows the order: corner> edge > in-plane surface > interior atoms. 
Thus, owing to highest instability of the corner atom and maximum stability of the interior atoms reverse 
order of is followed for affinity for bond formation and absorption of atoms. Same factor goes for less 
well defined phase transitions in nanomaterials having lower number of atoms in a cluster. This surface 
driven effect is responsible for variations in material’s properties like melting point, catalytic reactivity, 
adsorption capacity etc. (Roduner, 2006).

The second type of effect, quantum confinement, is based on delocalization of electron states. The 
density of states (DOS) refers to the band formed by contribution of a number of atoms and width of 
DOS is directly proportional to the number of atoms. This number amounts to the Avogadro’s number 
in case of bulk and very low in case of nanomaterials thereby reducing the DOS. All this contributes 
to modification in distance between the highest and lowest occupied levels in case of nanomaterials 
resulting in size-induced metal-insulator transitions leading to conversion of insulator to semiconductor 
to metal. This phenomenon is also responsible for change in magnetic and optical properties in case of 
nano-size materials (Roduner, 2006).

The DOS unequivocally impacts the electronic and optical properties of semiconductors and metals. 
The adjustments in DOS, alongside changes in electronic and vibrational levels, modify the properties 
of the nanomaterials. This in turn brings changes in both their dynamic and harmony properties; for 
example changes in the DOS of the electrons and phonons influence the electron–phonon coupling and 
along these lines the electronic unwinding due to electron–phonon communication.

The density of state of a diminished measurement framework additionally changes significantly with 
diminishing size. For instance, for a three-dimensional mass material, the DOS is relative to the square 
foundation of vitality E. For a system with control in one measurement (a two-dimensional material or 
quantum well), the DOS is a stage work. For frameworks with imprisonment in two measurements (a 
one-dimensional material or quantum wire), the DOS has an idiosyncrasy. For frameworks with repres-
sion in three measurements (zero-dimensional material or supposed quantum dabs, QDs), the DOS has 
the state of a δ-work (Yang et al., 2009). The adjustment in DOS in decreased measurement frameworks 
is delineated in Figure 1.
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PROPERTIES OF NANOMATERIALS

The materials at nanoscale behave differently when compared to their larger counterparts. They show 
unique physical, chemical, electronic and optical properties owing to the modification in particle size that 
ultimately impacts their behavior and interaction with the adjacent atoms. The group of nanoparticles 
can have altogether different properties as from the individual ones as a result of assembling of these 
nanoparticles in different shapes and structures. This behavior of changing and altering in properties 
hence can be exploited in multiple applications (Altavilla et al., 2016). Properties of nanomaterials are 
influenced by their chemical composition, size, geometry, crystal structure and surface properties like 
charge, organic and inorganic coating.

The excellent optical, magnetic, electrical and catalytic properties signify the profits over the macro-
scale materials, revealing the notable specific properties (Weiner et al., 2015). The physical and catalytic 
properties of the nanomaterials can be easily tuned or altered by the reduction of the spatial dimension 
or the confinement of the structures in a precise crystallographic direction. In particular, the proper-
ties of the nanomaterials are mainly associated to different origins via large fraction of surface atoms, 
large surface energy, spatial confinement, and the reduced imperfections. These can be tuned simply by 
adjusting the size, shape or extent of agglomeration (Gilroy et al., 2016). Due to the enormous fraction 
of surface atoms in the total amount of atoms, nanomaterials possess lower melting point and reduced 
lattice constants. The reduction of the materials dimension has obvious effects on the optical properties 
and the size and structure dependence can be categorized into surface plasmon resonance (SPR) and the 
quantum size effects (Plant, S. R., et al. 2014). The electrical conductivity decreases by increased surface 
scattering. The mechanism of electrical conductivity on the thin film can be extensively explained by a 
simple tunneling between localized insulating states, which imply a high resistivity at low temperatures 
(Kramer, I. J., et al. 2013). For the catalytic property of the nanomaterials, geometry, composition, oxi-

Figure 1. Illustration of change in DOS as a function of physical dimension of the system, from 3D (bulk) 
to 2D, 1D, and 0D
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dation state, and chemical/physical environment can play a vital role in determining catalytic activity 
and reactivity of the nanomaterials, while particle size and shape is an important consideration. Thus, 
the relationship between these parameters and the catalytic performance of the nanomaterials may be 
system dependent. Moreover, a systematic understanding of the factor that control catalyst reactivity 
and selectivity is a vital (Howes et al., 2014; Zhou et al., 2015).

The size based effects, as discussed earlier in the chapter, contribute to the different properties like 
physical, chemical, magnetic, electronic, optical, mechanical, thermal, biological etc. as outlined in Table 
1. Few of these are detailed as under:

Magnetism in Small Particles

Magnetic nanoparticles are of great curiosity for investigators from an eclectic range of disciplines, 
which include heterogeneous and homogenous catalysis, biomedicine, magnetic fluids, data storage 
magnetic resonance imaging (MRI), and environmental remediation such as water decontamination. 
Magnetic nanoparticles demonstrate an assortment of irregular magnetic behavior when contrasted with 
the bulk materials, mostly due to surface or interface effects, including symmetry breaking, electronic 
environment or charge transfer and magnetic interactions. The literature revealed that nanoparticles 
perform best when the size is <critical value i.e. 10–20 nm, at such low scale the magnetic properties of 
nanoparticles conquered effectively, which make these particles priceless and can be used in different 
applications. The uneven electronic distribution in nanoparticles leads to magnetic property. These proper-
ties are also dependent on the synthetic protocol and various synthetic methods such as co-precipitation, 
micro-emulsion, thermal decomposition, flame spray synthesis and solvothermal Magnetostriction, 
the procedure in which attractive material distorted because of essence of attractive field, can help in 
development of various properties in materials like nano-scale films making them useful in different 
applications which are impossible when utilizing existing bulk materials. For instance these constitute 
driving components of small scale robots, pumps, engines and so forth. These can likewise be utilized 
for attractive control of flexible properties or reliance of stress or strain on attractive porousness to create 

Table 1. Properties of nanoparticles

Types Properties

Electrical Higher electrical conductivity in ceramics and higher electric resistance in metals.

Magnetic Increased magnetic, coercivity, super paramagnetic behavior

Catalytic Higher surface to volume ratio improves catalytic efficiency

Mechanical Improved hardness of metals and alloys, super-plasticity and ductility of ceramics.

Optical Spectral shift of optical and fluorescence properties and increased quantum efficiency of 
semiconductors.

Sterical Selectivity transportation and controlled release of drugs.

Biological Biocompatibility and permeability increased through biological barriers.

Sensors Pollutants sensors that able to detect lower limits with low cost

Carbon capture Photocatalyst consisting of silica Nanosprings coated with a combination of titanium dioxide

Energy Heat distribution e.g. ceramic-like materials that provide sufficient reliability and durability of the 
entire structure
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different electronic gadgets like a resonator with attractively (Qi et al., 2016). Two main features impact 
the magnetic properties of nanoparticles: a) Finite-size effects and b) surface effects while coercivity is 
determined by spin rotation and shape anisotropy (Issa et al., 2013).

Decreasing particle size also affects magnetic behavior of the individual nanoparticles which is dif-
ferent in core and surface. Core usually exhibits magnetic behavior similar to that of bulk while owing 
to higher magnetic disorder in the surface, different types of magnetic behaviors are observed, and it’s 
the competition between surface and core that determines the ground state of particles (Blanco et al., 
2008). Interaction and size effects in magnetic nanoparticles and enhanced magnetism are observed in 
nanosized particles of famous ferromagnetic materials i.e. Fe and Co (Brechignac et al., 2008; Roduner, 
2006) Amazingly the materials those are non-magnetic in bulk state have shown tremendous magnetism 
when their particle size is reduced. The Rhodium cluster consisting of 32 atoms only showed high mag-
netic moment equivalent of 1µB/atom while that of Pd (13 atoms) exhibited magnetic moment of 0.65 
µB/atom; similar results are observed for Pt and Au clusters. This magnetic polarization was attributed to 
presence of unpaired electrons on the cluster, increase in Fermi level owing to reduction in interatomic 
distances and higher orbital overlap. A new concept of super paramagnetism is also peculiar to nanopar-
ticles that are characterized by blocking temperature that is dependent on particle size e.g. the blocking 
temperature of Co having size of 6nm is around room temperature which reduces 30K when particle size 
reaches 3nm. In case of thin films, high coercivity is shown as compared to the bulk materials e.g. in 
Fex(SiO2)1-x based thin films with x = 0.5 depicted coercivity value of 2500 Oe at 2K which magnitude 
is two order high as compared to bulk Fe (Edelstein et al., 1998).

Generally, the metallic nanoparticles have large magnetization as compared to their oxides but they 
can easily lose their magnetization due to easy oxidation of these nanoparticles (Gubin, 2009).

Another phenomenon that is peculiar of the nanomaterials is superparamagnetism – it happens that 
below a critical size the nanoparticles behave as single domain instead of the typical multi-domain. At 
this size the magnetic properties are drastically changed (Koksharov, 2009). For iron the critical size is 
20 nm (Gubin, 2009).

Optical and Electronic Properties of Small Particles

Optical properties of nanoparticles depend strongly on the size and shape e.g. bulk Au looks yellowish in 
reflected light but its thin film looks blue which changes to different tones of purple and red as particle 
size decreases. This effect is attributed to surface-plasmon resonance (“the frequency at which conduction 
electrons oscillates in response to the alternating electric field of incident electromagnetic radiation”) 
(Liz-Marzan, 2004, 26-31). For the size affects the color of CdSe-CdS core shell nanoparticles with size 
varying from 1.7 – 6nm the cooler changes from blue to red owing to the decrease in band gap (distance 
between conduction and valance band). The gold nanoparticles having size in range of 10 nm exhibit 
absorbance of green light and hence appearing red (Roduner, 2006).The shape effect is also prominent 
on absorption as well as emission properties of the material. The extreme case is nanowires (NW) that 
can be considered as a limiting case of nanoparticle in the general sense. Due to the extended dimension 
in one direction for NW or nanorod (NR) that is comparable or even longer than the wavelength of light, 
scattering becomes more significant than for nanoparticles with all three dimensions much smaller than 
the wavelength of light (Alén et al., 2001). In addition to size and shape, nature of surrounding media 
also affects the optical properties of nanoparticles as when particles are sufficiently close, interactions 
between neighboring particles come into action.
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There is a strong link between optical and electronic properties of the nanoparticles (Khan et al., 
2017). It is observed that with change in structural geometry of individual particles and aggregation the 
optical responses of metal-dielectric nano-composites change to considerably. For example the network 
of Au nanoparticles showed varied dielectric function and the electrical conductivities which strongly 
depend on of the particle size, volume fraction, and interaction among the particles (Su et al., 2009). In 
case of Ti2O3 nanoparticles the colour shift from dark brown to bluish brown was accompanied by the 
70K reduction in temperature of insulator-metal transition which was attributed to the reduction in band 
gap (Tsujimoto et al., 2015). The size related metal-to-insulator transitions also occur in nanomaterials 
that is related to the HOMO-LUMO energy difference (Bréchignac et al., 2008) as depicted in Figure 
2. (Roduner, 2006).

Mechanical Properties of Small Particles

For novel applications in many important fields such as tribology, surface engineering, nanofabrication 
and nano-manufacturing the distinct mechanical properties of nanoparticles play very important role. 
Different mechanical parameters such as elastic modulus, hardness, stress and strain, adhesion and friction 
can be surveyed to know the exact mechanical nature of nanoparticles. Beside these parameters surface 
coating, coagulation, and lubrication also aid to mechanical properties of nanoparticles. Nanoparticles 
show different mechanical properties as compared to microparticles and their bulk materials. Moreover, 
in a lubricated or greased contact, the contrast in the stiffness between nanoparticles and the contact-

Figure 2. The size related metal-to-insulator transitions occurring in nanomaterials
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ing external surface controls whether the NPs are indented into the plan surface or deformed when the 
pressure at contact is significantly large. The main applications of nanoparticles that result from their 
special mechanical properties; these applications include a lubricant with nanoparticles as additives, 
nanoparticles in nano-manufacturing and nanoparticle reinforced composite coating.

This important information could divulge how nanoparticles perform in the contact situation. De-
cent controls over mechanical features of nanoparticles and their interactions with any kind of surface 
are vital for enlightening the surface quality and elevating material removal. Fruitful outcomes in these 
fields generally need a deep insight into the basics of the mechanical properties such as elastic modulus 
and hardness, movement law, friction and interfacial adhesion and their size dependent characteristics 
(Guo et al., 2013).

Thermal Properties of Small Particles

Nanomaterials having fewer numbers of atoms don’t show well pronounced phase transitions and hence 
are no longer sharp. It is verifiable truth that metals nanoparticles have warm conductivities higher than 
those of liquids in strong shape. For instance, the warm conductivity of copper at room temperature is 
around 700 times more prominent than that of water and around 3000 times more noteworthy than that 
of motor oil. Indeed, even oxides, for example, alumina (Al2O3) have warm conductivity higher than that 
of water. In this way, the liquids containing suspended strong particles are required to show altogether 
upgraded warm conductivities in respect to those of traditional warmth exchange liquids. Nanofluids 
are created by scattering the nanometric scales strong particles into fluid, for example, water, ethylene 
glycol or oils. Nanofluids are required to display better properties relative than those of regular warmth 
exchange liquids and liquids containing tiny estimated particles. Since the warmth exchange happens 
at the surface of the particles, it is alluring to utilize the particles with vast aggregate surface zone. The 
expansive aggregate surface territory likewise expands the soundness suspension. As of late it has been 
shown that the nanofluids comprising of CuO or Al2O3 NPs in water or ethylene display propel warm 
conductivity (Cao, 2002).

Nano-solids’ melting temperature is determined by size-dependent cohesive energy. The melting point 
os nanomaterials decrease with reduction in particle size. This cohesive energy is also the basics used 
to govern nanomaterials’ melting enthalpy, melting entropy and specific heat. The studies on melting 
entropy of nanoparticle showed to have high impact with small change of nanoparticles’ size. Similar 
increase was observed in case of melting enthalpy of Ag, Cu and In spherical nanoparticles as their size 
increases. For Al and Se NPs the melting entropy as well as enthalpy varies with shape following the 
order Nanospheres < Nanowires < Nanofilms (Singh et al., 2017).

Catalytic Properties of Small Particles

As for other properties, in case of catalytic properties as well, the enhanced catalytic activities owing to 
high reactivity and better selectivity. The main contributor in this regard is considered to be size but other 
factors such as geometry, composition, oxidation state, and chemical or physical environment also play 
significant role. The famous example in this case is of gold which in bulk form is inert material but its 
nanoparticles are highly reactive. In addition to the earlier stated factors that contribute to high catalytic 
activity surface roughness of the nanoparticles and transformation between different energetically favor-
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able isomers of the clusters also contribute (Cuenya, 2010). The catalytic activity of nanoparticle is six 
times that of conventional catalysts. The iron nanoparticles showed higher selectivity towards methane 
synthesis because of their finite size (Huber, 2005).

Generally, smaller sized nanomaterials show high catalytic activity. In case of nanoclusters of gold, 
the electro-oxidation potential depends strongly on the size of cluster (Cuenya et al., 2003). The similar 
impact of size was observed for degradation of phenol and COD reduction by use of Co3O4, the order 
followed is 70 > 19 > 3.5nm (Yuming et al., 2007).

The studies on 2-propanol oxidation via Pt supported Al2O3 nanoparticles showed the control of 
catalytic properties via shape change (Mostafa et al., 2010). Another studies related to shape effect on 
catalytic activity of nanomaterials showed that rate of CO oxidation when compared to nanoparticles is 
about three times higher for nanobelts and six times higher for nanoplatelets (Zhou et al., 2006). In case 
of CeO2 different chemical reactivity is observed for nanowires, nanorods and nanoparticles; highest 
being offered by nanowires as they offer much more exposed surface area (Zhang et al., 2009). Alkyne 
coupling reactions catalyzed by copper nanoparticles and nanorods showed dependence on shape of 
catalyst as well (Wei et al., 2010).

The nanomaterials prepared with support materials have shown support dependent catalytic activ-
ity (Prieto et al., 2013). In such case two effects dominate the catalytic potential of these materials: 1) 
transfer of electron to or from support and 2) an epitaxial stress that can alter the particle structural 
attributes. The nano-gold (3nm) deposited on three different supports powders (TiO2, ZrO2 and Al2O3) 
depicted different catalytic reactivities towards CO oxidation owing to the electronic effects induced by 
interaction between gold and support particles. Similarly the metals alloyed together impart electronic 
effects in different way that contribute differently than the support type materials (Bréchignac et al., 
2008). Conducting substrate (ITO-coated glass) and semiconducting (TiO2) substrates perform better 
in respect to catalytic reactivity as compared to insulating ones (SiO2) (Cuenya, et al., 2003). Another 
studies carried out on MnOx nanoparticles as potential catalyst for CO oxidation demonstrated to depend 
on the precursor used for the synthesis. The lower catalytic reactivity was recorded by nanoparticles 
prepared by using manganese nitrate as compared to the ones prepared by manganese acetyl acetonate 
(Han et al., 2006). The synthetic approach also influence the catalytic power of the nanomaterials; the 
catalytic reforming of methane using Nickel ferrite nanocatalyst prepared by sol-gel and hydrothermal 
approach was greater than the one prepared by co-precipitation (Benrabaa et al., 2013).

Antimicrobial Properties of Small Particles

The antimicrobial activity of nanoparticles is also considered as a function of particle size. Other factors 
that aid this activity are high surface area, crystal morphologies and reactive sites. The small size has 
larger number of particles present on the surface that helps in gaining the maximum interaction of these 
atoms with the microorganism. This plus size makes these nanomaterials potent antimicrobial agents 
against many microbial strains like bacteria and fungi. The metals studied in this regard are Ag, Cu, Au, 
Al, Ti, Fe and Zn (Santos et al., 2013). The species sensitivity to the nanoparticles is sometimes traced 
to the cell wall characteristics of the microbial strains but certain other factors might also contribute 
e.g. growth rate and biofilm formation. The contributing factors in case of nano are their composition, 
surface modifications (Hajipour et al., 2012), shape (Pal et al., 2007) and size (Azam, Ahmed, Oves, 
Khan, & Memic, 2012). Silver nanoparticles having truncated shape depicted better antimicrobial activ-
ity against E. coli as compared to the ones having rod and spherical shape. In case of CuO nanoparticles 
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the particles with smaller size (4.6 nm) exhibited zone of inhibition twice as that of larger size particles 
(4.7nm) against three bacterial strains (Azam, Ahmed, Oves, Khan, & Memic, 2012). Similar size de-
pendent activity was observed in presence of visible light against broad spectrum of microorganisms 
for ZnO nanoparticles (Azam, Ahmed, Oves, Khan, Habib, & Memic, 2012).

In addition to above mentioned factors, the surfactants and polymeric materials added to enhance 
stabilization of silver nanoparticles have shown strong correlation with the antibacterial activity (Kvitek 
et al., 2008). Addition of support materials or doping with nanoparticles also enhances the antimicrobial 
activities. In case of chitosan embedded with copper nanoparticles the presence of chitosan has posi-
tive impact by impeding the bacterial growth rate (Usman et al., 2013). Further increase in activity of 
nanocomposite was achieved by increase in amount of nanoparticles doped. The reduction in MIC value 
from 1.9 to 3.9 μg/ml to 62.5 μg/ml was noticed with increase in concentration of silver in ssilver-zeolite 
nanocomposite from 1.9% to 38% Ag (Egger et al., 2009).

The mechanism of action of these nanoparticles is still not clear, but it is proposed that the nanopar-
ticles enter the bacterial cell by rupturing the cell wall which later on impact the respiratory chain and 
cell division and hence leading to cell death. (Li et al., 2010). In case of fungal activity the nanoparticles 
bind to the fungal membrane leading to formation of transmembrane pores followed by leakage of cell 
constituents that eventually result in cell death (Kim et al., 2009).

Properties of Small Particles and Environment

The properties of nanomaterials no doubt have played important role in delineating their use and ap-
plicability for different systems. These properties like size, shape, surface area, surface morphology, 
surface charge, chemical composition etc. can play significant role in deciding their faith and behavior 
in environment.

Interactions of Nanomaterials With Pollutants

It has been proposed that nanomaterials may collaborate with contaminants which may bring about 
harmful impacts on biota demonstrated the capability of nanomaterials to upgrade the lethal impacts 
of natural contaminants. Researchers reported that AgNPs produce size dependent mortality, whereas, 
interestingly but not surprisingly, the behavior of Au NPs was independent of size (Chen et al., 2006).

Furthermore, as the attributes of nanoparticles such as surface roughness, hydrophobicity, and charge 
of nanoparticles influence the phenomena of cellular uptake of nanoparticles indeed influence the toxic-
ity associated with nanoparticles.

Surface coarseness dictates the strength of nanoparticle-cell interactions and promotes cell adhesion. 
Pore structure is critical in cell-nanoparticle interactions. It has been demonstrated that size dependent 
hemolysis effect of mesoporous silica nanoparticles is only observed when the nanoparticles have long 
range ordered porous structure (De Angelis et al., 2010) showed that nanoporous silicon NPs with a 
pore size of about 2 nm do not have any toxicity in mouse-models with no histological evidence of tis-
sue pathology (Park et al., 2009) observed that luminescent porous silicon nanoparticles did not show 
any toxicity in animal models.

Studies showed that instillation of Ir192-particles of 80 nm resulted in accumulation in the rat liver 
with an extent of 0.1% of total amount, while particles of 15 nm size displayed increased accumulation 
to an extent of 0.3–0.5%. Moreover, it has been observed that when smaller particles are retained in 
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the respiratory tract for longer duration it leads to increased translocation to the pulmonary interstitium 
with impairment of alveolar macrophages function. Redistribution of NPs from their site of deposition 
or deposition into renal tissues and escape from normal phagocytic defences may also lead to toxicity 
(Kreyling et al., 2002; Seaton et al., 2005). The respiratory system represents a unique target for the 
potential toxicity of nanoparticles due to the fact that in addition to being the portal of entry for inhaled 
particles, it also receives the entire cardiac output (Ferreira et al., 2013).

Due to high surface to mass ratio natural NPs play an important role in the solid/water partitioning 
of contaminants can be absorbed to the surface of NPs, co-precipitated during the formation of natural 
NPs or trapped by aggregation of NPs which had contaminants adsorbed to their surface. The interac-
tion of contaminants with NPs is dependent on characteristics, such as size, composition, morphology, 
porosity, aggregation/disaggregation and aggregate structure. The luminophores are not safe in the 
environment and are protected from the environmental oxygen when they are doped inside the silica 
network (Santra et al., 2001).

As nanoparticles are directly related to their release in the environment. The effects of NPs have 
been described in a wide variety of organisms, such as micro-organisms protozoa, invertebrates and 
vertebrates. However, interactions of NPs with plants and other organisms that share similarities with 
plant cells, such as algae, have been poorly studied, remaining unclear the general consequences of NPs 
exposure for plant cells (Qian et al., 2013).

Vapor Pressure and Solubility

Vapor pressure and water dissolvability of traditional chemicals are utilized to anticipate air/water parcel-
ing. These properties may not be exceptionally valuable in foreseeing the degree to which nanoparticles 
may segment from water into air. Be that as it may, dissolvability of nanomaterials in water, or rather the 
rate of disintegration of nanoparticles in water is essential for an altogether unique reason. Lethal impacts 
of the nearness of nanomaterials may well outcome, at any rate to some degree, from the nearness of 
broke up species that start from disintegration of the nanomaterials. To date, it is misty to what degree 
the impacts watched can be credited to the broken down shape or to the nanoformulation the impact be-
ing a mix of part and size have proposed that phytoxicity saw on exposures to ZnO nanoparticles may 
not be ascribed exclusively to broke down zinc (Navarro et al., 2008).

Shapes of Nanoparticles

Nanomaterials are of different shapes including planes, tubes, fibers and rings. Toxicity also depends 
upon shape of nanoparticles for example carbon nanotubes, silica, allotropies, nickel, gold, and titanium 
nanomaterials. Major advancement in the understanding of interplay between particle size and shape for 
development of more efficacious nanomaterial based targeted delivery system; nevertheless, this also 
reinforced that their untoward effects should also be examined.

Surface Charge

The high surface area to volume ratio of the nanomaterials allows enhanced catalytic and sensing re-
sponse by the rapid movement of analytes through nanomaterials based electrodes or sensors. The size 
and surface area are important factors in determining toxicity of nanoparticles other factors such as 
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chemical nature of the constituents may also contribute to the intrinsic toxicity of the nanoparticles. As 
size decreases surface area increase relative to volume. Nanoparticle’s size also shows pharmacological 
behaviors. It has been observed that nanoparticles smaller than 50 nm slanting quickly to all tissues and 
pass on potentially toxic effects in various tissues. Nanoparticles greater than 50 nm are readily taken 
up by reticuloendothelial system which refrain their path to other tissues. Gold nanoparticles behavior 
is independent of size while silver nanoparticles produce size dependent mortality in the size range of 
3, 10, 50, and 100 nm.

Effect of Surface Coating and Surface Roughness

The surface properties of particles have significant role on toxicity of nanoparticles as they play a 
critical role in determining the outcome of their interaction with the cells and other biological entities. 
Surface coating can affect the cytotoxic properties of nanoparticles by changing their physicochemical 
properties such as magnetic, electric, and optical properties and chemical reactivity and can alter the 
pharmaco kinetics, distribution, accumulation, and toxicity of nanoparticles. In general, surface coating 
can mitigate or eliminate the adverse effects of nanoparticles. In particular, proper surface coating can 
lead to stabilization of nanoparticles as well as elude release of toxic ions from nanomaterials. Moreover, 
it has also been demonstrated that spherical gold nanoparticles with various surface coatings have been 
found to be nontoxic to human cells.

Effect of Solvents

Medium/solvent conditions have been known to affect particle dispersion and agglomeration state of 
nanoparticles, which in turn have effect on their particle size, thereby influencing the toxicity associated 
with nanoparticles. It has been observed that particles of TiO2, ZnO, or carbon black have significantly 
greater size in PBS than in water; moreover, it is also in general consensus that nanoparticles display 
different diameters in biological environment. Accordingly, the toxic effects of nanoparticles show varia-
tion depending upon the medium composition in which the nanoparticles are suspended. Although, the 
dispersing agent may improve the physicochemical and solution properties of nanomaterials formula-
tions, they may also adversely affect the toxicity of nanomaterials.

CONCLUSION

Nanotechnology is arising field with multiple potentialities and applications. Nanotechnology is being 
envisaged as burgeoning field with many potential human health benefits and with rapid upsurge in the 
field, it becomes increasingly imperative to evaluate the toxicities issues associated with these nanomaterial 
based products. The increasing area of engineered nanoparticles in industrial and household applications 
leads to the release of such materials into the environment. Assessing the risk of these nanoparticles in 
the environment requires on understanding of their mobility, reactivity, Eco toxicity and persistency.

Physicochemical properties such as size, surface area, surface chemistry, surface roughness, disper-
sion medium, and ability to agglomerate play vital role in determining their toxicity. With newer nano-
materials based products being introduced in the market on daily bases, there is urgent need to reduce 
the knowledge gap between the physicochemical properties and their influence on the manifestation of 
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toxicities issues. This will certainly pave ways towards maneuvering these physicochemical properties for 
their safer implementation in diverse fields. In this review, we presented a review about NPs properties. 
It was revealed that NPs have size ranges from a few nanometers to 500 nm. Due to their tiny size, NPs 
have large surface area, which make them suitable candidate for various applications. Beside this, the 
optical properties are also dominant at that size, which further increase the importance of these materials 
in photocatalytic applications. Synthetic techniques can be useful to control the specific morphology, 
size and magnetic properties of NPs. Though NPs are useful for many applications, but still there are 
some health hazard concerns due to their uncontrollable use and discharge to natural environment, which 
should be consider for make the use of NPs more convenient and environmental friendly. Nanoparticles 
also have different toxicity profiles. Nanoparticles have always been present in the environment, with the 
increase of NPs industry and multiple applications more information is needed regarding the potential 
impacts that NPs release may have on environmental and animals’ health. The uptake, bioaccumulation, 
biotransformation, and risks for food crops are still not well understood. The possible biomagnification 
in the food chain is also unknown.

SOLUTIONS AND RECOMMENDATIONS

More importantly environmental issued should be taken into account before using these materials for 
any applications, especially in case of heavy metals, which are prone to environmental hazards and can 
also affect the livings as well. For future work it is suggested that different reaction parameters such as 
temperature, pressure, time, and pH. play important role in controlling the shape and morphology of the 
nanoparticles, so that should be optimize for achieving specific characteristic product. Beside this for 
good implications and properties study specific characterization techniques should be used.
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ABSTRACT

This chapter provides a general introduction to the new learners in the field of the synthesis and char-
acterization of nanoparticles. The people who are familiar with this field but are unable to interpret 
the data will learn how to interpret from various data available. Keeping in the mind the usefulness of 
numerical data, this chapter includes a number of tables and graphs for the help and easy understand-
ing of the students.

CHARACTERIZATION OF NANOMATERIALS

Nanotechnology is an emerging interdisciplinary area with wide application in all fields of science 
and technology. The basic of nanotechnology lies with the fact that with decrease in the particle size to 
nanometer range the properties of the materials changes noticeably (Joshi et al., 2008). But measuring 
the particle size is not a very easy task and they are posing challenges to the scientists working in this 
field. Thus, the discovery of various sophisticated nano characterization techniques has helped in better 
control of the size, morphology of the materials in nano range.

There are various characterization techniques; some of them are surface area analyzer, characteriza-
tion by spectroscopy, characterization by X-Ray, characterization by microscopy, thermal analyzer and 
magnetic property analyzer.

Nanomaterial Characterization by Spectroscopy

Use of spectroscopic methods for the characterization began in late 1950s. These methods can provide 
information about the chemical nature of the surfaces as well as help in determining their concentration. 
Sometimes it is seen that the chemical nature of the surface of a solid is different from the interior of the 
solid. So, one shouldn’t focus completely on the interior bulk composition, because the composition of 
the surface layer may be more important.

Characterization of 
Nanomaterials

Mintu Maan Dutta
Gauhati University, India
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Ultraviolet and Visible Radiation (UV-Vis)

Principle

Ultraviolet-Visible spectroscopy works with the principle of Beer Lambert’s law.
“When a beam of monochromatic light is passed through a solution of an absorbing substance, the 

rate of decrease of intensity of radiation with thickness of the absorbing solution is proportional to the 
incident radiation as well as the concentration of the solution.”

The expression of Beer-Lambert law is- A = log (I0/I) = Ɛcl
Where, A = absorbance, I0 = intensity of light incident upon sample cell, I = intensity of light leaving 

sample cell, C = molar concentration of solute, L = length of sample cell (cm.), Ɛ= molar absorptivity
Ultraviolet light: wavelengths in the range of 190 and 400 nm, Visible light: wavelengths in the range 

of 400 and 800 nm

• Light Source

Tungsten filament lamps: Rich in red radiations, emit the radiations of 375 nm.
Hydrogen-Deuterium: Emits the radiations below 375 nm
Ultraviolet-Visible (UV-Vis) spectroscopy is a characterization technique that is used to quantify the 

amount of light that is absorbed and scattered by a sample. Absorption is associated with the excitation 
of electrons from lower to higher energy levels. The Double beam UV-Vis spectrophotometer is shown 
in figure 1.

Working

The cell holding the sample is transparent, and is usually made up of quartz or fused silica. The thickness 
of cell is usually 1 cm. Cell containing the sample is placed between a light source and a photo detector 
(figure 1), and the intensity of a beam of light is measured before and after passing through the sample 
based on Beer- Lamberts law.

Figure 1. 
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1.  UV-Vis Spectroscopy is Used to Predict Nanoparticles Geometry

Figure 2 below shows that the UV-Vis absorbance spectrum is highly dependent nanoparticles geom-
etry (Moddy, 2015). Two spectra differ in their shapes despite of the two types of nanoparticles being 
composed of the same material and having similar dimensions.

2.  UV-Vis Spectroscopy is Used to Determine Nanoparticles Aggregation States

When nanoparticles are close to each other, their Plasmon’s couple, which affects their LSPR 
(localized surface Plasmon resonance) and thus absorption of light takes place. Dimerization of nano-
spheres causes a “red shift,” i.e. a shift towards longer wavelengths. Unlike dimerization, aggregation of 
nanoparticles causes a decrease in the intensity of the peak absorbance without shifting the wavelength 
at which the peak occurs (λmax). Figure 3 (A) illustrates the UV-Vis. absorbance spectrum of 50 nm 
gold nanosphere dimers with a reference spectrum of single gold nanospheres (Moddy, 2015) and (B) 
illustrates the increase in nanoparticles aggregation with increased salt concentrations based on the 
decreased absorbance peak intensity.

3.  UV-Vis Spectroscopy is Used to Determine Nanoparticle Surface Composition

The UV-Vis absorbance spectrum of noble metal nanoparticles is highly influenced by the environ-
ment surrounding the nanoparticles. Because of this, shifts in λmax are observed and can be used to detect 
changes in the surface composition of the nanoparticles. Figure 4 shows the red shift in the λmax of the 
UV-Visible absorbance spectrum. It is due to the addition of human serum albumin protein. It indicates 
that the protein is binding to the surface of the nanoparticles.

Figure 2. 
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X-Ray Diffraction (XRD)

Introduction

Powder XRD is an analytical technique that uses finely ground, homogenized material to explain the 
crystalline nature of the materials. It can also provide information regarding unit cell dimensions of the 
materials.

Principle

In 1912, Max Von Laue discovered that crystals could be used as diffraction gratings for X-rays. Thus 
the diffraction pattern has been used for the study of crystal structure. Crystals are formed as a result of 

Figure 3. 

Figure 4. 
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regular arrangement of atoms and X-rays are considered as electromagnetic radiation. Diffraction occurs 
when X-rays are scattered by the atoms with long range order, thus X-Ray striking an atom’s electron 
produces secondary wave from the electron. This phenomenon is referred to as elastic scattering. This 
produces constructive interferences at some specified angles. This is determined by Bragg’s Law:

nλ= 2dsinθ 

Where d= spacing between two diffracting planes, θ= incident angle, n= any integer, λ= wavelength 
of the incident X-ray

The atoms in crystals diffract X-ray only when the incident wavelength overcomes the distance be-
tween atoms. These diffracted X-rays are detected and proper study of the diffraction pattern gives all 
the information regarding the atomic arrangement of the powdered material. Diffraction pattern can be 
converted to d-spacing via. mathematical calculation and it allows identifying the mineral by compar-
ing the d-spacing with the standard pattern as available in XRD data base (JCPDS). Significant peak in 
the diffraction pattern is not observed in case of amorphous materials like glass because the periodic 
arrangement of the atoms is of short-range order.

Information in a Diffraction Pattern

• Peak Position: It describes about the translational symmetry i.e., most precisely the shape and 
size of the unit cell.

• Peak Intensities: Gives information about the position of atoms.
• Peak Shape & Width: Gives information about the particle size using Sherrer formula (FWHM). 

It also describes the deviation from the perfect crystal.

Figure 5. A PXRD (Bruker D8 Advance) showing the goniometer and its drives inside the cabinet 
(Chauhan & Chauhan, 2014)
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1. Steps for Mathematical Calculation

1.  Identify the peak (2θ) values from the XRD data.
2.  Obtain the θ values from 2θ, determine the value for Sin2θ.
3.  Calculate the ratio of Sin2θ/ Sin2θmin and multiply with appropriate integers.
4.  Round off the ratio to the nearest integer that yields the value for h2+k2+l2.
5.  Identify the Bravais lattice. Eg: For BCC: 2,4,6,8……, For Primitive: 1,2,3,4,5,6,8,9,10,11,12…….., 

For FCC: 3, 4,8, 11, 12, 16, 19, 20…….
6.  Determine the lattice parameter (hkl).

2. Qualitative Analysis

Diffraction pattern of known samples are maintained by database known as ICDD (International Centre 
for Diffraction Data), this are easily available online www.icdd.com. The diffraction data obtained for the 
sample can be matched with the diffraction pattern of the known samples. Presently there are 115,000 
pattern of which 95, 000 are Inorganic compounds and 20,000 are organic compounds.

a. XRD Crystallite Size Calculator

Using Scherer formula XRD data can be interpreted and one can calculate the crystallite size:

Table 1. Allowed list of h2+k2+l2 for cubic crystals

Forbidden Numbers Primitive, P Face Centered, F Body Centered, B Corresponding hkl

1 100

2 2 110

3 3 111

4 4 4 200

5 210

6 6 211

7

8 8 8 220

9 221,300

10 10 310

11 11 311

12 12 12 222

13 320

14 14 321

15

16 16 16 400
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Dp = Kλ/β1/2Cosθ 

Where Dp = Average crystallite size, β = Line broadening in radians (FWHM- Full Width Half 
Maximum)

K =Shape factor 

– 0.94 (for FWHM of spherical crystallites with cubic symmetry)
– 0.89 (for integral breadth of spherical crystallites with cubic symmetry)

λ = X-ray wavelength. (For Cu anode λ = 1.54056 Å) 

For the above XRD data, if we calculate the Average crystallite size, it would be as follows:

For peak at 2θ= 29.567 o, β1/2 = 0.06 o, Cos 29.567 o = 0.8697
Thus, Dp = 1.44812/0.052182 = 27.75 Å = 2.75 nm
For peak at 2θ= 42.2309 o, β1/2 = 0.05 o, Cos 42.2309 o = 0.7404
Thus Dp = 1.44812/0.03702 = 39.117 Å = 3.91 nm
For peak at 2θ= 49.96454 o, β1/2 = 0.05 o, Cos 49.96454 o = 0.64326
Thus Dp = 1.44812/0.03216 = 45.024 Å = 4.50 nm

Mean of the three crystallite gives the Avaerage crystallite size = (2.75 + 3.91 + 4.50)/3 = 3.72 nm
The crystallite size may in size in few Å over the range of 25 to 90o.

b. Strengths of XRD

a.  Sample analysis time is < 20 minutes.
b.  Data interpretation is quite simple.
c.  Sample preparation time is minimum.
d.  Non-destructive sample.

c. Limitations of XRD

1.  This techniques best suits for homogeneous and single phase materials.
2.  The data must be matched with the standard references to draw an inference.
3.  For non-isometric crystal system indexing (i.e. unit cell determination) is complicated.
4.  In case of high angle reflection, peak may overlap.

d. Application of PXRD in Science

Most important application includes the identification of unknown crystalline materials. It has wide 
application in several branches of science such as geology, material science, engineering and biology.
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1.  PXRD is the basic tool for differentiating the crystalline compounds (metal salt sample) from 
semi-crystalline (polymer E.g.: cotton) and amorphous compounds (phenol formaldehyde complex 
resin).

Figure 6 (a), (b) Contains three XRD plots: First shows a narrow, sharp, and significant peaks that are 
obtained for crystalline compounds, whereas amorphous compounds and semi-crystalline compounds 
does not give significant peaks rather they look like noise signals and shows broad peaks respectively 
(Chauhan & Chauhan, 2014).

Figure 6. 
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2.  PXRD in Nano and Material science

PXRD makes an important distinction between particle and crystal size, particles are made of a large 
number of small crystallites. Thus PXRD can measure millions of crystals that are distributed uniformly 
in the nanomaterial and accurately determine the size. Determination of the particle size is done using 
Scherer equation.

3.  Crystal structure determination using Lattice parameters:

XRD diffraction pattern gives information about lattice parameters. Position of the diffraction peaks 
helps in determining the shape and size of the unit cell, peaks also refers to the lattice plane and they are 
characterized by Miller indices. These are done via. Mathematical calculation that are explained previously.

4.  In Pharmaceutical industry

PXRD plays a major role in drug development, testing and production.

5.  In Glass industry

Diffraction pattern of glass does not contain any significant peaks as it is amorphous in nature. It 
helps in the identification of crystalline particles that create defects in glass.

6.  In Mineral exploration:

Geological science used PXRD for mineral exploration. Every mineral explored are identified by its 
unique diffraction pattern.

7.  Variable temperature and Relative humidity study:

A compound analyzed under various temperature helps to study the Crystallinity as a function of 
temperature. Several times polymorph interconversion is observed.

It is seen that most of the inorganic metal salts contain water of hydration in non-stoicheometric ratio 
within the crystal lattice. Thus PXRD helps to study the amount of water present as a function of relative 
humidity in the environment of sample.

Nanomaterial Characterization by Microscopy

In many fields of science and technology such as chemistry, material science, geology, biology etc. deals 
with the detailed knowledge of the physical nature of the solid. Thus the use of microscopic methods 
for the characterization came into existence. Classical methods made use of the optical microscope for 
obtaining the information but they are limited to the micron level materials with reasonable resolu-
tions. Hence, some new imaging techniques such as scanning electron microscope (SEM), transmission 
electron microscope (TEM), atomic force microscopy (AFM) has been developed. These methods can 
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observe the materials up to sub micron size. Thus nanomaterials can be observed through this imaging 
techniques which was not possible with the human eye and optical microscope.

Transmission Electron Microscope (TEM)

Introduction

The microscopic technique uses a beam of electron at 100-400kv accelerating voltage that is transmitted 
through an ultra- thin specimen, thereby interacting with the sample which is immersed in the objective 
lens of microscope. An image is formed as a result of interaction of transmitted electron and diffracted 
electron that are recombined by the objective lens to form the image (diffraction pattern). The image is 
magnified and focused onto a fluorescent screen for observation.

Principle

Electron possess a wave like character. Electrons emitted into vaccum from a heated filament with 
increased accelerating potential will have small wavelength. Such higher energy electron can penetrate 
distances of several microns into a solid. If these transmitted electrons could be focused-images with 
better resolution may be obtained. Focusing is dependent on the fact that electron behave as negatively 
charged particles and are therefore deflected by electric or magnetic field.

Properties of Electron

Based on de-Broglie’s idea we can relate the particle momentum p, with its wavelength λ, and it given 
by the equation (Shmeliov): λ = h/p

Electrons are accelerated by potential E, thus kinetic energy eE = 1/2mov2 with momentum p = 
mov=√(2moeE). Substituting the value of λ = h/√(2moeE).

Thus including relavistics effects, the above equation can be written as: λ = h/√(2moeE)(1+Ee/2moC2)
Thus by increasing the acceleration voltage, the wavelength of the electron decreases, thereby in-

creasing the resolution.
From Table 2 it is clear that when the electrons are at a accelerating potential of 300 keV have a 

wavelength of ~2pm and have a diffraction limited resolution of ~1pm.

• Source Information: There are two types of emission sources (Langfeldt):
 ◦ Thermionic Source: The therminonic emission sources most commonly a tungsten filament 

(or) a lanthanum hexaboride (LaB6).

Table 2. 

E(keV) λ Relativistic (pm)

50 5.36

80 4.18

100 3.70

200 2.51

300 1.97
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 ▪ Tungsten Filament: It looks like either a hairpin- style filament (or) a small spike-
shape filament.

 ▪ Lab6 Source: It utilizes small single crystals.
 ◦ Field Emission Source: The field emission sources most commonly a tungsten filament and 

a ZnO/W. The gun begins to emit electron by thermionic (or) field electron emission into the 
vaccum once the gun are connected to a high voltage source (typically 100-400kv)

• Scattering Cross Section From the Specimen

Total scattering is given by number of scattering taking place per unit distance after the electron 
travels through the specimen.

σtotal = Nσatom= N0σatomϱ/A 

N= atoms/ unit volume, N0=Avogadros number, ϱ= density of specimen, A= atomic weight of scat-
tering atom, A specimen with thickness ‘t’, the above equation is modified as:

tσtotal = Nσatom= N0σatomϱt/A 

Diffraction

Figure 7. Shows the TEM image for polycrystalline thin films/ amorphous solid material which produces 
an image with a series of rings, whereas in case of single crystal thin films, image consists of a pattern 
of dots that is shown in Figure 7 (a).

The images obtained provide the user with information about the space group symmetries in the 
crystal. This is done by utilizing information of the observed image symmetry at which the diffraction 
spots appear.

Figure 7. 
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1.  Indexing Diffraction Pattern

Diffraction data from TEM analysis are determined using near plane-sections through diffraction 
space. The angle formed between the transmitted and diffracted beams gives the magnitude of the dif-
fraction vector (Δk). Two degree of freedom were previously required for obtaining diffraction pattern 
that were obtained with a double-slit specimen holder, where the two tilt axes lie perpendicular to each 
other. Modern Transmission electron microscope uses SAED and CBED method for obtaining the 
diffraction pattern. Single crystal diffraction spot obtained can be highly symmetrical when they are 
oriented along zone axis.

2.  SAED (Selected Area Electron Diffraction)

To obtain SAED pattern in a two-lens TEM. The intermediate lens is focused to the back focal plane 
of the objective lens. Transmitted beam and the diffracted beams are viewedon screen. Selected area 
aperture can be placed in the image plane of the objective lens and the diffraction pattern of the selected 
area of the specimen can be obtained. SAED is generally performed on region as small as micrometer 
in diameter.

3.  CBED (Convergent Beam Electron Diffraction)

To obtain selected area diffraction pattern for smaller region, as small as 1nm probe technique i.e. 
CBED is used.

Indexing Rules

1.  For indexing we have to first identify the transmitted beam i.e. (000) diffraction spot. Diffraction 
spot is the brightest spot at the center of the diffraction pattern.

2.  Thereafter we have to index two non collinear diffraction spot near the brightest spot.
3.  After we get two vector, we can make linear combination of it to determine the position and miller 

indices of all the other neighboring spots. To complete the indexing, we have to specify the zone 
axis. Most commonly the zone axis points towards the electron gun.

4.  4.  Indexing involves measuring the distance between diffraction spots and angle between two spots 
and comparing it with geometrical calculation of the distances and angle. From camera equation 
rd= λL. It is used to measure the distance ‘r’ of diffraction spot from transmitted beam (bright spot)

R= λL/a √(h2+k2+l2) 

5.  Initially we measure the vertical and horizontal distances between spots near to the diffraction 
spot, as reference distance. (say 0.65 and 1.10nm). We then find the ratio of √(h2+k2+l2) from the 
allowed (hkl) values of the FCC crystal structure. Eg: 0.65/1.10= 0.591 By trial and error method 
we can find the value that matches with the above calculated ratio.

Transmission electron microscopy (TEM) is the first method used to determine the size and particle size 
distribution of nanoparticles samples. Once a representative group of TEM images is obtained, the next 
important task is to count particles as many as possible, ideally a few thousand, so that good statistics 
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on the size and size distribution present can be obtained. This counting step can be either by eye and by 
hand” method, those are common in the literature. It has several problems, as such these methods are 
tedious and often result in a few hundred or fewer particles being counted, and hence yield poor statistics.

To overcome those drawbacks, computer image processing methods are of great interest for count-
ing a relatively large number of particles, with high accuracy as possible (Woehrle, 2006). This image 
processing need is recognized in a report on commercial software for nanoparticles counting. Some 
commercial software packages that have been used for this purpose, such as SPIP (Image Metrology 
ApS), LUCIA (Laboratory Imaging) and KONTRON KS 400 (Zeiss-Kontron). Amongst other readily 
available, free, public-domain program for particle counting includes NIH-Image (and 2 others derived 
from it, Scion Image and Image J).

Limitations

1.  This microscope is very large and expensive.
2.  Samples are limited to those that are electron transparent, able to tolerate the vaccum chamber and 

small enough to fit in the chamber.
3.  Sampling is done for a very small area of the specimen.
4.  TEM images represent 2D projection of a 3D specimen.

Advantages

1.  It offers the most powerful magnifications with value ranging over one million times or more.
2.  It has wide applications in various scientific, educational and industrial fields.
3.  Provides information about chemical composition, crystal structure (symmetry, unit cell parameters).
4.  Atomically resolved imaging about the structure, surface, interfaces, defects.
5.  Provides information about the structural order i.e. crystalline, semi-crystalline or amorphous.

Table 3. FCC lattice plane and their interplanar spacings

hkl √(h2+k2+l2) Relative Spacing

(111) √3 1.732

(200) √4 2.000

(220) √8 2.828

(311) √11 3.316

(222) √12 3.464

(400) √16 4.000

(331) √19 4.358

(420) √20 4.472

(422) √24 4.898

For (hkl)= (111)= √3 ; (hkl)= (220)= √8, thus √3/√8=0.61
(hkl)=(200)= √4 ; (hkl)= (311)= √11, thus √4/√11=0.60
(hkl) = (200)= √4 ; (hkl)= (222)= √12, thus √4/√12=0.58
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Application of TEM

1.  Conventional TEM

In the determination of microstructure, morphology, phase distribution and types of defects.

2.  Analytical TEM

In the determination of chemical composition of the specimen – EDX (Energy Dispersive X-ray 
analysis), EELS (Electron Energy Loss spectrometry), ELNES, EXELFS.

3.  High Resolution TEM

Lattice imaging, structural order of complex material (crystalline, polycrystalline or amorphous).
Thus, Transmission Electron Microscopy (TEM) is a very important characterization instrument 

for directly imaging nanomaterials to obtain quantitative measures of particle and/or grain size, size 
distribution, and morphology.

Scanning Electron Microscope (SEM)

In these days SEM has become one of the most widely used instruments in the field of material science 
and fabrication plants. SEM provides information related to morphology, compositional differences, 
topographical features, crystal structure and many more. A Scanning Electron Microscope is a type of 
electron microscope that produces image of a sample by scanning it with a focused high energy beam 
of electrons in a raster scan pattern. The electrons interact with atoms in the sample, thereby producing 
various signals that can be detected and that contain information about the sample’s surface topography 
and composition. The most common SEM mode is detection of secondary electron emitted by atoms 
excited by the electron beam. The number of secondary electron (SE) depends on the angle at which 
beam meets the surface of the specimen. By scanning the sample and collecting the SE with a special 
detector, an image is obtained that displays the topography of the surface. SEM is able to determine the 
elemental composition of a species with the addition of X-ray (commonly known as Energy Dispersive 
Spectrometry).

The sole purpose of the lens in the SEM is to demagnify and focus the electron beam towards the 
sample surface, which give rises to two major benefits:

• Increase in the range of magnification
• Increase in depth of field in the image.

The SEM has around 300 times more depth of field than the light microscope. It is due to the use of 
a very narrow beam of electron and a large amount of sample can be focused at one time that gives a 
characteristic 3D-view of the sample.
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Characteristics That Can Be Analyzed on SEM

1.  Topography: Describes about the surface property of the sample i.e. how it looks, its texture.
2.  Morphology: Describes the shape and size of the particles that the specimen/sample is made up 

of.
3.  Composition: Able to determine the elements and compounds that are present in the sample.
4.  Crystallographic Information: Describes the arrangement of atoms making up the object.

Principle and Capacities

• Data Analysis and Interpretation

For the complete interpretation of geometry of probe, specimen and detector are extremely important.
The signals produced by SEM includes the secondary electron (SE), back scattered electron (BSE), 

characteristic X-rays, cathode luminescence (CL), specimen current and transmitted electron. Thus SE 
provides information on surface morphology. When the probe is at different angles with respect to the 
sample surface different brightness levels are observed. Holes remain dark while the raised area appears 
brighter.

 ◦ Back Scattered Electron: These are the beam of electron that is reflected from the sample 
by elastic scattering. Theses electrons can give information about the distribution of various 
elements in the sample. The area with higher average atomic number produces more BSE’s. 
Thus they appear brighter. Samples that exhibit multiple phases may exhibit contrast because 
of their different crystal orientation or magnetic domain.

• Sample Preparation Steps
 ◦ Cleaning the Surface of Specimen: Proper cleaning of the surface of sample so as to re-

move the unwanted deposits, dusts, silt or other contaminants depending upon the type of 
specimen.

 ◦ Stabilizing the Specimen: Fixatives are used as stabilizers. Common fixatives includes al-
dehydes, osmium tetroxide, tannic acid etc and it is achieved via. Perfusion and microinjec-
tion, immersions or vapors.

 ◦ Rinsing the Specimen: Rinsing is done, so as to remove the excess fixative.
 ◦ Dehydrating the Specimen: Dehydration to be performed very careful (especially for bio-

logical sample) using acetone or ethanol.
 ◦ Drying the Specimen: As the SEM operates with high vaccum, it needs the sample to be 

dried, otherwise the sample may be destroyed inside the electron microscope chamber.
 ◦ Coating the Specimen: Coating is done using a conductive metal (usually gold, palladium 

or platinum) so that to increase the conductivity in SEM and to prevent high voltage charges 
on the sample by transferring the charge to ground. Coating is usually 20 to 30nm thick.

 ◦ Mounting the Specimen: After following the above steps, the specimen must be mounted 
on a holder usually aluminum stubs using a double-sticky tape. Then it is mounted on a 
holder that is inserted into the electron microscope.
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• Charging and its Influence

The incoming electron to the sample/specimen loses their energy and gets absorbed in the speci-
men. If the specimen is conductive the electron flow through the specimen stage takes place, however 
if the specimen is non-conductive, the electron stops in the specimen, and results in charging. Charging 
causes the image to distort i.e. once the charging occurs, the electron probe that scans over the speci-
men is deflected by a repulsive force from a charged potential, resulting in the shift in the position of 
the electron probe.

• How to Prevent Charging

Conductive coating over the sample surface helps to prevent charging. In this method a highly con-
ductive thin material is coated over the non conductive sample. Then the sample is subjected to Ion 
sputtering and vaccum evaporation. Most commonly noble metal is used for coating, it is because they 
are highly stable and its secondary electron yield is considerably high.

• Electron Guns
 ◦ Thermionic Guns: Thermo electrons are emitted from a filament (cathode) made up of thin 

tungsten wire (about 0.1mm) by heating the filament at high temperature (about 2800 K). 
These thermo electrons are gathered as an electron beam flowing into the metal plate (anode) 
by applying a positive voltage (1 to 30kv) to the anode.

 ◦ Field Emission Guns: A strong electric field is created to pull the electron away from the 
atoms to which they were associated with. Field emission electron guns are also called as 
Schottky-emission electron gun.

• Vaccum System

The electron optical system and the specimen chamber operates at a high vaccum, thus a high vac-
cum of 10-3 to 10-4 Pa is essential. Thus, these components are evacuated generally by a diffusion pump.

Advantages of SEM

1.  Most SEM samples require minimal preparation actions.
2.  Gives detailed 3D and topographical imaging and the versatile information from different detectors.
3.  Modern SEM allows for the generation of data in digital form.

Table 4. Advantages of SEM

Microscope Magnification Depth of Field Resolutions

OM 4X -1400X 0.5mm 0.2mm

SEM 10X-500KX 30mm 1.5nm
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Disadvantages of SEM

1.  SEM is quite expensive and large.
2.  It is limited to solid samples, inorganic samples and the samples that can handle moderate vacuum 

pressure.
3.  In some cases electron are scattered from the beneath of the sample surface, this carry a small risk 

of radiation exposure.

Application of SEM

1.  Identification of metals and materials.
2.  Particle contamination identification and elimination.
3.  Examination of surface morphology.
4.  Biological application includes 3D tissue imaging.

a.  Virology: For the investigations of virus structures.
b.  Cryoelectron microscopy: Helps in the determination of the surface of the frozen materials.

5.  Forensics.

Thus, SEM has proved as an important characterization technique for the nanoparticles which provides 
information related to topographical features, morphology, crystal structure and compositional differences.

Differences Between SEM and TEM

Shown in Table 5.

Energy Dispersive X-Ray Spectrometer (EDS)

It is an analytical technique that is used for the elemental analysis of a sample. It relies on the interac-
tion of high energy beam of charged particle i.e. electron, proton, or a beam of X-ray to stimulate the 
emission of X-ray from the sample.

Table 5. Differences between SEM and TEM

TEM (Transmission Electron Microscope) SEM (Scanning Electron Microscope)

Based on the principle of transmitted electron i.e. electron beam 
passes through the thin sample.

Based on the principle of scattered electron i.e. electron scans over 
the surface of the sample.

Specially prepared thin films on Copper grids Sample of any thickness mounted on an aluminum stub.

Specimen stage is halfway down the column Specimen stage is at the bottom of the column

Image is shown on a fluorescent screen Image is shown on TV monitor

Image is a 2D projection of the sample Image is a 3D view of the sample

Small amount of the sample can be analyzed at a time Large amount of sample can be analyzed at a time

It is used to analyze the particle size. It is used to determine the surface morphology of the sample
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• Detectors Used
• Crystal Si (Li): Previously used detectors. These detectors require cooling using liquid nitrogen, 

generate and collect electron hole pairs.
• Silicon Drift Detector: It consists of high-resistivity silicon chips with a large area contact on 

entrance side. On the opposite side there is a small collecting anode, which is surrounded by con-
centric drift electrodes. This anode has very low capacitance. The electrons are drifted down the 
field gradient that are applied between drift rings and collected at anode.
 ◦ Advantages of SDD

 ▪ High processing and count rates.
 ▪ At high count rates SDD has better resolution than Si (Li) detectors.
 ▪ Faster analytical capabilities.
 ▪ More precise X-ray maps
 ▪ Can be operated at high temperatures, thereby eliminating the use of liquid nitrogen for 

cooling.

In some cases when the X-ray energies of interest exceeds ~30keV, commonly used silicon-based 
detectors suffers from poor quantum efficiency, which may be due to the reduction in detectors stop-

Figure 8. Schematic cross-section of Silicon Drift Detector
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ping power. Thus high density semiconductors have been used for the production of alternate detectors 
(cadmium telluride-CdTe, cadmium zinc telluride (CdZnTe). These detectors are highly efficient for 
higher energy X-rays and are able to operate under room temperature.

• Generation of X-rays:

When the high energy beams enters the sample, various inner shell electrons gets excited, and are 
ejected from the shell thereby creating electron hole. An electron from higher energy (outer) shell then 
fills the hole, and the substance release X-ray. This X-ray corresponds to the energy difference between 
the outer shell electron and inner shell electron. The energy and number of X-ray emitted from a speci-
men can be determined by energy dispersive-spectrometer. These X-rays are called as ‘Characteristic 
X-rays” because their energies corresponds to individual elements. Thus EDS allows measuring the 
elemental composition of the specimen. EDS can be used to detect all the elements from atomic number 
4 (Be) to 92 (U).

Figure 9 shows the X-ray lines that are designated by capital Roman letter that indicates the shell 
with inner vacancy (K, L,M…), a Greek letter denotes the group to which the lines belong, they are 
arranged in order of their decreasing importance (α,β, etc.) and a number denotes the intensity of the 
line, they are also arranged in order of their decreasing order (1,2,etc.). Most intense line of K-series is 
Kα1. Similarly most intense line of L-series is Lα1. As L shell is further splitted into three sub shell, L 
spectrum is more complicated and contains as many as 12 lines, out of which most of them are weak.

Figure 9. 
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X-ray emitted from the specimen enters the semi-conductor detector. The detector is cooled by liquid 
nitrogen, in order to reduce the electric noise. Thus amount of X-ray energy is plotted along X-axis and 
X-ray counts are plotted along Y-axis (Figure 10).

Advantages of EDS

1.  Rapid identification of contaminant and source
2.  Full control of environmental factors, emissions etc.

Application of EDS

1.  To determine the composition of the coating
2.  Rapid material alloy identification
3.  Small component material analysis
4.  Catalyst quality, poisoning and elemental distribution
5.  Product imperfections and defect analysis

Atomic Force Microscopy (AFM)

AFM is a very high resolution (of the order of fraction of nanometer) scanning probe microscope (SPM), 
which has 1000 times better resolution than the optical diffraction limit.

Figure 10. 
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History

In 1986, Binning and Quate developed AFM based on the STM (Scanning Tunneling Microscope), 
which consists of a cantilever with a small probe tip (Binning, 1986). In 1987, Wickramsinghe et al. 
developed a modified version of AFM with a vibrating cantilever technology (Wickramsinghe, 1987). 
AFM gathers the information by “feeling” the surface with a small probe tip, piezoelectric elements used 
facilitates the accurate and precise movement and enable very precise scanning over the sample surface.

Principle

AFM comprises of a probe (sharp tip) that is attached at one of the end of the cantilever, and is used to 
scan the specimen surface. Cantilever is generally made up of Silicon (or) Silicon Nitride (Si4N4) with 
the tip radius of curvature of few nanometers. A variety of silicon and silicon nitride cantilevers are 
commercially available with

• Micron-scale dimensions,
• Spring constants ranging from 0.01 to 100N/m, and
• Resonant frequencies ranging from 5 kHz to over 300 kHz.

When the tip is brought close to the sample surface deflection in the cantilever is observed according 
to the Hooks law i.e. due to the force acting between the tip and the sample (Figure 11). This deflection 
is measured using a laser spot i.e. reflected from the top of the cantilever into an array of photodiodes. 
AFM is able to measure various types of forces depending upon the situation that includes Vander Waal’s 
force, electrostatic forces, magnetic forces, capillary forces, chemical bonding etc.

Depending upon application, AFM can be operated in various modes. Imaging mode is divided into 
three types (Peltonen):

Figure 11. 
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1.  Contact Mode (c-AFM): In this mode, the probe tip is dragged across the sample surface, the 
contours of the surface is measured from the deflection of cantilever or from the feedback signal 
that is required to keep the position of cantilever constant. This mode is applicable for a solid sur-
face i.e. below any adsorbed layer. In this mode the probe tip is very close to the sample surface, 
thus attractive forces are quite strong. This causes the tip to “snap-in” to the surface. Thus contact 
mode is always done at the depth.

2.  Intermittent Contact Mode (ic-AFM): This mode is also called as tapping mode. Under normal 
condition it is seen that a liquid meniscus layer is developed over the sample. Due to this reason it 
becomes difficult to keep the probe tip very close to the sample for the short range forces to become 
detectable. To overcome this difficulty tapping mode was developed. In this mode, the cantilever 
with a small piezoelectric element probe tip oscillates up and town at near its oscillating frequency. 
The amplitude of oscillation is typically between 100-200 nm. Electrostatic forces, Vander Waal’s 
forces, dipole-dipole interactions etc. are the different interaction forces that acts on the cantilever 
as the tip come close to the surface of the sample. This force decreases the amplitude of oscillation 
as the tip come closer to the sample. The height of the cantilever over the surface of the sample 
is controlled by an electronic servo that uses piezoelectronic actuator. This method reduces the 
damage that occurs to the sample and AFM tip.
a.  Advantages of Tapping Mode

i.  Helps in the visualization of supported lipid bilayers, adsorbed single polymer molecule.
ii.  It has true atomic resolution.
iii.  It can measure atomic forces (so called Atomic Force Microscopy)
iv.  It can measure mechanical response i.e. even elastic deformation.

3.  Non Contact Mode (nc-AFM): In this mode, the tip of the cantilever is just oscillated at either 
its resonant frequency or just above it where the amplitude of oscillation is few nanometers i.e. < 
10nm to few pm, such that the tip does not touch come in contact with the surface of the sample. 
Scanning software allows constructing the topographic image of the sample surface by measuring 
the tip to sample distance (x,y) from the data plot. This method reduces the damage that occurs to 
the surface of the sample and the probe tip. Thus this mode become useful for getting topographical 
information of soft samples, e.g. biological samples and thin organic films.
a.  Advantages of AFM

i.  Able to achieve a resolution of 10 pm with special tips (typical resolution ≈ 10 nm).
ii.  High resolution AFM is comparable with the resolution of TEM & STM.
iii.  Able to image samples in air and under liquids, thus biological macromolecules and 

living organisms can be studied.
iv.  Able to measure in 3D- surface profile (within limits)
v.  Able to measure non-conductive surface (unlike SEM or STM), i.e. sample do not require 

any special treatment (i.e. metal/ carbon coating)
vi.  Applicability of AFM can be extended by combining AFM with variety of optical mi-

croscopy techniques such as fluorescent microscopy.
b.  Disadvantages of AFM

i.  Incorrect tip choice, sample operating environment can lead to measurement artifacts 
or sample damage.

ii.  Depth of field limited by cantilever / z positioning PZ
iii.  Scan area limited by PZ scanners(i.e. 10-20μm height and 150x150μm in area)
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iv.  Slow scan rate compared to SEM. Slow rate may lead to thermal drift in the image.
v.  AFM probes cannot measure steep walls or overhangs, thus especially made cantilevers 

are used that are expensive and they have low lateral resolution.
c.  Application of AFM

i.  Biochemistry Application: Imaging cellular components, cells or tissues, topography 
of soft biological materials in their native environments, determining the mechanical 
properties of many tissues and cells.

ii.  Chemistry, Material Science and Nanotechnology Application: Imaging of polymer, 
nanostructure or other materials.

iii.  Physics and Biophysics Application: Measuring forces between AFM tip and the sample 
surface.

Nanomaterial Characterization by Thermal Analysis

Thermal analysis comprises of a group of techniques which measures the change in physical and chemi-
cal properties of the sample as a function of temperature. Solid samples are generally used for analysis. 
The samples are subjected to controlled heating and cooling program.

Thermo Gravimetric Analysis (TGA)

This analysis describes the changes in weight of the sample as a function of temperature under a con-
trolled atmosphere (N2, O2, air or He).A derivative weight loss curve is obtained that is able to describe 
the point at which weight loss takes place.

The weight loss curve gives information about: The change in the sample composition, thermal stabil-
ity of the sample, kinetic studies (Chatwal, 2002; Hatakeyama & Quinn, 1999; Coats & Redfren, 1963).

TGA can explain about the change in the physical and chemical properties of the sample.

Factors Affecting the TGA Curve

Various factors that affect the TGA curve can be broadly divided into two categories namely, instrumental 
related and sample related.

Types of TGA

The TGA instrument is initially loaded with sample and it is heated to the desired temperatures at a fixed 
heating rate under a controlled atmosphere. The heating rates are fixed between 0.5 and 50 K/min, often 

Table 6. Properties of the sample

Physical Properties Chemical Properties

Adsorption Dehydration

Desorption Decomposition

Phase transition 
     • Sublimation 
     • Vaporization

Solid-gas reaction 
     • Oxidation 
     • Reduction
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at 20K/min. starting temperature is usually 25 to 30 °C, in order to detect possible drying of the sample. 
The final temperature is relatively very high i.e., 600 °C for organic substances and > 1000 °C for inor-
ganic compounds Various components of the sample starts decomposing with the rise in temperature, 
and the change in the mass of the sample can be measured. Results are plotted with temperature along 
X-axis and percentage weight loss along Y-axis. The data can be adjusted using curve smoothing and 
its first derivatives are often plotted to determine points of inflection (i.e., onset and offset points) for 
better interpretations.

Interpretation of TGA Curves

Several TGA curves are used in addition to the actual TGA curves are used for interpretation:

• First derivative curve.
• SDTA curve (it measures the exothermic and endothermic effects similar to the DSC curves).
• EGA (Evolved Gas Analysis).

TGA curves are plotted with the weight percentage along Y- axis and temperature (T) or time (t) along 
X-axis. There are two temperature in the curve, Ti (representing procedural decomposition temperature) 
and Tf representing the final temperature. Ti represents the temperature at which initial weight loss takes 
place and Tf represents the temperature at which the process has been completed.

Table 7. Factors affecting the TGA curve

Instrumental Related Sample Related

Heating rate Particle size of the sample

Furnace atmosphere and gas flow rate 
          CaCO3 →CaO + CO2
     • In vacuum, sample decompose at ~500ºC 
     • In air, it decompose at ~700ºC 
     • In CO2, ~900ºC

Packing

Crucible shape Thermal conductivity

Crucible material (Al, alumina, Pt, Cu, Au,etc.) Heat of reaction

Figure 12. 
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Types of TGA curves

Based on their shapes TGA curves can be categorized into 7 types:

1.  Curve A is shown by sample when there is no mass change over the entire range of temperature. Thus 
the decomposition temperature of the sample is greater than the instrument operating temperature.

2.  Curve B represents the large mass loss, which occur due to the evaporation of volatile compounds.
3.  Curve C represents single step decomposition of the sample.
4.  Curve D represents multi-step decomposition reaction where the reaction is resolved.
5.  Curve E represents multi-step decomposition reaction where the reaction is not resolved.
6.  Curve F represents the increase in the of sample as a result of interacting atmosphere. E.g. Surface 

oxidation reaction.
7.  Curve G represents the multiple reactions. E.g. Surface oxidation reaction followed by the decom-

position of reaction product.

Derivative Thermogravimetry

TGA curve shows a sample’s weight loss associated over a wide temperature range. TGA is unable to 
identify a unknown compound because of its temperature range. This problem is overcome by DTG 
(Derivative Thermo Gravimetry). In DTG first derivative of the TGA curve (dw/dt) is plotted with respect 
to temperature. Rate of weight change is along y-axis. The peak of the first derivative indicates the point 
of greatest rate of change on the weight loss curve. This is known as Inflection Point.

Applications of Thermo Gravimetric Analysis

1.  Characterization of
a.  Thermal stability
b.  Purity of the sample
c.  Humidity content

Figure 13. Types of TGA curves

 EBSCOhost - printed on 2/14/2023 11:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



69

Characterization of Nanomaterials
 

2.  Examination of
a.  Corrosion studies (oxidation and reduction reactions)
b.  Gasification processes
c.  Kinetic processes

On decomposition of the inorganic materials following gaseous components are evolved: H2O, CO, CO2, 
SOX, NOX, Cl2, F2, CH3OH etc. There are few solid phase chemical reactions where gaseous components 
are released:

Na SiO s SiO s Na SiO s CO g
2 3 2 2 3 2

( ) ( ) ( ) ( )+ → +  

CaC O H O CaC O CaCO CaO
H O CO CO

2 4 2 2 4 3

2 2

→ → →
− − −

 

Example:
Decomposition of calcium oxalate monohydrate (Figure 14)

• It is used as a standard material to demonstrate the working of TGA.
•  It exhibits three weight losses at varying temperature under N2 atmosphere.

CaC O H O CaC O CaCO CaO
H O CO CO

2 4 2 2 4 3

2 2

→ → →
− − −

 

Thermo gravimetric analysis measures the amount of weight change of material with increase in 
temperature as a function of time in an inert atmosphere or in vaccum. It can be used for both the 
amorphous and crystalline components. Thus, it has been widely used as an important characterizing 
technique for the nanoparticles.

Differential Scanning Calorimetry (DSC)

In the year 1962 E.S. Watson and M.L.O’Neill first developed this technique. DSC is a thermo analytical 
technique which measures the heat of the sample relative to the reference as a function of temperature. 
Throughout the experiment both the sample and reference are maintained at nearly same temperature.

Principle

The temperature programmed DSC analysis is designed in such a way that the sample holder temperature 
increases or decreases linearly as a function of time. During the process of heating two types of reac-
tion namely endothermic and exothermic reaction can take place. If the sample undergoes a physical 
transformation such as phase transitions, and if some amount of heat need to flow into the sample so 
that to maintain both at the same temperature then the process is referred to as endothermic reaction. 
In this case large amount of energy is required so that zero temperature difference is maintained (e.g.: 
Melting, boiling, vaporization, sublimation).
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And if the sample undergoes a phase transitions, and if some amount of heat is released from the 
sample, so that to maintain zero temperature difference between the sample and the reference then the 
process is referred to as exothermic reaction. In this case less amount of energy is required so that zero 
temperature difference is maintained (e.g.: Crystallization, degradation, polymerization).

DSC is used to observe the subtle phase changes very easily, such as glass transitions. DSC has wide 
industrial application as a quality control instrument because of its applicability in evaluating sample 
purity. The result of a DSC experiment is a combination of heating and cooling curve.

DSC curves (figure 15 a,b) are plotted with the heat flux along Y- axis and temperature (T) or time 
(t) along X-axis. There are two conventions: a sample may show positive or negative peak, positive 
represents exothermic reaction while negative peak resembles endothermic reaction. By integrating the 
peak corresponding to a particular transition, enthalpies of transitions can be calculated. Enthalpy of 
transition can be expressed by using the following equation: ΔH = KA

Where, ΔH = enthalpy of transition, K = calorimetric constant (vary from instrument to instrument), 
and

A = area under the curve, A α heat absorbed or evolved by the reaction. 

It is seen that that heaters attached to the two pans does not heat at the same rate. It is because one 
pan has sample in it and the other doesn’t. The pan in which sample is present have extra materials in 
it, this means that pan takes more heat to raise the temperature of the sample pan at the same rate with 
the reference pan. So the heater under sample pan has to put more heat.

Figure 14.
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In DSC curve we get crystallization peaks and melting dip for samples that form crystals and melts, 
these peaks are not observed for completely amorphous samples.

Heat flow is given by the formula, heat flow= heat/time= q/t 

Heating rate = increase in temperature/time= ΔT/t 

Material’s Heat capacity is given by: Cp= Heat flow/heating rate=q/ ΔT 

Figure 15. 
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A graph may be labeled with four critical points: the glass transition temperature (Tg), the crystal-
lization temperature (Tc), the melting temperature (Tm) and the curing temperature.

1.  The Glass Transition Temperature (Tg): It is an important characteristic of crystalline materials. 
In DSC curve, it is seen that continuous heating of the material shows a sudden downward shift, 
this permanent decrease in base line heat flow represents the Tg, and Tg is taken as inflection point 
in the curve. It is also an important property for amorphous and semi crystalline materials, below 
this temperature the materials tends to be hard and brittle, and above this temperature they become 
soft and ductile.

2.  The Crystallization Temperature (Tc): After glass transition temperature, the materials attain a 
lot of mobility, when the crystallization temperature is obtained they will release energy to form 
crystals (a ordered arrangements), i.e. crystallization is an exothermic process. In a DSC curve 
onset point of crystallization curve represents the crystallization temperature. Amorphous materials 
do not undergo crystallization.

3.  The Melting Temperature (Tm): If we further heat the material after attaining Tc, the material 
will reach another thermal transition, known as melting. At this temperature material changes its 
phase from solid to liquid. When the crystal melts, heat is absorbed i.e. its intermolecular bond 
begin to loosen and break. Once the material completes melting, heat flow attains the original 
baseline value. As this process involves absorption of heat, the process is endothermic. In a DSC 
curve onset point of melting curve represents the melting temperature.

4.  The Curing Temperature: This curve is mainly observed in polymers, in which cross linking takes 
place. Like crystallization this is also a bond formation process, and the process is exothermic. In 
a DSC curve onset point of curing peak represents the curing temperature.

DSC data analysis and interpretation may be difficult for some samples. E.g. Some polymers may 
contain moisture, fillers, additives, plasticizers that behave differently than pure polymers.

Factors Affecting DSC Curves

DSC can explain about the following change in the physical and chemical properties of the sample.

1.  Glass transitions
2.  Melting and boiling points

Table 8. Factors affecting DSC curves

Instrumental Factors Sample Characteristics

Furnace heating rate Amount of sample

Recording speed Nature of sample

Furnace atmosphere Sample packing

Crucible shape Particle size

Crucible composition Heat of reaction

Thermal conductivity
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3.  Heat of fusion
4.  Percent Crystallinity
5.  Specific heat capacity
6.  Thermal stability
7.  Kinetics study
8.  Purity of sample

Advantages of DSC

1.  Highly sensitive
2.  Operates at very high temperature
3.  Flexible in sample volume and form
4.  Characteristic phase transition temperatures can be determined

Disadvantages of DSC

1.  Not suitable for two phase mixtures
2.  It is used for thermal screening of isolated intermediates and products.
3.  Unable to detect gas generation

Application of DSC

1.  Polymers:
a.  Composition of polymer can be determined.
b.  Glass transition temperature, crystallization temperature and melting point can be determined.
c.  Percentage Crystallinity.
d.  Thermal degradation of the sample and amount of impurity present in it.

2.  Oxidative stability:
a.  Stability and optimum storage condition of the sample can be determined.

3.  Drug analysis:
a.  Widely used in pharmaceutical industry and polymer industry (cross linking of samples via. 

curing process)
4.  General chemical analysis:

a.  Purity analysis of the sample can be performed using freezing point depression as an important 
tool.

5.  Functional application:
a.  Binding studies can be performed.

Differential Thermal Analysis (DTA)

It is a technique which continuously measures the temperature difference that is developed between the 
sample and thermally inert reference as a function of temperature or time.

In DTA both the samples and reference material (alumina) are subjected to controlled heating and 
cooling program. Zero temperature difference between the test sample and reference material indicates 
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that there doesn’t exists any physical or chemical change in the test sample. This differential temperature 
is then plotted against time, or against temperature. For the analysis of inorganic compounds in DTA, 
reference materials used are alumina (Al2O3), carborundum (SiC) or magnesium oxide (MgO) powder.

•	 Physical changes	in the samples usually results in two different endothermic curves:
 ◦ Sharp Endothermic Curve: Changes in Crystallinity (or) fusion.
 ◦ Broad Endothermic Curve: Dehydration reaction.

•	 Chemical reaction	usually results in exothermic curves.

Factors Affecting DTA

Shown in Table 9.

Advantages of DTA

1.  Highly sensitive
2.  Operates up to a very high temperature
3.  Characteristic transitions can be determined accurately.
4.  Flexibility in the use of crucible of any volume and form.

Application of DTA Curves

1.  Qualitative and quantitative identification of minerals, it can be done by comparing the DTA curve 
of the test sample with the reference curve.

2.  Purity assessment of sample: Impurities in the sample can be detected by depression of melting 
point.

3.  Measurement of Crystallinity: Helps to determine mass fraction of crystalline material present in 
semi-crystalline materials.

4.  Analysis of Biological materials: Date the bones and archaeological materials. Polymeric materials: 
Identification of thermo physical, thermo chemical, thermo elastic and thermo mechanical changes 
or transitions in materials.

Table 9. Factors affecting DTA

Factors Effects

Heating Rate Changes the position of peak and peak size

Furnace atmosphere Change in the curve

Amount of sample Changes the position of peak and peak size

Particle size Irreproducible peaks

Packing density Irreproducible peaks

Position of thermocouple Irreproducible peaks
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It is advantageous to use both DTA and TGA to draw a constructive conclusion, it is because the DTA 
events can then be classified into those which do or do not involve mass change. Example (Table 10).

Nanomaterial Characterization by Vibrating Sample Magnetometer (VSM)

VSM was invented in the year 1955 by Simon Foner at Lincoln Laboratory, MIT is a scientific instru-
ment. It is a scientific instrument that measures the magnetic moment and hysteresis. VSM operates via. 
Faraday’s law of Induction and lock in principle of measurement, which explains that change in magnetic 
field that produces electric field. By measuring the change in electric field we can get information about 
the magnetic field change. Thus VSM measures the magnetic behavior of magnetic materials.

Commercially available VSM magnetometers have sensitivity below 10-9Am-2. VSM uses parallel 
configuration and transverse configuration of sample vibrations with respect to the external magnetic 
field. Figure 16 represents the basic setup of Vibrating Sample Magnetometer.

In VSM, first the sample is placed in a uniform external magnetic field. The magnetic domains or 
individual magnetic spins are aligned in the direction of magnetic field. This induces magnetization in 
the sample. A magnetic field around the sample is created due to the magnetic dipole moment; this field 
is referred to as Magnetic Stray Field. When the magnetized sample starts vibrating, magnetic stray field 

Table 10.

Temperature TGA DTA

500-700 °C 
Change in mass Dehydration of Al4(Si4O10)(OH)8 (kaolin) Dehydration - ENDOTHERM

950-980 °C 
No change in mass No effect Recrystallization- EXOTHERM

Figure 16. 
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starts changing as a function of time, this change is measured by a set of pick up coils that are arranged 
around the sample. According to the Faraday’s law of induction the alternating magnetic field will cre-
ate an electric field in the coils.

The current generated in the coils depend upon:

• Amplitude and frequency of vibrations.
• External applied magnetic field.
• Magnetization of the sample.

Software attached to control and monitors the system, can predict the amount of sample magnetized 
and how the magnetization depends upon the strength of magnetic field. Thus a plot of magnetization 
(M) and magnetic field (H) is generated. This can be plotted using origin software to get a hysteresis loop.

The hysteresis loop can be explained using the following terms:

• Coercivity (HC): It is the maximum magnetic field required to demagnetize a sample that has been 
fully magnetized. It measures the resistance of a ferromagnetic material to change its magnetiza-
tion. It unit is Oersted or ampere/meter. Ferromagnetic materials with high coercivity are used for 
making permanent magnets. In hysteresis loop coercivity is represented as a horizontal intercept.

• Retentivity or Remanence (BC): It is the capacity of a substance to retain magnetization after the 
removal of magnetizing force. Its unit is Tesla (T).

• Magnetization (MS): It is the process of making a substance temporarily or permanently mag-
netic, as by insertion in a magnetic field. Its unit magnetic moment per unit volume (emu/g).

Magnetic domains walls are broad in case of magnetically soft materials, so their movement requires 
small field, whereas larger fields are required for magnetically hard materials (Askeland, 1994). Secondly, 
magnetization of sample increases with the increase in magnetization rotation within the domains. There 
are certain directions that are easier to magnetize, thus spontaneous magnetization occurs along that 
direction. If the applied field is not parallel to that direction, the domains rotate and aligned them along 
the directions of magnetic flux lines.

Advantages of VSM

1.  Highly Sensitive up to 10-6 emu
2.  Fully automated
3.  Suitable for powders
4.  Can operate under variable temperature
5.  Sufficient high field possible- if semiconductor magnet is used

Disadvantages of VSM

1.  Process is destructive
2.  It undergoes self-demagnetization
3.  Limited field dH/ dt.
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Applications of VSM

1.  Measurement of magnetic properties (Magnetization, Coercivity and Remanance) of the sample 
(liquids, powders, bulk)

2.  Magnetic measurements under hydrostatic pressure.

Adsorption Process

Adsorption Isotherm Model

Adsorption is an extensively used technique for the decolorization of synthetic dyes from the industrial 
wastewater. It is a surface phenomenon and it occurs when the adsorbate comes into contact with a solid 
surface (adsorbent) which is porous in nature. The adsorption process is generally classified as physi-
sorption or chemisorptions but in some cases it may be due to the electrostatic attraction. The nature of 
bonding and state of adsorbed molecule can be known by photoelectron spectroscopy. However Infrared 
and Raman spectra can be used to study the nature of adsorbed species.

During the adsorption process, equilibrium is established between the solution and adsorbent. Initially, 
aqueous solution of the dye was used for carrying out the adsorption experiments. The adsorption was 
carried out in batches in order to obtain rate and equilibrium data. Following equation can be used to 
determine the amount of adsorption of molecules (qe) at the equilibrium time:

q
C C V

We

e=
−( )0  (1)

Where C0 represents the initial concentration of the dye/metal solution and Ce represents the final 
concentration of the dye/metal solution. V represents the volume of the solution and W represents the 
mass of adsorbent.

Different adsorption isotherms were considered in order to determine the adsorption capacity and 
adsorption behavior of the adsorbent.

Langmuir adsorption isotherm model illustrates that the active sites are uniformly distributed over 
the adsorbent surface and adsorption occurs only on the active sites of the adsorbent surface (Langmuir, 
1916). Once all the active sites are occupied by the adsorbate, further adsorption stops. The Langmuir 
adsorption equation is:

C

q Q b

C

Q
e

e

e= +
1

0 0

 (2)

Where, qe represents the amount of dye/metal adsorbed,

Ce represents the equilibrium solution concentration, 

Q0 and b are the Langmuir constants, and they represent the maximum adsorption capacity and energy 
of adsorption respectively. 
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The Freundlich isotherm model is based on the hypothesis that the adsorbate gets absorbed onto the 
surface of an adsorbent (Freundlich, 1906). Equation (3) expresses the model:

log q log K
1
n
log C

e F e
= +� �  (3)

Where qe represents the amount adsorbed on adsorbent, Ce represents the equilibrium concentration 
of dye solution; adsorption capacity and adsorption intensity are represented by two Freundlich constants 
KF and n respectively.

Various kinetic models such as the linearized form of pseudo first order, pseudo second order or intra 
particle diffusion model are used to investigate the adsorption process. Lagergren explains the pseudo 
first order kinetic model.

Temkin isotherm explains the relationship between the amount of dye adsorbed on adsorbent and 
the heat of adsorption. Chemical adsorption process, explains the endothermic or exothermic processes 
during the process of adsorption. Equation (4) represents the Temkin isotherm model:

log q B lnA B lnC
e e
= +� �  (4)

Where A and B represents the equilibrium binding constant and the heat of adsorption.
The surface area of the nanocomposite can be was determined by nitrogen adsorption desorption 

method using BET (Brunauer–Emmett Teller) equation:

1

0 1

1
0

1

V p

c
vmc

p
p vmcp −( )−




=
− 








+  

Where p0 = partial vapour pressure of adsorbate gas in equilibrium with the surface at 77.4 K (b.p. 
of liquid nitrogen), in pascals, p= saturated pressure of adsorbate gas, in pascals, V= volume of gas 
adsorbed at standard temperature and pressure (STP) [273.15 K and atmospheric pressure (1.013 × 105 
Pa)], in millilitres, vm= volume of gas adsorbed at STP to produce an apparent monolayer on the sample 
surface, in millilitres, c = dimensionless constant that is related to the enthalpy of adsorption of the 
adsorbate gas on the powder sample.

And the micro pore volume and external surface area (mesoporous surface area) was calculated using 
t-plot method. Before analysis, the samples were oven dried at 100 °C for 7 h and then degassed under 
vacuum at 120 °C for 2 h. At a relative pressure close to unity all the pores of the composite were filled 
with nitrogen under a specific pressure, thus pore volume was determined from the amount of nitrogen 
adsorbed.

CONCLUSION

The recent developments in the field of advanced materials, polymers etc shows a drift towards nano-
materials. However the challenges and success of the researchers in this field depends on its availabil-
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ity, cost and ease of handling and the performance of the sophisticated instruments that are described 
throughout the chapter. Further, the extent of understanding of some particular instrumental techniques 
such as SEM, TEM, AFM, XRD etc. by the users, right sample preparation are important for deriving 
information from those techniques.

Thus, it can be summarized that nanotechnology research in various fields of Science and technol-
ogy has a lot of potential in the future. But the developments basically depend on development of some 
newer, faster, simple and efficient characterization techniques for nanomaterials, nanocoatings and 
nanocomposite.
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ABSTRACT

The development of different eco-friendly technologies in material synthesis is playing its role to expand 
their biological applications. Nanoparticles are synthesized chemically, but because of their hazardous 
effects, the researchers have now turned to biological systems for inspiration. There is a growing concern 
about the possible results of effects of chemical synthesis of nanoparticles. Therefore, the aim of this 
chapter is to provide an overview of how nanomaterials can be synthesized using green route to play its 
role in environmental sustainability as green synthesis processes are considered to be a safe alternative 
to routine processes due to their cost effectiveness, easy to handle, and environmentally friendly nature. 
In fact, it opens a new scope for phyto-chemists by discouraging the use of toxic chemicals.

INTRODUCTION

The word environment is usually associated with the impact of human on natural system and this then 
differentiates it from the commonly used word ecological, which is considered as a concept of interdepen-
dence of elements within the system. Basically the ecological definition of sustainability is a biological 
conservation. So, ecological sustainability is basically to meet the human needs without compromising 
the ecosystems health (Morelli, 2013). Recently, the importance of sustainable development and envi-
ronmental issues has increased both in the developing and developed nations (Sharma & Gupta, 2015). 
The total material health of humanity was improved over the past century (Steffen et al., 2011), but in 
present century we are facing the scarcity of resources, erosion of our earth capability to absorb our 
wastes and degradation of ecosystem services and the issue of equity is still difficult to solve and the 
situation is a threat to flexibility of our earth.

The advance of eco-friendly technologies in material synthesis is significantly important in order to 
enhance their biological applications. Today, variety of inorganic nanoparticles have been synthesized 
with distinct chemical composition, morphology and size using different microorganisms along-with 
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their applications in various cutting edge technology have also been explored ( Li, Xu, Chen, & Chen, 
2011) . Although nanomaterials maybe synthesized using different chemical methods, but now it is pos-
sible to include the use of biological materials (Mohanpuria, Rana, & Yadav, 2008). To synthesize the 
nanoparticles using the green route really opens a new scope for the phyto-chemist and at the same rime 
discourages the use of different toxic chemicals (Kumar, Smita, Cumbal, & Debut, 2017). This green 
synthesis is regarded as safer alternative to usual chemical, microbial and physical methods due to easy 
to handle, environmental friendly and cost-effective nature (Saha, Begum, Mukherjee, & Kumar, 2017). 
In the past few years the experimental and theoretical research on biological nanomaterials has attained 
all the attention with emphasis on biophysics, biochemistry, electromagnetism and thermodynamics and 
biomechanics of protein and nucleic acid and its composites are playing the lead role in material and life 
sciences. (Qin, Liu, & Dong, 2017).

In the present chapter we will discuss the environmental sustainability, factors effecting the environ-
ment, comparison between the chemical and biosynthetic route of nanoparticle synthesis, synthesis of 
nanoparticles using green routes with brief light on different fields of applications.

BACKGROUND

Biosynthesis of nanoparticles by plant extracts is currently under exploitation. Nanoparticles are a class 
of materials with properties distinctively different from their bulk and molecular counterparts (Biswas 
& Wu, 2005). Plant extracts are cost effective and eco-friendly and they are the efficient alternative for 
the large scale production of nanoparticles (Dubey, Bhadauria, & Kushwah, 2009). With the develop-
ment of different physical and chemical methods, the concern for environmental contaminations are 
heightened as the chemical procedures involved in the synthesis of nanomaterials generate a large amount 
of hazardous byproduct emphasizing a need for ‘green chemistry’ that includes a clean, nontoxic and 
environment-friendly method of nanoparticle synthesis (Mukherjee et al., 2001). Nanotechnology has 
become a popular technology in recent years and addresses nanoparticles that are atomic or molecular 
aggregates characterized by size of less than 100 nm (Fatimah, 2016). Due to the unique features and 
applications of the nanoparticles, they are very useful especially in the field of medical imaging, bio-
technology, and catalysts (Bagherzade, Tavakoli, & Namaei, 2017).

In recent years different environmentally friendly methods have been employed in the synthesis of 
nanoparticles, and in this regard over the last few decades the use of plants has been growing increas-
ingly in the world (Balayssac et al., 2009). The principles of green chemistry have been spreading since 
the mid-1990s, connected with advances in nanomaterial synthesis and lately these two groups have 
begun to significantly converge. Nanomaterial synthesis groups are developing greener, more sustainable 
production methods, while nanoparticle application groups are exploring sustainable energy sources and 
environmental remediation as end goals (Murphy, 2008).

There are different chemical and physical methods that have been exploited in the synthesis of sev-
eral inorganic metal nanoparticles by using different methods like, ultraviolet irradiation, wet and dry 
approaches viz, lithography, aerosol technologies, laser ablation, ultrasonic fields, and photochemical 
reduction techniques. But these methodologies are still expensive and they involve the use of hazardous 
chemicals. Hence, there is a growing concern for the development of alternative environment friendly and 
sustainable methods. Increasing awareness towards green chemistry and biological processes has led to 
a necessity to develop simple, cost-effective and eco-friendly procedures (Narayanan & Sakthivel, 2011)
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WHAT IS ENVIRONMENTAL SUSTAINABILITY AND 
HOW IT IS AFFECTED BY HUMAN ACTIVITIES

Basically the natural environment is a combination of different chemical, biological and physical compo-
nents and different interactions among them. In this contest the term ‘sustainability’ infers the meeting 
of present demands nut at same time maintaining the environments ability to meet the future demand 
as well. The basic approach is to have a balance of competing demands through establishment of inter-
connections and pliability or some kind of link among different components (Lal, 2016). We need to 
pinpoint those factors, processes and different causes that are in actual affecting the sustainability of any 
environment under conditions that are site- specific and properly addressed by interrupting science into 
action using government policies. In this regard, the management and land use are two very important 
determinants of these factors, process and causes.

Morelli (2011) defined environmental sustainability as conservation of natural capital and also as a 
concept that is even though separate but still connected both with economic and social sustainability. The 
management of natural resources is basically a driver and an outcome of economic, ecological and social 
dynamics as are recognized by applied ecology and conservation biology. Protected areas actually offer 
a central approach to conservation of ecosystem but in actual they are also the socio-ecological systems 
whose sustainability and ecological management are affected by people (Cumming & Allen, 2017).

Globally, sustainability is progressively understood as a criterion to achieve the human development 
(GSP) at all levels, starting from local communities to different cities, to nations and then to world (Folke, 
Hahn, Olsson, & Norberg, 2005). It is because we entered into a new geological period, the Anthropo-
cene, in which the global environmental risks are increasing because of human pressures and for the 
very first time it become the reason of the largest planetary changes (Steffen, Crutzen, & McNeill, 2007)

Various pollutants that are released in the environment because of human activities are briefly sum-
marized in Table 1, which clearly indicates that the energy supply is very important both in the tradi-
tional and industrial, in the movement of toxic substances like cadmium, Sulphur oxides as well as the 
principle greenhouse gas the carbon dioxide. There is a picture of human disruption index as well for 
each substance, which is actually the ratio of amount release by human activities to the natural resources 
present. So, the energy systems along with human activities is seriously affecting the cycling of important 
chemicals in the ecosystem (Holdren et al., 2000). In fact the accidental and routine release of all the 
pollutants in the environment is the most important insult, and human activities are rated far beyond the 
natural flow of all the climatologically and biologically active elements in it. So, if these problems are 
taken under control, the world will move towards the sustainable energy future in ways of environment.

NANOTECHNOLOGY AND NANOMATERIALS

Nanotechnology, an emerging new field in research that deals with the synthesis of nanomaterials and 
nanoparticles and they find their applications in different field like catalysis, pharmaceutics, cosmet-
ics, electrochemistry, food technology, biomedicine, space technology, textile industry, energy science, 
biomedicines etc (Abdelghany et al., 2017; Hussein, 2016). In fact nanotechnology has changed our 
expectations, vision, and abilities to control the material world. By definition the particles whose sizes 
are in the dimension of 1-100nm are known as nanoparticles and because of their size and morphology 
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these particles show enhanced properties. Nanotechnology has been emerging strongly and plays a main 
role in daily human life because of the impact it is bringing due to its various applications (Saratale et 
al., 2017).

Nanoparticles can be synthesized by using different methodologies. Traditionally there are different 
methods like irradiation, aerosol technologies, ultrasound field’s photochemical reduction, lithography 
for preparation of nanoparticles. Among them the chemical methods include, using a reducing agent, col-

Table 1. Environmental insults due to human activities by sector, mid-1990s

Insult

Natural 
Baseline 
Tones in 

Year

Human 
Disruption 

Index

Share of Human Disruption Caused by

Commercial 
Energy Supply

Traditional 
Energy Supply Agriculture Manufactures 

Others

Lead emission 
to atmosphere 12,000 18

41% (fossil fuel 
burning, 
including 
additives

Negligible Negligible

59% (metal 
processing, 
manufacturing, 
refuse burning

Sulphur 
emission 31 million 2.7 85% (fossil 

fuel burning)

0.5% 
(traditional 
fuel burning)

1% (agricultural 
burning)

13% (smelting, 
refuse burning)

Nitrous oxide 
flow 33 million 0.5 12% (fossil 

fuel burning)
8% (traditional 
fuel burning)

80% (fertiliser, 
land clearing, 
aquifer 
disruption)

Negligible

Oil added to 
rivers 200,000 10

44% (petroleum 
harvesting, 
processing, 
and transport)

Negligible Negligible

56% (disposal 
of oil wastes, 
including motor 
oil changes)

Carbon dioxide 
flow in air 150 billion 0.05 75% (fossil fuel 

burning)

3% (net 
deforestation for 
fuelwood)

15% (net 
deforestation for 
land clearing)

7% (net 
deforestation for 
lumber, cement 
manufacturing)

Mercury 
emission 2500 1.4 20% (fossil 

fuel burning)
1% (traditional 
fuel burning)

2% (agricultural 
burning)

77% (metals 
processing, 
manufacturing, 
refuse burning)

Methane flow 160 million 2.3
18% (fossil 
fuel harvesting 
and processing)

5% (traditional 
fuel burning)

65% (rice 
paddies, 
domestic 
animals, 
land clearing)

12% (landfills)

Nitrogen 
fixation

140 million 
(nitrogen) 1.5 30% (fossil 

fuel burning)
2% (traditional 
fuel burning)

67% (fertiliser, 
agricultural 
burning

1% (refuse 
burning)

Non-methane
hydrocarbon
emissions to
atmosphere

1,000 
million 0.12

35% (fossil 
fuel processing 
and burning)

5% (traditional 
fuel burning)

40% (agricultural 
burning)

20% (nonagricultural 
land 
clearing, refuse 
burning)

Cadmium 
emission 1400 5.4 13% (fossil 

fuel burning)
5% (traditional 
fuel burning)

12% (agricultural 
burning)

70% (metals 
processing, 
manufacturing, 
refuse burning)

(Holdren et al., 2000)
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loidal chemical method, sol-gel method and physical methods include sonication, thermal decomposition 
and sputtering (Ahmad, Senapati, Khan, Kumar, & Sastry, 2003; Sharma, Akhtar, Ameen, Srivastava, 
& Singh, 2015).The two very common approaches are the bottom up and top down. Following figure 
(Figure 1) can illustrate these two methods clearly

Nanocomponents are assimilated from building blocks of their respective precursors in a solid, liquid 
or gas phase by using either physical or chemical deposition processes in bottom up method (Wang & 
Xia, 2004), whereas in top-down method, the nanoscale structures are engraved onto a substrate with 
the help of electron beams and by applying proper etching and deposition procedure (Shamaila et al., 
2016; Shankar, Jaiswal, Aparna, & Prasad, 2014).

The possible mechanism of synthesis of nanoparticle using bottom up approach is shown in Figure 2.
Nanotechnology, with great ability to improve water, air and soil quality in environment can help in 

the improvement of sensing and detection of different pollutants in the environment and help in develop-
ing different new technologies for their remediation. In fact understanding the process of nanoparticles 
synthesis will allow us to develop effective and efficient methods for reducing the formation of pollut-
ants (Figure 3) in the very first place. (Masciangioli & Zhang, 2003)

Figure 1. Synthesis of nanoparticles using bottom up/top down approach

 EBSCOhost - printed on 2/14/2023 11:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



86

Green Approaches to Environmental Sustainability
 

Figure 2. Mechanism of synthesis of nanoparticle (M+-metal ion)

Figure 3. Nano particles in the environment (Biswas & Wu, 2005)
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NANOTECHNOLOGY AND GREEN CHEMISTRY

As a result of worldwide problems that are linked with various environmental contaminations, the environ-
mental friendly, greener processes in chemical technology and chemistry are getting popular as they are 
need of time. In the last two years many books on ‘green chemistry’ have been published which describe 
in general terms the green processes (Ahluwalia, 2006; Anastas, Boethling, & Voutchkova-Kostal, 2014; 
Patel, Patel, & Raval, 2012) and their specialized characteristics that includes microwaves, ultrasound, 
and different other methods involved in the green synthesis (D. Chen, Sharma, & Mudhoo, 2011). Dif-
ferent research work describes the green synthesis of α-Fe2O3, CuS, FeO, Pd, Ag, ZnO, Cu, graphene 
and Fe based nanoparticles which find their applications in parasitology, pharmacology and entomology.

Green nanotechnology, a multidisciplinary field, emerged as a rapidly developing area of research 
that serve as a way of developing procedures that are non-toxic, clean and environment friendly as 
compare to those of currently employed chemical and physical methods for synthesis of nanoparticles. 
These biogenic routes are called green routes because they do not involve any toxic chemicals or high 
energy inputs for their synthesis and can lead to production of nanoparticles with unique sizes, shape 
and different bioactivity. The beauty of the green fabricated nanoparticles have capacitated their possible 
applications in many sectors (Saratale et al., 2017).

Different aerosol technologies, laser ablation, UV irradiation, lithography and photochemical reduction 
techniques have been successfully employed to synthesize the nanoparticles but they involve the use of 
different harmful chemicals and they remain expensive. This, therefor demand and provoke a significant 
interest in developing some sustainable and environmental friendly method for their synthesis (Narayanan 
& Sakthivel, 2010). For this, closed reactors, low temperatures, non- toxic solvents (usually water) and 
different green techniques, without contacting the reaction media and air can be used. Green synthesis of 
nanomaterials using different plant materials is emerging as a field in nanoscience, emphasizing to avoid 
the use of various hazardous chemicals and help in supporting development of ecofriendly technique 
(Kumar et al., 2017). In developing less toxic chemical synthesis, the 12 principles of green chemistry 
are becoming a guideline for the chemical technologists worldwide (Anastas & Warner, 2000). Even 
though rapid development in nanotechnology is occurring but still the harmful effects of nanomaterials 
are somewhat unknown, and to synthesize such materials using some biocompatible and environmentally 
friendly reagents could in fact, lower the harmfulness of the resulting materials and their byproducts on 
the environment (Sanchez-Mendieta & Vilchis-Nestor, 2012; Varma, 2012). Therefore, there is a grow-
ing concern to synthesize the nanoparticles using some environmental friendly methods.

NANOPARTICLES: GREEN SYNTHESIS - WHY DO WE NEED IT?

In traditional eastern medicine, especially in India and China, plants have been used to cure different 
physiological disorders (Kuppusamy, Yusoff, Maniam, & Govindan, 2016).

Vitamins, plant extracts, microorganisms, sugar and biodegradable polymers are some of the naturally 
occurring reagents that are considered attractive as capping and reductant agents for obtaining nanopar-
ticles and this had led to the assembly of limited number of different inorganic nanoparticles, mainly the 
metal nanoparticles even though different metals and salts nanoparticles are reported already (Siavash 
Iravani, 2011). Copper (Cu), nickel (Ni), gold (Au), platinum (Pt), selenium (Se), titanium (Ti), silver 
(Ag), and zinc nanoparticles (ZiNPs) are synthesized using plant resources (Kuppusamy et al., 2016). 
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Among these reagents the plant based materials are considered to be the best for nanoparticles synthesis 
especially for large-scale biosynthesis. Different biomolecules that are present in the plants can be used 
as reducing agents to reduce the metal ions to nanoparticles in a one- step green synthesis process. This 
biogenic reduction process is very rapid and can be conducted easily at room temperature and pressure 
and can be easily scaled up. This kind of plant base synthesis is environmentally benign. The reducing 
agents involved from plants include water soluble plants secondary metabolites (e.g. flavonoids, alkaloids, 
terpenoids, and phenolic compounds) and different co-enzymes. Gold (Au) and silver (Ag) nanoparticles 
are considered important for plant based syntheses. Extracts of different parts of different plants and even 
the live plants have been used in making nanoparticles (Mittal, Chisti, & Banerjee, 2013). Exploiting 
botanical extracts as chemical reagents in synthesis of nanoparticle sometimes complicates identifica-
tion of reactive species, in situ surface-pacification usually occurs in order to give the nanoparticles that 
are biocompatible for use in biological, clinical and environment testing (Benelli & Lukehart, 2017).

The proteins and the nucleic acids are significant nanocomponents that perform different life functions 
and are considered to be the best natural biological nanomaterials. Their study not only involve the structure 
and function of genes and proteins but also the release of specific factors, their binding and recognition 
and release of biochemical and bio-electrochemical signals that are involved in the development of new 
technologies. Even though different issues still need to be evaluated but development of different new 
materials with both biological and nanotech qualities has really made a big progress (Qin et al., 2017).

Recent studies are mainly focused on greener methods using non-toxic aqueous medium for produc-
tion of large amount of nanoparticles. Extracts of different parts of the plant like leaf, fruit, seed (Kumar, 
Pammi, Kollu, Satyanarayana, & Shameem, 2014), bark (Mehmood et al., 2014), peel (Kumar et al., 
2015b), and root (Shameli et al., 2012) work very efficiently in the synthesis of green nanoparticles.

PREPARATION OF NANOPARTICLES USING PLANT EXTRACT

Many studies reported the synthesis of nanoparticles using physical and chemical approaches to pro-
duces different metal nanoparticles (Ahmad et al., 2003), but the synthesis of metal oxide and metal 
nanoparticles using plants and different phytochemicals present in plant are considered to be advanta-
geous because of its simplicity, cost effectiveness, availability, using non-toxic chemicals, reproducibil-
ity, higher efficiency, environment friendly and production of stable materials as it does not require the 
strong maintenance of laboratory cultures used for synthesis of nanoparticles (Benelli & Lukehart, 2017; 
Saratale et al., 2017). Extracts from leaf, fruit (juices, pericarp), root and stems are used to synthesize 
the nanoparticles where they actually act as a reducing / stabilizing agents. In particular, the main role 
was observed by polyphenols from extracts used in nano-synthesis but other secondary metabolites like 
flavonoids, alkaloids, saponins, tannins. Carboxylic acids, ascorbic acid, amino acids were also found 
to be involved in the capping, reduction and stabilization of metal nanoparticles (Borase et al., 2014; 
S Iravani, Korbekandi, Mirmohammadi, & Zolfaghari, 2014; Prasad, Kambala, & Naidu, 2013) and 
because of these biologic constituents the synthesized nanoparticles showed significant antidiabetic, 
antioxidant radical scavenging and antimicrobial activities against different pathogens. Structures of 
some of the secondary metabolites found in extracts of different parts of plants used in nano-synthesis 
are shown in Figure 4.

Plants because of rich genetic variability have many interesting biomolecules in different forms like 
vitamin based intermediates, coenzymes and many others which then reduce the metal ions to nanopar-
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ticles in one step process. The advantage is that these methods can be conducted at room temperature 
and pressure without using any hard and fast technical requirements. Moreover these plant based ap-
proaches for nanoparticle synthesis are easy to scale up and are favored as they are environment friendly. 
The main driving force behind the attraction of synthesis of plant based nanoparticles is that this route 
of synthesis actually allows the products to be exploited for different applications especially those of 
nanomedicine based innovation. Another important feature of these nanoparticles that is playing its role 
in making them famous is that these materials are easy and inexpensive to be cultured as compare to 
those of microorganisms. The ease of procedural and result based advantages along with fairly quicker 
application administration which make these plants better and most favored destinations. There are 
studies that report the use of whole plant based material in the synthesis of nanoparticles (Mubarak Ali, 
Thajuddin, Jeganathan, & Gunasekaran, 2011; Park, Hong, Weyers, Kim, & Linhardt, 2011). Some of 
the plants that are commonly used in the synthesis of nanoparticles used for different purposes are like 
Aloe vera, Ocimum tenuiflorum, Camellia sinensis, Diopyros kaki, Jatropha curcas L, Glycine max, 
Arachis hypogaea L, Solanum trilobatum, Pelargonium graveolens etc. Figure 5 represent some of the 
plants used in nanoparticle synthesis.

The production of nanoparticles from plants involved some very common steps. The plant extract 
(organic solvent, aqueous) is mixed with a solution of desired metal salt at room temperature. The reac-
tion completes within a few minutes and as a result of biochemical reduction the used metal is converted 
into zero-valent states from there mono or divalent oxidation states. This is the formation of nanopar-
ticles which is also physically indicated by change of color that is observed in culture medium vessel. 
Similarly synthesis of silver, gold and many other metals are reported in the same way and these plant 
based reductions are so adaptable in nature that silver nanoparticles are produced from some of the most 
common plants like Azadirachta indica (neem) and Ocimum tenuiflorum (tulsi), that are common in 
almost every household. These bioreductions are brought about because of different compounds in plants 
extracts. The plant driven synthesis of nanoparticles is so selective and specific that it can either be in 

Figure 4. Structure of compounds found in different parts of plant extracts
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the form of aggregation mediated by self-assembly or stabilization of nanoparticle by their production 
in a control environment in which they can be without any alterations in their stabilities. This quality 
can be very useful when we are dealing with assembly of integrated nanostructures (Malik, Shankar, 
Malik, Sharma, & Mukherjee, 2014). As an example we will discuss in detail the green route synthesis 
of silver nanoparticle using plant extract.

Methodology

Preparation of Plant Extracts and Silver Nanoparticles

Collect any part of plant like roots, stem, leaves or whole plant. In order to remove any contamination 
or dust from the plant first wash the plant with tap water several times and then wash it carefully with 
de-ionized water. After washing weigh specific amount of Plant and cut them into small pieces and then 
soak them into water or solvent of your choice. Let the plant be soaked in the solvent for some time or 
place it on shaking bath at certain temperature to get maximum nutrients/ compounds in the solvent. After 
some time filtered the extract and can be stored in refrigerator at 4 °C for the further use. Then take some 
required amount of plant extract (5, 10, 15 mL) and add the prepared solution of silver nitrate (Ag NO3) 
drop by drop. Stirred the reaction mixture of the extract and the AgNO3 for some time depending upon 
the conditions (2-5min) and observed visually the color change of the reaction mixture from colorless 
to dark brown etc. Different conditions like reaction temperature, concentration and pH of the reaction 
mixture and the ratio of the reactants have to be considered to get the silver nanoparticles with tunable 
size and morphology(Tripathy, Raichur, Chandrasekaran, Prathna, & Mukherjee, 2010)

Figure 5. Different plant species used to make metal nanoparticles
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Characterization

The X-ray diffraction pattern will be recorded using an X-ray diffractometer (PANalytical-PW 340/60 
Xpert PRO) and the optical absorption spectrum will be obtained using UV–vis–NIR spectrophotometer 
(Perkin Elmer Lambda 35 model). The morphology of the prepared samples was observed by using 
transmission electron microscope (TEM, Hitachi H-7100) and energy dispersive X-ray analysis (EDAX) 
was used to do elemental analyses. Fourier transform infrared (FTIR) spectrum was measured using 
Perkin-Elmer RX-I FTIR spectrophotometer(Gomathi, Rajkumar, Prakasam, & Ravichandran, 2017)

Antibacterial Activity of Ag NPs

The antimicrobial activities of the plant extract and silver nanoparticles was measured against any patho-
genic microbes like E.coli, P. aeruginosa, S. aureus, K. pneumoniae, M. tuberculosis etc. using either the 
agar well method or the disc diffusion assay. In disc diffusion method, the discs were soaked in double 
distillation water, the plant extract and the silver nanoparticle solution separately. Different concentrations 
of silver nanoparticles were used in order to make sure the specification of antibacterial activity. These 
discs were air dried in sterile conditions before they are placed in different agar media that contain the 
microbial culture. After that the plates containing both media and cultures were then divided into four 
parts and already prepared discs were then placed on each plate. The water disc will be considered as 
negative control and as a positive control we can use any antibiotic for example chloramphenicol. The 
plates were then carefully incubated at 37ºC for 24 hours. After 24 hours the maximum zone of inhibi-
tion was observed and calculated for the analysis of activity against each pathogen. (Fatimah, 2016).

APPLICATIONS OF BIOSYNTHESIZED NANOPARTICLES

The unique and fascinating characteristics of different types of green synthesized nanoparticles have found 
numerous applications in different fields like biomedicines, food sciences, water treatment, agriculture 
and environmental engineering (Barabadi et al., 2017).we will discuss some of them in little detail below

Medicine/ Drug Delivery

Nanotechnology is playing its role in medicine and specifically in drug delivery and even in drug delivery 
the focus is mainly on cancer therapy. The ability of the nanoparticles to cross the blood brain barrier 
actually opens the new ways of drug delivery to brain and also to various cellular compartment and even 
nucleus (De Jong & Borm, 2008). Along with this the drug itself maybe formulated at a nanoscale and 
become its own carrier (Baran & Hasirci, 2002; Cascone, Lazzeri, Carmignani, & Zhu, 2002; Kipp, 
2004). Recently green route in different substrates like plant extracts, enzymes etc is used to synthesize 
the zinc oxide nanoparticles (ZnO-NPs) to treat a range of different skin conditions and have anticancer 
properties.(Mirzaei & Darroudi, 2017). Different plant extracts are used to make an antiseptic bandages 
to treat the external wounds (Tahir, Nazir, & Khan, 2013). Similarly the antimicrobial efficacy of silver 
nanoparticles synthesized using leaf extract of Corchorus capsularis was effective against different 
resistant isolates from post-surgical wound infections (Kasithevar, Periakaruppan, Muthupandian, & 
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Mohan, 2017).The biologically synthesized metal nanoparticles have showed potent anticancer activity 
as well (Jacob, Finub, & Narayanan, 2012; Ramkumar et al., 2017; Saratale et al., 2017)

Water Treatment

New technologies for efficient disinfection and microbial control is needed to achieve the appropriate 
disinfection without any harmful byproducts and for this different natural and engineered nanomaterials 
have shown a strong antimicrobial activity through different mechanisms that destroy the cell components, 
affecting bacterial cell wall, and inhibition of enzymes and DNA synthesis (Li et al., 2008). The Fe3O4 
nanocrystals and magnetic separations offer a promising method for arsenic removal (Mayo et al., 2007)

Removal of toxic materials from wastewater is necessary for health and environmental protection. A 
variety of efficient, low cost and eco-friendly nanomaterials using different plant extracts with differ-
ent functionalities have been suggested for their applications in purification of ground water, industrial 
effluents, drinking and surface water (Dil, Ghaedi, & Asfaram, 2017; Savage & Diallo, 2005; Theron, 
Walker, & Cloete, 2008)

Agriculture/Food

Efforts for application of nanotechnology in agriculture began because of the realization that the tradi-
tional technologies would neither restore the damage to ecosystem due to use of fertilizers, irrigation 
and pesticides nor increase productivity (Mukhopadhyay, 2014). Nanoparticles synthesized using green 
routes are used to control the disease causing pathogens in plants by offering an easy, environmental 
friendly and cost effective approach. They can either be sprayed directly on plants or they can be devel-
oped as carriers for fertilizers, pesticides and herbicides (Alghuthaymi, Almoammar, Rai, Said-Galiev, 
& Abd-Elsalam, 2015; Bouwmeester et al., 2009). As the traditional strategies used for pest manage-
ment are insufficient and affect the humans apart from affecting soil fertility. In this scenario the green 
nanotechnology is providing the efficient alternatives for the insect pest management without harming 
the environment (Rai & Ingle, 2012).

In food industry it includes the enhancement of shelf life, improved food storage, encapsulation and 
delivery of substances in targeted sites and brand protection etc. Similarly the nano barcodes are used 
for labelling and monitoring of different food products and nano supplements are also incorporated by 
different encapsulation techniques for the enhancement of nutrition (Chellaram et al., 2014). Figure 6 
is reflecting the applications of nanotechnology in different sectors of food sciences and technology.

IMPLICATIONS

Sometimes nanoparticles are engineered using different physical and chemical methods which make them 
harmful (Gottschalk & Nowack, 2011) reported that even though the release of engineered nanoparticles 
(ENP) in the environment is much less than the natural nanoparticles that are released but still they 
pose great danger not to the environment but also to living organisms (Huang, Fan, Grusak, Sherrier, & 
Huang, 2014) because of the presences of harmful chemicals that actually are not present in the natural 
nanoparticles (NPs) (Handy, Owen, & Valsami-Jones, 2008) and presences of different organic pollut-
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ants and toxic chemicals that are already present in the environment (Figure 7) make them more toxic 
as they(ENP) react with them (Brar, Verma, Tyagi, & Surampalli, 2010). Once in the environment these 
ENP, they also enter in plants using different routes like leaves, roots and stem (Cifuentes et al., 2010; 
Hong et al., 2014; Lin & Xing, 2007; X. Wang et al., 2012) and they can be transported inside plants 
through vascular pathways.

Figure 6. Applications of nanotechnology in food sciences ((Ravichandran, 2010)

Figure 7. Release of ENPs from different sources into the environment
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Although nanotechnology is very promising for different sectors but still scientist agree that the de-
velopment in this field should be done in a very consistent manner and government should play a major 
role in this through existing regulations and the development authorities must have the new procedures 
to have the sustainability of the procedures (Bergeson, 2013). Researchers are studying the toxic effect 
for both the environment and organisms within that environment when these nanomaterials reach the 
nanobio interface. Focus is also on the release of ENP, how they accumulate and the types and number 
of ENP we are exposed to. Either the nanoparticles are used intentionally during agriculture process or 
their presences as a contaminate, important thing is to understand how they will affect the surroundings 
(Chen, Seiber, & Hotze, 2014). Currently there is low risk of exposure to nanoparticles (Batley, Kirby, 
& McLaughlin, 2012) but work is still needed to study the toxicity under real environmental conditions.

CONCLUSION

The use of different plant extracts to make metal nanoparticles is easily scaled up, cheap, and environ-
mental friendly way. The plant based nanoparticles are of control size and morphology, but still more 
research is needed to understand and improve the applications of these nanoparticles. Further applica-
tions in the field of drug delivery and clinical diagnostics still need to be improved. The possible threats 
to environment and human health caused because of nanoparticles increases the concerns and therefore 
require the full understanding of the toxicity and mechanism of actions of these nanoparticles. In order 
to achieve the large scale nanoparticles production in a cost effective way research is needed to be done 
in the field of isolation and purification of plant metabolites in large scale production (Saratale et al., 
2017) and lastly this is an important area of research and with constant efforts we can implement and 
utilize these technologies for scale up and commercial applications in different fields.
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ABSTRACT

This chapter delivers an outline of the strategies and techniques that are used and developed for the fab-
rication of membrane techniques/methods for application in environmental engineering. Human activities 
are the cause of increased hazardous gases in atmosphere mainly in soil and water. Nanotechnology 
deals the ability to control matter at the nano-scale level. Materials prepared are in nano level and thus 
they will possess some special properties to deal with specific functions. One of the major aspects of 
nanotechnology is nanomembrane fabrication which is mainly employed for water purification plants. 
The chapter is specifically offers a full understanding of the technologies and laws used to synthesize 
membranes. The chapter also provides an introduction to techniques to characterize nanomembranes.

INTRODUCTION TO MEMBRANE TECHNOLOGY

In eighteenth century many scientists started studies on membrane science and technology and how 
they work. In start these membranes were only used in laboratories for experimental studies and they 
did not possess any commercial or daily life importance. For example, the behavior of solutions by us-
ing membranes was carried out by Traube and Pfeffer. Their experiments and work done was used by 
van’t Hoff in 1887 which lead to limit law explaining behavior of ideal dilute solutions that contributed 
to the development of famous “Van’t Hoff Equation”. The work is further proceeded by other scientists 
who worked on different types of membranes including semipermeable membranes which resulted in 
development of another theory known as “Kinetic Theory of Gases” by Maxwell was introduced to the 
world. Early membrane investigators experimented with every type of diaphragm which was available 
to them including animal bladders. In 1907, Bechhold, a well know scientist, prepared nitrocellulose 
membranes having very small pore size to determine a bubble test (Bechhold, 1907). Thus, nowadays 
membranes importance have increased so much that many technologies are in use to synthesize nano-
membranes. The major problems in membrane development are its pore size and its sustainability as 
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the real challenge is to allow specific materials to pass through the membrane and blocking the others 
depending upon the type of application (Baker, 2004) hence fabricating membranes targeted to specific 
application and vice versa. Thereby, for environmental issues, food and chemicals or wastewater treat-
ment, the diverse types of membranes having different parameters will be employed. To permit separation 
process, specially designed synthetic membranes are widely used which separate particles on the basis 
of their molecular size and shape. Since early 1970s, membranes were not considered very important in 
separation industries but their importance rose suddenly in mid 1970s in that area resulting in dramatic 
increase in their successful use in industries. The area of synthetic membranes further flourished in 
middle of the twentieth century impacting positively both small and large scale industrial processes. 
Now an extensive variety of synthetic membranes is known to the world (Toyomoto et al., 1992) that 
include polymers, liquids or even inorganic materials. Among these the successful and commercially 
viable membranes are made up of polymeric materials mainly.

Loeb and Sourirajan are two well-known scientists who investigated the process of osmosis to prepare 
a synthetic membrane (Loeb & Sourirajan, 1962). Their experiments led to the successful completion 
of desalination plant which was later installed in some arid regions to purify sea water. Thus it is an 
influential discovery that transformed membrane separation from a laboratory to an industrial process 
and called as Loeb–Sourirajan process for making defect-free, high-flux, anisotropic reverse osmosis 
membranes. The characteristics of these membranes are that they are ultrathin, selective in nature and 
possess permeable microporous support for increased mechanical strength. The studies showed that 
membranes prepared by Loeb and coworker had increased mechanical strength and very good efficiency 
(10 times higher than that of any membrane then available).

Membranes can be classified based on their surface chemistry, bulk structure, and morphology and 
production method. Common types of membranes include porous membranes, asymmetric and dense 
membranes which are followed by separation industries (Freeman & Pinnau, 1999).

Types of Membranes

A membrane is nothing but a discrete, thin interface that moderates the permeation of chemical species 
in contact with it. This interface may be molecularly homogeneous (completely uniform in composition 
and structure) or it may be chemically or physically heterogeneous. For example, it may have holes and 
pores of restricted dimensions or it may have layering structures inside the membrane unit. Commonly 
it is called that membranes are just like filters; no doubt a normal filter meets the definition of a mem-
brane, but in actual the filters are only those structures which act as separation unit. It means filters work 
on the rule that they will separate smaller and larger particle in the range of 1-10μm in a heterogeneous 
system. A large variety of membranes is available and Figure 1 schematically presents the principal types 
of membrane which are described briefly below.

Isotropic Membranes

Isotropic membranes are further categorized according to the specification of membranes. Some are 
discussed below:

 EBSCOhost - printed on 2/14/2023 11:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



105

Nanomembrane Applications in Environmental Engineering
 

Microporous Membranes

Just like a conventional filter, microporous membrane works same as filters. The pores are distributed 
inside membrane in random manner having interconnections among them. The only difference in the 
pores of filter and membrane is that the membrane has extremely small pores in it the diameter of which 
lies in the range of 0.01 to 10 μm. This enables the retention of big particles that cannot pass through 
microporous membranes resulting in their rejection. On other hand the particles which are much smaller 
in size than the smallest pores of the specific membrane will pass through the membrane very easily. 
Thus, separation of solutes is ensured by defining the pore size in microporous membranes and is mainly 
a function of molecular size and pore size distribution. In general, only molecules that differ considerably 
in size can be separated effectively by microporous membrane. This can be observed in microfiltration 
and ultra-filtration processes (Baker, 2004).

Nonporous, Dense Membranes

When molecules travel from area of higher concentration towards area of lower concentration, the pro-
cess is called as diffusion. Pressure and electro potential gradient are tools which help out in transport 
of particles across the membrane. Transport rate of particles across the membrane allows separation of 
various components which is determined by their diffusivity and solubility in the membrane materials. If 
the material has considerable similar size, then dense membranes having non porous nature can separate 
them. Most gas separation, pre-evaporation, and reverse osmosis membranes use dense membranes to 
perform the separation. The membrane structure is kept anisotropic in order to achieve as much flux as 
possible (Baker, 2004).

Electrically Charged Membranes

The membranes whose particles have charge on them (either positive or negative) are termed as electri-
cally charged membranes. Their structure may be microporous or dense in nature.

Two types of membranes come under this category:

Figure 1. General types of membranes (Baker, 2004)
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• Anion exchange membranes
• Cation exchange membranes

A positively charged ions membrane is called as an anion-exchange membrane because it binds anions 
in the surrounding fluid. In the same way the membrane having negative charge on its particles is called 
a cation-exchange membrane. Separation with charged membranes is achieved mainly by exclusion of 
ions of the same charge as the fixed ions of the membrane structure, and to a much lesser extent by the 
pore size. The separation is affected by the charge and concentration of the ions in solution. These types 
of membranes are employed in reverse osmosis (Wei, 2012),

Anisotropic Membranes

When efficiency of membrane is taken then the size and thickness of membrane is very important. Thin 
membranes are no doubt very difficult to synthesize but they have the highest efficiency in performing 
separation. In general, membrane thickness takes part in transport rate determination; thicker the membrane 
less will be the transport across membrane and vice versa. But thin membranes having good efficiency 
are not very strong mechanically therefore synthesis of these membranes is limited to minimum thick-
ness of 20 μm and having no defect by following conventional fabrication techniques. Many experiments 
and studies have been conducted in last thirty years to attain desired properties in a membrane which is 
anisotropic in nature. These experiments led to discovery of more and more fabrication techniques in 
the field of membrane synthesis. Anisotropic membrane is actually very thin and supported by a thicker 
porous membrane parallel to it. The surface layer and its substructure may be formed in a single operation 
or separately. The benefits of the higher fluxes delivered by anisotropic membranes are so pronounced 
that almost all commercial processes adopt these membranes in their industrial applications.

Ceramic, Metal and Liquid Membranes

Depending upon the fabrication and synthesis process used, membranes are either polymeric in nature, 
or they may be organic/ inorganic in properties according to the method used for their preparation. But, 
in recent years, interest in membranes formed from less conventional materials has enlarged dramati-
cally. Another type of membranes which are called ceramic membranes also exists. It is a special class 
of microporous membranes used in ultrafiltration and microfiltration applications for which solvent 
resistance and thermal stability is recommended.

Synthesis Parameters for Membranes

A membrane can be described as a semi permeable barrier between two phases which prevents near 
contact. This barrier must be perm selective which means that it restricts the movement of molecules in 
it in a very specific manner. This barrier can be solid, liquid or gas depending upon applications. Perm 
selectivity can be obtained by many mechanisms; some of which are given below:

1.  Size exclusion process
2.  Differences in diffusion coefficients (bulk as well as surface)
3.  Electrical charge differences
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4.  Differences in solubility
5.  Differences in adsorption and/or reactivity on inside surfaces

Pressure gradient is the tool to create flux of liquids or gases through the membrane. Sometimes the 
flux may be created by using an electric field gradient. Membranes can be used for many purposes like:

1.  Separation of mixtures (liquids, gases or liquid-solid mixtures can be separated).
2.  Handling of chemical reactions: shifting the equilibrium situation or management of the conversion 

or selectivity of catalytic reactions can be done.

The effectiveness of the membrane in any application depends on the detailed structure of the mem-
brane system. Morphology is also very important in addition to the performance of the above mentioned 
physicochemical mechanisms in a membrane. These are critically resolute by the synthesis process and 
this is why details of the preparation procedures are so important in synthesis (Bhave, 2012).

Basic Principle of Membrane Synthesis

In this section a short introduction will be given on how the membranes are synthesized by sol-gel tech-
nique and how anodization is done on carbon membranes and glass membranes. Some new terminologies 
will be introduced here as well including symmetric and asymmetric membranes, in addition words like 
mesoporous and macroporous will be added. Symmetric membranes are those membranes which have 
homogeneous structure throughout the frame. Capillary glass membranes are example of symmetric 
membrane. On the other hand, asymmetric membranes have a gradual change in structure throughout 
the system. In majority of the cases they are composite membranes which have several layers with a 
gradual decrease in pore size to the feed side of the membrane. Ceramic alumina membranes which are 
prepared by using sol-gel technique are typical example of this type of membrane. Macropores is the 
term used when pore diameter is larger than 50 nm while Mesopores have a diameter between 2 and 50 
nm and below a diameter of 2 nm the system is called microporous (Sing et al 1985).

Ceramic Asymmetric membrane

Ceramic asymmetric membrane synthesis demand very critical care for development of center layer and to 
develop support system of the membrane. Special technologies and processes are required for increasing 
the quality of intermediate layer. By far the most frequently used principle to meet these requirements 
is the formation of a layer consisting of a packing of well-ordered, uniform-sized particles. The size and 
shape of the particles determine the minimum obtainable mean size and pore size. To change porosity 
of membrane, heat treatment can be done. The main process for making ceramic membranes is to first 
prepare a dispersion of fine particles, also known as slip and then to deposit the particles which are 
present in the slip on a porous support by a slip-casting method. The capillary pressure drop created on 
letting the slip come into contact with the microporous support forces the dispersion medium of the slip 
to flow into the pores of the support. The slip particles are concentrated at the pore entrance to form a 
layer of particles or a gel layer (Bhave, 2012)
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Polymeric Membranes

Polymeric membrane can also be synthesized if continuous efforts done. Many fabrication techniques 
are present which can be used to prepare membrane with desired parameter and applications. Some of 
the fabrication process includes the following:

• Template leaching
• Stretching of polymeric film
• Phase separation
• Interfacial polymerization

Template Leaching

In the leaching process, two different components are mixed together forming a heterogeneous structure. 
In the second step the undesired component is removed from the mixture by leaching process (Chau et 
al., 1989; Ichikawa et al.1987; Lopatin et al., 1989).

Stretching of Polymeric Films

It is very common technique to make semi permeable membranes in which the polymeric sheets are 
stretched in such a way that some pores are created in it (Baker 2004).

Figure 2. Simplest example of leaching process
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Phase Separation

By employing phase separation technique asymmetric membranes can be easily synthesized. In this 
process on phase is split up into two or more membranes and it is supported by thermodynamic reac-
tion. The unwanted parts of the membrane can also be eluted out easily. During the phase separation, 
the prepared material may be heated up to vaporize the extra particles or may be solidified according to 
the requirements (Schnabel & Vaulont, 1978).

Phase separation technique is further categorized into six parts as follows:

• Vapor induced phase separation (VIPS)
• Liquid induced phase separation (LIPS)
• Thermally induced phase separation (TIPS)
• Colloidal induced phase separation (CIPS)
• Pressure induced phase separation (PIPS)
• Reaction induced phase separation (RIPS)

1.  Vapor Induced Phase Separation Technique

The technique is based on vaporization principle in which the solvent is vaporized by heating or by 
inducing thermal reaction. The solvent used for vaporization may be organic in nature or aqueous. But 
aqueous solvents may remain inside the pores of membrane after vaporization and cause inefficiency 
of membrane (Baker, 2004)

2.  Liquid Induced Phase Separation Technique

Wet casting is done by liquid induced separation. The synthesized membrane will have dense pores 
inside the structure. This technique can also be combined with vapor induced technique to enhance its 
effectiveness (Guillen, 2011).

Figure 3. Figure showing SEM image of stretching of membrane
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3.  Thermally Induced Separation Technique

Material is melted by using high temperature in a well-defined cast (Guillen, 2011).

Characterization of Membranes

Characterization techniques can be classified into two main processes:

1.  Static technique
2.  Dynamic technique

Both of these techniques are separated on the basis of membrane properties and characterization 
parameters. Static one deals with all synthesis process, structural features and changes related with their 
physical and chemical properties while the dynamic technique is specifically for explaining characteriza-
tion parameters. Techniques may be destructive or non -destructive in nature. Except for bubble pressure 
all other reported techniques have not yet been standardized or harmonized (K.-L. Tung et al.). Table 1 
shows the main characterization tests for membranes:

Bubble Pressure

This method was originated by Bechhold in 1908 (Tung, K. et al.) and it is based on the fact that the 
pressure (P) which is essential to blow a gas through a liquid-filled capillary is inversely proportional to 
the capillary radius (r). The pore size can be premeditated by following the Cantor equation (1):

Table 1. Characteristic tests of a synthesized membrane (Tung et al., 2014)

Methods Characteristics Topology

Bubble pressure Maximum pore size Non destructive

Gas and liquid displacement methods Distribution of pore size Non destructive

Mercury porosimetry Distribution of pore size in membranes Destructive

Atomic force microscopy (AFM) Surface characterization Non destructive

Scanning electron microscopy (SEM) Surface characterization 
Pore size of membrane Non destructive

Transmission electron microscopy (TEM) Surface characterization 
Quantitative analysis of membrane Destructive

Flux and retention measurements Permeability and selectivity of membranes Non destructive

Gas adsorption and desorption methods Distribution of pore size in membrane Non destructive

Permporometry Distribution of pore size Non destructive

Fourier transform infrared spectroscopy 
(FTIR)

Qualitative and quantitative analysis of functional group in 
membranes Destructive

Contact angle measurements Surface studies Non destructive

Stress strain measurements - Destructive
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The bubble point test is a measure of the radius of the largest pore. According to the equation given 
above, gas will pass through it first. To calculate pore size in an air-water system where the surface ten-
sion (g) will be almost 72 mN/m following equation will be followed (2):
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.
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1 4
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The main advantages of this test are:

• It is purely a non-destructive method,
• A very simple way with simple set up of apparatus,
• It is very beneficial for integrity test.

But the technique suffers from a drawback that it cannot determine the radius of pores. Moreover, 
the idea about how the pores are distributed inside a membrane system cannot be evaluated by following 
bubble test. An increased surface tension in the membrane will cause compression in the system as well. 
This increase surface tension is required for permeation of gas through pores. For example, the bubble 
point’s method was used for calculation of pore size of membrane. These types of membrane are called 
as three hollow fiber polyphenylsulfone membranes (Cuperus & Smolders, 1991) The pore size range 
was from 53 to 237 nm and pressure calculated was between 2-9 bars respectively (Manesh et al., 2011)

Liquid-Liquid Displacement Porosimetry

The next technique was a little bit improved in that sense that it enables calculation of pore sizes as well. 
Same principles were followed like in air liquid displacement method or bubble point processes. In both 
the techniques inter-relation between pressure and pore sizes were taken (Ding & Bikson, 2010). These 
techniques are advantageous as very high potential is created and pore sizes of nano levels can be at-
tained. In addition membrane efficiency is increased due to less surface tension. Because of favorable 
properties of this membrane, many trials were done and when polymeric membranes were forms, they 
gave outstanding results. Due to very small pore sizes, these membranes have wide range of applications 
as well (Calvo et al., 1995).

Some of the advantages of these membranes are given below:

• Membranes can be tested in their original state.
• It can give information very close to the normal operating conditions of the membrane
• There is advantage of this membrane that due to reduced pressure, there is no chance of membrane 

breaking
• It is very simple and easily handleable technique. Improved Due to process efficiency and timings, 

the technique is considered s simple and easily manageable
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Liquid and Air Permeability

As concerned with properties of membranes, one of the important factors is permeability of membranes 
for specific liquids. It is important to develop a model or to follow an approach to estimate permeabil-
ity values correctly. It should be taken in consideration that the model cannot differentiate between a 
system with few large pores or large number of small pores in a membrane. This method can be further 
upgraded by adding gas which will act as a permeating medium as a substitute of liquid. Thus it will 
be possible to differentiate between pore size distributions in a system as gas will be dependent on the 
overall pressure. These techniques have been used for pore size calculation in polymeric hollow fibers 
(Carretero et al., 2013), which give analogous trends in the observed mean pore size. The gas permeation 
has certain advantages considering the influence of the polymer concentration (Khayet & Matsuura, 
2003). Consequently, gas permeation technique has showed to be very helpful in characterization of the 
thin layer in asymmetric membranes. The negative aspect of this technique is that it does not give any 
insight into the remaining membrane pore size structure (Feng et al., 2013).

Nitrogen Adsorption/Desorption (Pore Size Distribution)

The technique is based on adsorption and desorption isotherms of gas. The gas is usually nitrogen which 
is subjected to adsorption and cause capillary condensation in the pores. The nitrogen adsorption BET 
analysis is very beneficial to determine surface area and pore size distribution of ceramic membranes. 
It has found application in structures like glassy polymers (See-Toh et al., 2008), in characterization of 
the support membrane in case of thin film composite OSN membranes (Park et al., 2008), as well as in 
the characterization of micro- and meso-pore materials as composite amorphous membranes (Fukumoto 
et al., 2014) or semi-crystalline polymer membranes (Jimenez Solomon, M.F. et al.).

Permporometry (Pore Size Distribution)

Permporometry technique, first introduced by Eyraud and modified by Katz et al. (Tsuru et al., 2008; 
Tsuru et al., 2011; Mey-Maron & Katz, 1986) was based on the theory that the vapor pressure at the 
surface of a liquid depends on its curvature. The permeation of gases will be blocked due to condensa-
tion of membranes.

Electron Microscopy

Electron microscopy is a method used to obtain visual information of the membrane structure and po-
rosity. The observation is obtained through magnification by scanning electron microscope (SEM) or 
a transmission electron microscope (TEM). But polymeric membranes are very sensitive in nature and 
high energy of electron beam can damage the membrane. For microscopic studies, sample preparation 
is relatively easy. In majority of the cases sample can be directly evaluated without any preparation. The 
sample for TEM analysis is prepared with high care and requires surface to be dry and thin enough to 
allow penetration of electrons easily. Due to this requirement, sample preparation for TEM requires extra 
care in case of membrane. SEM is used to characterize the predominant morphology of polymeric asym-
metric and mixed matrix membranes also (Feng et al., 2013; Alexander et al., 2014; Valodez-Blanco & 
Livingston, 2009; Siddique et al., 2014; Bogdanowicz et al, 2013). These membranes are used in organic 
solvent nanofiltration and to calculate the thickness of the top- and the support layers. Their role in the 
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control of the membrane mass-transport rates, as well as eventual changes in the membrane before and 
after nanofiltration is also studied (Freeman & Pinnau, 1999; Loeb & Sourirajan, 1962; Tylkowski et 
al., 2010;Tylkowski et al., 2011; Fan et al., 2008)

Stress - Strain Property

As membranes have critical surface properties, high surface tension weakens the membranes also. It is 
necessary to consider mechanical properties of membrane as well. Normally the materials are exposed 
to stress and the accompanying deformation throughout processing and further applications. The me-
chanical properties of the membranes characterized by stress-strain tests are very important to confirm 
the potential suitability of these membrane in applications including nanofiltration (Tylkowski et al., 
2010;Tylkowski et al., 2011;in respect of mechanical strength of hollow fiber membranes (Tsuru et al., 
2008; Tsuru et al., 2011) and in connection with the abrasive resistance of flat sheet membranes (Ty-
lkowski et al., 2010;Tylkowski et al., 2011), mainly.

The stress-strain relationships can then be used to establish the compressive or tensile yielding 
strength, the modulus of elasticity and the ultimate strength.

Applications of Nansomembranes in the Environmental Engineering

In industrialized nations, the air is filled with numerous pollutants caused by human activity or industrial 
processes, such as carbon monoxide (CO), chlorofluorocarbons (CFC), heavy metals (arsenic, chromium, 
lead, cadmium, mercury, zinc), hydrocarbons, nitrogen oxides, organic chemicals (volatile organic com-
pounds, known as VOCs, and dioxins), sulphur dioxide and particulates. Soil is contaminated by acid 
rains and increased nitrogen levels. The burning of oil, gas, coal, fuels are the main factors to increase 
hazardous gases in the atmosphere. Some amount of contaminants came from natural processes also 
including volcanic activity, paleontology process and soil decay etc. By using highly toxic pesticides and 
fertilizers, industrials effluents wastes are also cause of increased water pollution. All these contaminants 
are very hazardous if their level increases to a certain level. Their levels are usually measured in ppm 
or ppb levels. For example arsenic is a hazardous chemical. It’s very small amount can cause serious 
affects. The toxic level for arsenic is 10 ppm in soil. Similarly the toxic level for mercury is 0.002 ppm 
in water. Contaminants may be present as a single form but in most cases they occur as mixtures. As a 
result, there is a need for technologies that should be proficient of monitoring, recognizing and, ideally, 
treating such small amounts of contaminants in air, water and soil. Nanomembranes are one of the state 
of the art field of science. Advanced materials including organic and inorganic polymers and ceramics 
are in practice to synthesize membranes. They have wide range of applications in resolving environmental 
issues. Applications of nanofiltration can be found, e.g. in drinking water treatment, in the food industry 
as well as in cleaning environment and natural resources as well. A great potential for nanotechnology 
is expected in the field of seawater desalination also (Martins et al., 2010).

Nanomembrane for Industrial Wastes Treatment

Microfiltration and ultrafiltration are archetypal pressure-driven membrane operations which along with 
reverse osmosis, to be ingrained industrial separation technologies. All these processes are based on the 
use of polymeric membranes and represent a valid approach to resolve separations problems involving 

 EBSCOhost - printed on 2/14/2023 11:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



114

Nanomembrane Applications in Environmental Engineering
 

particulate material and macromolecules. They are a valid alternative to competitive separation processes 
like distillation, extraction, fractionation, and adsorption, since the separation process is athermal and 
involves no phase change or chemical agents. Due to simplicity these techniques have additional advan-
tages like low energy consumption, easy scale-up, low weight and space requirements, modularity and 
the possibility of carrying out the separation continuously (Bilstad, 1997).

The combination of bioreactors and UF membranes (MBRs) documents an inventive and effective 
cleaning process for both municipal and industrial wastewaters to be obtained. The bioreactor is an 
oxygenated feed tank in which the dissolved organic substances are disintegrated by activity of micro-
organisms and result in formation of nitrogen, water and carbon dioxide respectively. The biomass is 
separated from this effluent by the nanomembrane and finally recycled in the feed tank. By following 
this treatment high molecular weight substances are prohibited by the membrane and can be further 
decomposed. The biomass concentration in the system can reach values 10 times higher than those 
obtained in conventional plants (Zenon Environmental b.v., 1995).

The recovery of water, toxic and valuable compounds from water and wastewaters in the chemical 
industry, to elude pollution of the environment is another interesting field of applications (Reynolds, 1996).

The application of ED (electro dialysis) with MF(microfiltration), UF (ultrafiltration) and ion-exchange 
processes provides a good solution for recovering and recycling valuable compounds (nickel, cadmium, 
copper) from rinse solutions in the metal dispensation industry. An integrated membrane process based 
on the use of UF and NF has been proposed by Cassano et al. (2001) for the recovery of chromium from 
spent tanning liquors in the leather industry. Osmota GmbH (Germany) proposed a treatment scheme for 
the recovery and recycling of water and sulphuric acid from the rinse of a lead battery production line 
including MF, NF, ED and RO (Strathmann, 2004). Kim et al. (2006) reported a pilot-scale wastewater 
treatment and reuse system by integrating MF and ED. MF removes suspending solids and heavy metal 
ions (immobilized by separating materials) from sewage, while the following ED operation further 
purifies and desalinates the outlet. UF and RO can be also integrated to recover dyes from wastewaters 
produced by the textile industry (Short, 1993).

This interesting field offers the skill to control matter at the nanoscale level and to develop and 
fabricate specific materials with outstanding properties that can serve specific functions for remedy of 
environmental pollution. Nano-technology is a vast field of science that offers various trends to resolve in 
particular environmental issues where pollution often arises from the presence of a specific contaminant 
within a mixture of materials, in solid, liquid or gas form. This is the property of nano science that we 
deal with materials having very small size.

Assimilated processes which include water softening, MF, RO, UF, UV-sterilization and mixed bed 
ion-exchange have been anticipated for purifying well or surface waters (Strathmann et al., 2006).

Due to extra ordinary dominant properties of nanomaterials, it allows the development of highly 
reduced, accurate and sensitive pollution-monitoring devices known as nano-sensors. Nanomaterials 
can also be engineered to actively interrelate with a pollutant and decompose it into less toxic species. 
Nanotechnology studies not only used to detect contaminated sites but also to treat or reduce them ef-
ficiently. This technology can be used to reduce the production of harmful wastes in manufacturing 
processes by reducing the amount of material used, and by engaging less toxic compounds.

1.  Soil and groundwater contamination ascending from manufacturing processes are a matter of great 
complexity and concern. Many sites are affected including lakes and rivers in their neighborhood, 
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underground storage tank leakages, landfills and abandoned mines. Pollutants in these areas in-
clude heavy metals like mercury, lead and cadmium and organic compounds including benzene 
and chlorinated solvents. Nanotechnology can develop techniques that will allow for more specific 
tools to resolve that area. Many of the methods are used to remove toxic contaminants that involve 
laborious, time-consuming and expensive techniques. A pretreatment process and removal of the 
contaminated area is often required. This will eventually disturb the ecosystem also.

Nano science can also be used to develop different tools for remedy that are specific to a certain 
pollutant like metals or chemicals. Consequently increasing affinity and selectivity, as well as refining 
the sensitivity of the technique.

One more very important parameter is contamination of drinking water. Highly toxic elements like 
Mercury and arsenic are major health hazardous risk. Remediation methods that allow the fast, economic 
and effective treatment of water polluted with such contaminants is urgently needed. Nanotechnology 
can introduce new methods for the treatment and purification of water from pollutants, as well as new 
techniques for wastewater management and water desalination.

There is considerable reduction in formation of toxic components when nano powders are used. As 
a result of the increased reactivity and stability of the nanoparticles as compared to the granular iron 
powder, high efficiency is acquired. As a result of their stability, nano-iron particles may remain active 
in a location for more than six weeks before they become dispersed completely in the groundwater and 
become less concentrated than naturally occurring iron.

Semiconducting nanoparticles made of titania and zirconia is used in photo catalytic remediation. 
These materials produce an electron-hole pair when irradiated with a light having energy in the order 
of the material band gap because they are electrically conductive in nature. Both titania and zirconia 
are easily available and have been used for environmental issue for many years In recent studies, nano-
sized titania and zirconia particles have been formed, as these have more active surface given the same 
volume of material. The aim of synthesizing these particles is to develop solar material which can be 
helpful for catalysis remediation system. In this system the nano particles will remove contaminants by 
the help of rays.

2.  Nanotechnology could bring an improvement in two ways. Initially when noble metals like gold 
and platinum are chemisorbed to the TiO2 and ZnO nanoparticles, the photo catalytic activity is 
enhanced. The reason is that the presence of the metal will help to keep the electrons and holes 
from recombining in the semiconductor and thereby it will enhance the efficiency of the photo 
catalysis.

3.  Nanomaterials have also been found able to remove metal contaminants from air. For example, 
silica-titania nanocomposites are being investigated for use in the removal of elementary mercury 
from vapors such as those from combustion sources. In these nanocomposites, silica acts as a support 
material and titania transforms mercury to a less volatile form (mercury oxide). Remediation using 
dendrimers are highly branched polymers with controlled composition and nanoscale dimensions. 
Chelating agents in the form of dendrimers are also studied for the removal of metal contaminants. 
These can be designed so as to able to act as ‘cages’ and trap metal ions and zero-valent metals, 
making them soluble in appropriate media or able to bind to certain surfaces. The vision is to 
employ dendrimers as nanoscale chelating agents for polymers supported ultrafiltration systems.
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Nanomembranes and Nanofilters

Nanotechnology can also be employed for the fabrication of nanofilters, nano-adsorbents and nanomem-
branes having required properties that can be used for decontaminating water and air. It is the facility to 
manipulate matter at a molecular level that makes nanotechnology so promising in this field, together 
with the small size and high surface-to-volume ratio of nanomaterials that are employed in the fabrica-
tion of these products. In principle, ‘nano traps’ designed for a certain contaminant can be produced, for 
example with a specific pore size and surface reactivity. An example is given by the work carried out 
at Rice’s CBEN, where researchers are developing reactive iron oxide ceramic membranes (ferroxane 
membranes) that are capable of remediating organic waste in water. Filters and membranes can also be 
engineered to be ‘active’ in the sense of being able not only to trap a certain contaminant, but also to 
chemically react with it and convert it to a non-toxic product. For example, researchers at the University 
of Tennessee are investigating a new type of nanofibre for the removal of micro-organisms via filtration 
that can also kill them on contact. An interesting application of nanomembranes has been developed by 
researchers at the University of California Los Angeles (UCLA) in the form of a new reverse osmosis 
(RO) membrane for seawater desalination and wastewater remediation. The membrane is made of a 
uniquely cross-linked matrix of polymers and engineered nanoparticles designed to draw in water ions 
but repel contaminants. This is possible due to the nano-size of the holes forming the membrane, which 
are ‘tunnels’ accessible only to the water molecules. Another distinctive feature of this nanomembrane 
is its ability to repel organics and bacteria, as a result of the chemical composition of the nanoparticles 
embedded in the membrane. Compared with conventional RO membrane, these membranes are thus less 
prone to clogging, which increases the membrane lifetime with an obvious economic benefit.

Super Hydrophilic Filters

Access to safe drinking water to human life is becoming more and more critical day by day and in areas 
of the world clean water is not available to mankind. Nano filters are used to remove dangerous materi-
als like arsenic and other heavy metals from water. The filter is inserted in a plastic bottle and enables 
contaminated water to be cleaned on-site in an easy way.

Pollution Prevention

Increased development in industries is also increasing different types of pollution day by day. Scientists 
are also working to resolve this issue side by side. Nanotechnology studies deal with many advanced 
approaches to reduce pollution. These are only a few of the many approaches that can be taken to reduce 
pollution of the environment. Nanotechnologies are already actively involved in this sector, either as a 
technology producing advanced materials that pollute less, or as a method to increase the efficiency of 
certain industrial processes.

CONCLUSION

Membrane processes may donate to explaining diverse problems of natural environment protection. 
They save raw materials and reduce energy consumption as well as allow understanding various recov-
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ery strategies which are linked with the subject matter. In addition, membranes can be easily combined 
in systems including economic hybrids that would permit free adjustment of product parameters and 
energy use. By their versatility and multiple functions, membrane methods can fulfill various aims and 
expectations of strategy of clean technologies. All membrane methods are very efficient, nevertheless 
high separation ability of each membrane process is limited to some specific range of separated particles. 
Reverse osmosis is capable to retain all dissolved species that includes monovalent ions, but it only ap-
plies high pressures which are not mandatory when thermally driven process like membrane distillation, 
which has similar separation capabilities is also in use (Zakrzewska-Trznadel, 2005).
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ABSTRACT

The world around us is a gift of God. A thrust to know and reconnoiter the environment around us is 
innate. Man has drastically explored and utilized the resources hidden in nature, but unfortunately in 
this sprint of development, the natural environment is severely affected. It is the need of the hour to focus 
on methodologies for environmental remediation. Many technologies have been developed to reduce 
the pollution causing factors. Use of nanotechnology for the sake of saving environment is an emerging 
field. Nano-technology is based on nano-sized (smaller than 1 micron) materials. Nanosize particles 
have initiated the advancement in new and low cost techniques for environmental pollution control 
including air pollution.

INTRODUCTION

Latest trends in nanotechnology have been adopted for its use in environmental remediation. Nano-
materials are different from other macro and micro- molecules in their chemical and physical properties 
and are found to be more effective. Various nano-sized materials have been synthesized to reduce many 
upcoming health issues based on air pollution.

Air pollution comes from many different sources depending upon the mobility of the pollution emit-
ting source. Static or stationary sources include power plants, factories, smelters and in-door sources 
such as dry cleaning operations and degreasing operations. Mobile sources which kept on enhancing 
toxic chemicals in air over a larger area include cars, buses, trucks, planes and trains. All these sources 
contribute in deteriorating the natural air quality. Pollutants from these sources range from green-house 
gases to volatile organic compounds and even solid particulate matter.
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Attention to control the air quality in different regions has been made worldwide. Many countries 
have set limits in their regions for the emission of specific pollutants. Environmental protection agency 
(EPA), USA has categorized six major air pollutants as criteria air pollutants. This concept of “criteria 
air pollutants” is accepted worldwide.

A brief description of major air pollutants, their sources and health hazardous are discussed in Table 1.

Table 1. Criteria air pollutants

Pollutant Description Sources Health hazard Release Effect on environment

Carbon
Monoxide
(CO)

CO is an odorless, colorless, 
and poisonous gas 
produced by the incomplete 
burning of fossil fuels 
(gasoline, oil, natural gas).

Cars, trucks, buses, small 
engines, and some industrial 
processes are major sources. 
Wood stoves, cigarette smoke, 
and forest fires are also 
sources of CO.

CO interferes with the 
blood’s ability 
to carry oxygen, slowing 
reflexes and 
causing drowsiness. In high 
concentrations, CO can cause 
death. 
Headaches and stress on 
the heart 
can result from exposure 
to CO.

Direct contribute to the formation 
of photochemical smog

Nitrogen
Oxides
(NOx)

Nitrogen and oxygen 
combine during combustion 
(burning) to form nitrogen 
oxides. Many nitrogen 
oxides are colorless and 
odorless gases.

NOx come from burning fuels in 
motor vehicles, power plants, 
industrial boilers and other 
industrial, commercial, and 
residential sources that burn 
fuels.

NOx can make the body 
vulnerable to 
respiratory infections, lung 
disease, 
and possibly cancer.

Direct

contribute to the formation 
of photochemical smog, 
formation of acid rain, 
visibility reduction, 
water quality deterioration,

Sulfur
Dioxide
(SO2)

SO2 is a gas produced by 
chemical interactions 
between sulfur and oxygen.

SO2 comes largely from 
burning fossil fuels (gasoline, 
oil, natural gas). It is released 
from petroleum refineries, 
paper mills, chemical and coal 
burning 
power plants.

Eye irritant 
Damage to lungs Direct

formation of acid rain, 
visibility reduction, 
plant damages

Particulate
Matter
(PM)
also known
as
Particle
Pollution

Particulate matter is a term 
used to describe very small 
solids. Smoke, ash, soot, 
dust, lead, and other 
particles from burning fuels 
are examples of some of 
the compounds that make 
up particulate matter.

Some particles are directly 
emitted from cars, trucks, 
buses, factories, construction 
sites, tilled fields, unpaved 
roads, and burning wood. 
Other particles are indirectly 
formed when gases from 
burning fuels react with 
sunlight and water vapor.

Particulate matter can reduce 
visibility and cause a 
variety of 
respiratory problems. 
Particulate 
matter has also been linked to 
cancer. It can also corrode 
metal; 
erode building and sculptures, 
and 
soil fabrics.

Direct and 
formed in 
the air

visibility impairment, 
impacts on trace gas 
cycles, 
cloud and fog formation, 
absorption and scattering 
radiation

Lead

Lead is a metal found 
naturally in the environment 
as well as in manufactured 
products. Small solid 
particles of lead can 
become suspended in the 
air. Lead can then be 
deposited on soil and in 
water.

The major source of lead is 
metal processing with the 
highest levels of lead generally 
found near land smelters. 
Other sources include waste 
incinerators, utilities, and leadacid 
battery manufacturers.

Exposure to lead can cause 
blood, 
organ and neurological 
damage in 
humans and animals. Lead 
can also 
slow down the growth rate 
in plants.

Direct
Contaminated crops and 
livestock 
Smog

Ozone (O3)

Ozone (O3) is a gas not 
usually emitted directly into 
the air. Ground level ozone 
is created by a chemical 
reaction between NOx and 
VOCs in the presence of 
heat and sunlight.

Motor vehicle exhaust, 
industrial emissions, gasoline 
vapors, and chemical solvents 
are some of the major sources 
of NOx and VOCs.

Ozone can irritate lung 
airways and 
cause wheezing and 
coughing. 
Repeated exposure can cause 
permanent lung damage. 
Ozone 
damages leaves of trees and 
other 
plants. It decreases the 
ability of 
plants to produce and store 
food, and 
reduces crop yield.

Formed in 
the air

plant and ecosystem 
damage, 
visible injury, 
decreased productivity, 
crop yield, 
indirect effect on global 
warming

(Source: EPA, USA)
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Standards Values of Some Air Pollutants

USA has passed a Clean Air Act which states and limits the hazardous air pollutants present in environ-
ment. The Clean Air Act, helped in giving standard limits for exposure to the polluted air with respect 
to specific pollutant. The clean air act (amended in 1990) requires EPA to regulate and set National 
Ambient Air Quality Standards for harmful pollutants.

Two types of ambient air quality standards have been made for toxic pollutant exposure. Primary 
standards and secondary ambient air quality standards.

The standard which deals with the direct effect of the air pollutants to human health comes under 
the category of “primary ambient air quality standards”. This standard also deal with setting limits for 
exposure of sensitive individual like children, elderly persons and children. Generalized effects of air 
quality like visibility, harmful effects on vegetation, buildings and animals are discussed under “Second-
ary standards for ambient air quality”.

National Ambient Air Quality Standards (NAAQS) for criteria air pollutants has been set by EPA. 
These standards are reviewed periodically and may be revised when needed. The current standards are 
listed in Table 2.0.(Units of measure for the standards are parts per million (ppm) by volume, parts per 
billion (ppb) by volume, and micrograms per cubic meter of air (µg/m3).

Table 2. NAAQS standards for air quality (Source: USA,EPA)

Pollutant Primary/Secondary Averaging Time Level Form

Carbon monoxide
Primary

8 hours 9ppm
Not to be exceeded once per year

1 hour 35ppm

Lead Primary and Secondary Rolling 3 months 
average 0.15ug/m3 Not to be exceeded

Nitrogen Dioxide
Primary 1 hour 100ppb 98th percentile of 1-hour daily maximum 

concentrations, averaged over 3 years

Primary and Secondary 1 year 53ppb Annual Mean

Ozone Primary and Secondary 8 hours 0.070ppm Annual Fourth-highest daily maximum 8-hour 
concentration, averaged over 3 years

Particle 
Pollution PM 2.5 Primary 1 year 12.0ug/m3 Annual mean, averaged over 3 years

PM10

Secondary 1 year 15.0 ug/m3 Annual mean, averaged over 3 years

Primary and Secondary 24 hours 35 ug/m3 98th percentile, averaged over 3 years

Primary and Secondary 24 hours 150 ug/m3 Not to be exceeded more than once per year 
on average over 3 years

Sulphur Dioxide
Primary 1 hour 75ppb 99th Percentile of 1-hour daily maximum 

concentrations, averaged over 3 years

Secondary 3 hour 0.5 ppm Not to be exceeded more than once per year

* Standard levels are year specified as mention in NAAQS by USA-EPA
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ROLE OF NANOTECHNOLOGY IN AIR POLLUTION CONTROL

Nanotechnology is an emerging field of science which has shown utilization in many scientific disci-
plines. Various compounds have been explored for their unique property at nano-scale level under the 
umbrella of nanotechnology. Maintenance and monitoring of air quality can be done by using numerous 
nano materials in different ways.

Nano bio-sensors, nano-adsorbents, nano-membranes/ thin films for air-filters, photo-catalysis, nano-
dendrimers, and many others metal sensors can be used to regulated air quality.

Nano Solid State-Sensor

Sensors are used to monitor air quality by identifying specific compounds. Nano-particle based solid 
phase sensors can assess the pollutants in the air more precisely. Sensitivities of nano solid sensors are 
usually high for even small amount (ppm to ppb) of toxic pollutants. Detection studies of toxic particle in 
few environmental systems has been done via using nano-based solid sensor devices.(Zhou et al., 2015) .

Following ways could be used to utilize nanotechnology as a sensor technique for air pollution (Za-
porotskova et al., 2016).

1.  Coating of nano-particle on organic and biological ligands can be used to enhance specificity of 
the sensor.

2.  The interaction of nano-material to the pollutant molecule can be promoted due to higher surface 
to volume ratio property of nano-particle.

3.  By adsorption/coating on different metals the conduction and pollutant specificity of the nano-
sensor increases.

Concept of designing multiplex sensor (to sense more than one pollutant) is gaining interest due to 
advances in nanotechnology resulted in cost reduction of analyzing and sensing for different air pollut-
ants (Kim et al., 2016; Bhawana, et al.,2012).

Gas Nano-Sensors

In air various gaseous pollutants can be sensed using various gas sensors especially from industrial 
smoke or from vehicle exhaust. These are the coatings of nano-solid sensor materials mainly metal oxides 
(Zinc Oxide, Tungsten oxide, Tin oxide and titanium oxide) on solid surfaces with electrodes. These 
gas sensors are designed to operate in drastic thermal or chemical attack that’s way find their utility at 
industrial chimneys and vehicle exhaust. Hence the solid state nano-gas sensor are getting importance at 
industrial scale and at large to determine air pollution due to specific pollutant over a large area (Pum-
makarnchanaa et al., 2005).

• Mechanism of Gas Sensor:

Gas sensor operates at the principle of change in conduction or resistance of the sensors fixed on 
certain places to monitor air pollution. The sensing material showed variation in voltage fluctuation of 
the electrodes by the attack of specific pollutant. Hence showing signals as compared to the background 
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plane air.(Simon et al., 2001).Tungstate oxide based sensor is discussed here as it is the most suitable 
and economical nano-gas sensor.

Tungstate Oxide Based Nano-Gas Sensor

Studies have been carried out to synthesize and fabricate different kinds of nano metal oxide materi-
als to sense the presence of noxious gases in air; among these TiO2 has gained considerable attention. 
Micro-fabrication thin film technique can be use to coat tungsten oxide nanoparticle on solid surface. 
Tungsten oxide showed excellent sensing ability towards nitrogen dioxide presence in air as a part of 
thin film sensor (Shih-Han et al.,2003). The thin film was fabricated by crystalline nano-porous metal 
oxide from its chloride salt through sol-gel process. The synthesized nano-crystalline thin film calcinated 
on different temperature has been studied for its surface modification and sensitivity towards NO2 gas 
in air. It has been observed that the nano-film calcinated at 550◦C up to an hour, adhere properly to 
the sensor surface and showed higher sensitivity for NO2 particles present in air . The sensor operating 
temperature was found to be best at 300◦C. Further, experiments showed that the tungsten oxide nano-
crystalline based sensor has quick response time i.e. three minutes to sense the NO2 concentration for 
levels i.e-50 to 550ppb.

Surface modification of the developed tungsten oxide nano film on calcination at 550°C has been 
shown in figure 1. Sensitivity of the thin film depends upon the extent of fabrication of the tungsten 
oxide on the sensor solid surface. The structural modification played important role for the interaction 
of NO2 . Proper calcination results in producing good thin film of metal oxide which depends upon grain 
size, surface geometry and heterogeneity of nano-particles. Hence, tungsten oxide calcinated at 550◦C, 
depicts relatively higher sensitivity and response to NO2 particles with an operating temperature of 300◦C.

Figure 1. Surface morphologies of tungsten oxide thin films (on the highly polished alumina substrate) 
at calcination temperature 550◦C
(Source: Wang,2013).
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Nano Adsorbents

Another application of nanotechnology is the use of nanoparticles for the adsorption of pollutants from 
air. Many nano-adsorptive materials has been developed and categorized for detecting and absorbing pol-
lutants like metal oxide, VOC (volatile organic compounds) and microbes. Some of the nano-adsorbents 
used to clean air has been discussed as follows.

Carbon Nano Tubes (CNT)

Studies have been conducted to explore carbon nano-tubes as an adsorbent for many metal ions. It has 
been noted that these CNT showed better adsorption than the use of simple activated carbon particles 
from different sources. Carbon nano tube possess graphitic surface of the carbon donated electrons. In a 
research study of nanomaterials, it has been found that electrons has been donated by CNT form chemical 
bond with organic functional groups like amide, hydroxyl etc.(Prachi et al., 2013; Pan & Xing, 2008). 
Carbon nano tubes are also use to control the emission of methane and carbon dioxide from exhausts 
of industrial chimneys and vehicles. It also helped to trap the green house gases from power generation 
and coal mines.(Chirag, 2015).

Contaminated air with radio nuclides and heavy metals can also be treated with nano-sized metal 
oxides adsorbent .these nano-adsorbents includes Titanium oxide, aluminium oxide, ferrous oxide etc.
(Mayo et al.,2007).

• Feature s of CNT:

The properties which make CNT as a good nano-adsorptive material for the removal of many con-
taminants from air include their high affinity for the selective pollutant uptake. CNT possess various 
morphological features which enhance their capacity of pollutant uptake. These features include, the 
increased surface area of the nano adsorbent, enhanced pore volume and pore diameter . (Wang et 
al.,2013). These surface features increases the reactive sites which can bound with the specific pollutant 
particle present in air(Gupta & Saleh, 2013).

In addition to this, structural morphological changes the absorptive capacity can be increased by add-
ing different functional groups to nano-adsorbents to increase active sites. Some nano-structures based 
on fullerene, Carbon nano tube, Graphene and graphite has shown in figure 2.

Carbon nanotubes exist in different forms structurally (Zhao & Stoddart, 2009) One is Singled walled 
CNT(SWCNT),, as result of rolling up of grapheme sheets in concentric manor. The other one is Multi-
walled CNT(MWCNT), which is also made from layering up of graphen sheets (Figure 3).

Much work has been done for exploring Treatment techniques based on various carbon nano-adsorbents 
under different conditions . Studies of few researches have been summarized in table3.0. to monitor and 
eliminate the VOC from polluted air.

Removal of Specific Pollutants by Nano-Adsorbents

Various outdoor and indoor air pollutants from different industries and houses continuously emitted in 
the surrounding air. To decrease the level of these pollutants, nano-adsorptive materials are used. Mer-
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cury vapors, formaldehyde etc. are few of these air pollutants. Nano-adsorption studies on adsorption 
of mercury and formaldehyde has discussed here:

• Mercury Adsorption:

Flue gases from various industries cause the emission of mercury vapors in the form of mercuric 
chloride. It is need of the hour to bring the level of mercury in the air at optimum level to avoid any 
harmful effects. Nano-adsorbent material based on some chelating ligand for mercury has been developed 
(Malyuba et al.,2005) .Synthesizing an ionizing nano-layer surface with a stable chelating ligand is the 
basic concept of the research. Studies were carried out for the removal of mercuric chloride from gas 
phase. The nano-ligand surface was mobilized with metal (mercury) chloride, resulted in complexation 
of the metal with ligand. The nano-layer of the ligand has been developed on solid meso-porous silica. 

Figure 2. Structural features of nano-adsorbents
(Source: Bergmann & Machado, 2015)

Figure 3. Structure representations of (a) MWCNT and (b) SWCNT
(Source: Zhao & Stoddart, 2009)
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This layer provides an excellent space for the adsorption of mercury chloride in vapor form . Optimization 
of adsorption parameters has done. Further, it has been observed from elemental analysis that mercury 
can be adsorbed upto 33mg/g of nano-adsorbent layer. Effect of temperature on adsorption revealed 
that it can be operated at lower temperatures with the highest possible temperature of 135°C. Minimum 
capacity for mercury vapors of the synthesized ligand found to be 12mg/g.

• Formaldehyde Adsorption:

In-door air quality can be enhanced by using various nano-adsorbents based on titanium and zinc 
oxide materials. Formaldehyde is one of the common indoor air pollutant,. In a detailed study for 
removing formaldehyde from air through nano-particle based adsorbent, various materials has been 
investigated (Chen et al.,2016). Solyo-thermal process to synthesized nano-adsorbent has been used. 
Reaction is mediated by diethylenetriamine (DETA) on one-pot synthesis to synthesized hierarchial 
titanate nanosphere(HTS). Surface area of the nano-material is enhanced which results in adsorption of 
many functional groups present on the VOC in air as pollutants.

Table 3. Nanomaterials for air remediation

Nano-Adsorptive 
Materials Types of Nanoparticles

Target 
Pollutant 

Gases
Removal Mechanism References

Carbon 
nanotubes
(CNTs)

(SWNTs and MWNTs)

NOx
(mixture of 
NO and 
NO2)

NO and O2 pass through CNTs and 
NO is oxidized to NO2 and then 
adsorbed on the surface of nitrate 
species.

(Long & Yang, 
2001; Zhang et 
al., 2012)

(CNTs-APTS), 
Modified CNTs using 
3aminopropyltriethoxysilane (APTS).

CO2

Surface of CNTs with abundant 
amine groups that provide numerous 
chemical sites for CO2 adsorption 
which makes CNTs adsorb more CO2 
gases at low temperature range (20-
100 °C).

(Su et al.,2009)

SWNTs/NaClO Isopropyl 
vapor

Physical adsorption by van derWaals 
forces and chemical adsorption onto 
adsorbent surface functional groups.

(Hsu & 
Lu,2007)

CNTs deposited on quartz filters VOCs It carried out by π- π interactions. (Amade et al., 
2014)

Si-doped and Boron-doped SWCNTs
CO and 
CH3OH
gases

Physisorption or chemisorption, the 
electronic properties of SWCNT 
improves significantly the gas 
adsorption.

(Azama et al., 
2017)

Fullerene
fullerene B40 CO2

high adsorption capacity for CO2 by 
strong chemisorptions.

(Dong et al., 
2015)

fullerene-like boron nitride nanocage N2O
Adsorption and decomposition of 
N2O. (Esrafili, 2017)

Graphene Graphene oxide (GO)/nanocomposits
CO2, NH3,
SO2, H2S
and N2

Functional groups on GO are 
responsible for adsorption of gases, 
synergetic effect between the metal 
centers andGO surface promote the 
gases adsorption.

(Petit & 
Bandosz, 2009; 
Seredych & 
Bandosz, 2012; 
Wu et al., 2013)

Table source: (Elham, 2017)
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Adsorptive studies of HTS for the removal of formaldehyde from in door air have shown 100% 
removal. This is based on the hierarchical structure of titnate adsorbent which increases the surface 
area of adsorption and also increases the pore size of adsorbent. This HTS has several amine binding 
groups for the efficient removal of formaldehyde. Use of DETA for reaction mediation played a vital 
role in inducing textural properties. This surface modification boosted the adsorption capacity of HTS 
for formaldehydes vapors from in-door air. Hence helped in controlling the air pollution.

Nano-Filters

To control air pollution another technique, based on using nano-materials, is the use of nano-air filters. 
These nano-filters based on the principle to clean the air from pollutant material via- adsorption or fil-
trating the pollutants from exhausts gases. This is done by using various nano-membranes in air filters 
and nanostructures to adhere the pollutants. Also, some nano-fiber coated air-filters has been installed 
for filtration of inlet gases in industrial plants (Muralikrishnan et al., 2014)

Filtration of Particulate Matter

Presence of small size particles in air categorized as particulate matter which resulted in polluting the 
air. (Zhang et al., 2013) . These particulate matter have various sizes . The size which could be harm-
ful for human health is denoted as 2.5micron and 10micron. (Harrison, 2000). The pollution caused by 
PM2.5 and PM10 can cause health hazards related to breathing . These small particle adhere to the lung 
passage and can penetrate to the tissues(Betha et al., 2014; Wu et al.,2014; Brook et al.,2010; Anenberg, 
2010; Timonen et al., 2006).

Many frame works have been introduce to capture the particulate matter from air. The nano-material 
can be used as filtration source in air filter or can adhere to the window panes to adhere particulate mat-
ter from in-door air resulted in adhesion . Figure 4 showed image of SEM of a PAN nano-fiber based 
air filter material capturing the particulate matter.

Another, approach to control particulate matter air pollution is to capture these via metal-organic 
frame work (MOF) technique. The fabricated nano-sized crystalline MOF possesses rich functionalities, 
increased porosity and good adherence for particulate matter (Zhang et al., 2016). Figure 5 showed SEM 
image of one of such MOF with and without adherence of particulate matter.

Membrane Filter for Industrial Emission and Vehicles

Use of nano membrane filters to remove various polluting gases from the air finds it’s utility in controlling 
air quality. Incomplete catalytic conversion of fuel in vehicle resulted in emission of green house gases 
from the vehicle exhaust. The nano membrane material is fabricated on the lining of exhaust system. This 
is a very intricate process. Fabrication of the nano-membrane requires its selectivity with toxic gases. 
The choice of nano-meberane filter material should be based on considering the stringent operational 
temperature of vehicle exhaust and it should be heat resistance. (Sugg et al.,2012)

Following characteristics of the nano-membrane filters are important to control air pollution
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• Pore Size:

Since nano fabrication on nano-membrane surface involved the mechanism of adsorption of toxic 
materials from the polluted air, its pore size design is very crucial. Care must be taken in designing the 
nano-filter membrane according to the choice of the adsorption of pollutant. Some filters require small 
pore sized nano-membrane but some require large pore size to capture bigger size molecules. Surface 
pore size of nano-membrane can be controlled by using various surfactant at the time of synthesis. Simi-
larly, symmetric and asymmetric pore size can be formed for various applications. Once synthesized, 
the membrane further be treated by a solution of surfactant or by physical means to set the size of it’s 
pores. Use of acidic condition can resulted in the oxidation of the surface of nano-membrane resulting 
in a smaller pore size.(Muralikrishnan et al., 2014)

Figure 4. a) SEM image showing the detailed morphologies of attached soft PM that formed a coating 
layer wrapping around the PAN nanofibre. Scale bar, 1 mm. (b) SEM image showing that the nanofibre 
junction has more PM aggregated to form bigger particles. Scale bar, 1 mm.
(Source: Liu et al., 2015)
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• Suggested Nano-Absorptive Materials:

Other important factor which can contribute for the characteristics of the nano-membrane is the type 
of absorptive material fabricated on the nano-memberane. Specificity of pollutant removal depends upon 
the nature of the nano-absorptive material. Concept of nano-sized molecular sieves to remove dust or 
particulate matter from air is gaining interest of many researchers. Zeolite based alumino-silicate mo-
lecular sieves has been developed and investigated for its efficacy for the adsorption of sand particles. 
Molecular sieves have capacity to absorb up to 24% of their mass. These sieve restrict the flow of bigger 
size molecule by absorbing directly on the membrane . Carbon dioxide gas can also be trapped from 
pollutes air by using molecular nano-sieves (Albo, 2010). Structural modification also have little effect 
on the adsorption as the empty spaces or pores hold up the smaller sized particles and acts as a trap for 
them. Further, these sieves worked on the principle of size only and does not restrict to the nature of the 
pollutant present in air. This property makes these nano-sized molecular sieves to be used in trapping 
various toxic compounds from air passed through the air filters.

Nano-Catalyst

Air pollution can not only be controlled by removing it from surrounding air, it can also be controlled 
by applying certain treatment techniques to reduce the emission of these toxic pollutants in air. The 
effectiveness of using nano-catalytic system for air remediation is acquiring attention of the scientists. 
Nano-catalyst help in fast and specific chemical transformation which resulted in the proper and fast 
conversion of chemical compounds to desired products with a lesser emission of fuel gases.

Also these nano-catalyst used in the convertor reactions of automobile vehicles and industrial exhaust 
which convert the toxic gases to harmless gases. One example is the use of manganese oxide based 

Figure 5. Photos and SEM images of the MO Filter before and after PM capture
(Source: Zhang et al., 2016)
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nano-fiber catalyst which help in reduction of VOC from smokestacks at industrial level.(Pandey et 
al.,2012). Use of different nano-catalyst in various reactions and air-purification techniques has been 
discussed here in detail.

Titanium and Carbon Based Nano-Catalyst

Conventional methods for purifying air uses simple activated carbon and oxide of titanium as an adsor-
bent for removing noxious gases. This technique is less specific and have low absorptive capacity. It is 
relatively expensive and does not work properly in ambient air, hence loses its popularity. In spite of this, 
use of nano-based activated carbon and titanium oxide showed exceptional air purification properties 
by photo-catalysis based purification principle.

A titanium based nanophotocatalyst system has been developed by compounding activated carbon 
nano particle on solid surface then the nano-sized titanium oxide is loaded on granules of carbon. This 
supported nano-catalyst based membrane filtration support is used in various air purification techniques 
(Gao, 2004).

Example: Use of Nano-Catalysts in Air Conditioning System

A practical example to understand the air purification application of nan-catalyst has been discussed in 
detail by taking into account the complete system of air-conditioning and purification of the air. This 
limits the use of a separated cleaner system for air cleaning. Moreover, the air supply of the conditioning 
system should itself be clean hence require air-purifier to clean the inlet air.

Generalized unit of air cleaning has been shown in figure 6. Consisting of five unit operations like 
filters, heat /wet system, nano-catalysts purifier and air machine (Hu et al., 2005).

Figure 6. Air-and-air conditioning system with purification section 1. First filter 2. Middle filter 3.Heat 
and wet handling facility 4.Active carbon and nano-titanium dioxide photocatalysis purification section 
5.Air machine
Source (Hu et al., 2005)
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• Mode of Working:

The first filter receives air in natural form from surrounding environment. This filter clear the dust 
particles and granules present in air. This cleaner air circulates via air return valve to air filter and nano 
titanium oxide catalyst unit. Noxious gases get oxidized and adsorbed on the catalytic chamber. From 
here air goes again in circulation and passed through primary filter to remove larger sized particles. 
Then the flow of air continued to the heat and wet unit. After this process the air flow throw air blower 
outside the system in the room. Hence in this way nano-catalyst based air purification air conditioning 
system operates.

It is further concluded that this activated carbon –titanium oxide nano-photocatalyst technique is 
more effective than using single technique like for using adsorption of CO2 and formaldehyde from 
contaminated air.

Common Nano-Photocatalyst

Various studies have been conducted to investigate the use of nano-catalyst to adsorbed gases from air. 
Titanium oxide film has used for degradation of ammonia and acetaldehyde in industrial flue gases 
(Sopyan et al., 2007). Surfaces are modified from titanium oxide film on solid surface with advance 
catalytic property. It is designed for self –sensing, quantifying and decontamination properties. Skubal 
et al. (2008) based on feedback monitoring system.

Certain toxic vapors in industries contaminates the air and resulted in its pollution .Exposure to these 
toxic VOC can cause skin disease and cancer.(Qi jin et al., 2008). Mixed metal oxides in the form of 
heterogeneous nano-catalyst have been explored for degradation of different pollutants from air. (Linda 
et al., 2006).

Oxidation through nano-catalyst of benzene and toluene present in industrial smoke has been studied 
on titanium and zinc oxide based heterogeneous nano-photoctalyst. In the study a glass surface is fixed 
with nano-catalyst. Removal efficiency for toluene and benzene has been extensively studied. Possible 
parameters to effect the removal of these VOC has investigated and concluded that the use of UV intensity 
enhance the degradation activity of these nano-catalyst. Maximum UV intensity on which experiments 
were conducted has found to be 10 w/m2 and minimum removal efficiency is as low as UV intensity at 
4 w/m2 (Gholami et al., 2014). In another study only Zinc oxide nano-photocatalyst is employed with 
the exposure of UV radiation (Nassehinia et al.,2013).

Degradation of VOC(toluene and benzne) by nano-photocatlyst is increased by the exposure of UV 
radiation .Nano catalyst, titanium oxide has absorption on UV at ≤ 387 nm, which induces electrons 
from valence band to conduction band leaving behind Positive hole (McMurray et al., 2005) as shown 
in the following reaction mechanism.

H2O → OH- + H+ 

H+ + UV + OH- → OHo 

e- + O2 → O2
o 

OHo + Organic reactants + O2 → Products (CO2+ H2O etc.) 
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Formation of hydroxyl ion causes the degradation of toluene and benzene. The more nano-catalyst 
surface exposed to UV light, more degradation off VOC occurred. Excellent results obtained by in-
creased UV light intensity and time duration of exposure of these VOC in the reactor. TiO2/ZnO based 
removal of VOC followed first order reaction kinetics. The catalyst showed more affinity to degrade 
toluene than benzene.

Nano-Photo Catalytic Removal of Dyes

In –door air pollutants not only consist of common VOC and exhaust gases but also some dye present 
in the air can effect the quality of air. Nano-photocatalyst found its application in sensitizing the dye 
particles in the air. Dye sensitized solar cells(DSSC) is a known technique to detect various natural and 
synthetic dyes. However, evaluation has been conducted to fabricate a glass surface with nano titanium 
oxide material to form a dye sensitized TiO2(DST) device followed by calcination at elevated tempera-
ture (Lee et al., 2013).

Thorough studies to check the ability of the developed DST to sense natural and synthetic dyes has 
been done based on natural dyes (raspberry, blueberry, cranberry). Artificial dyes used were Ru com-
plexes with N3 (RuL2(NCS)2•2H2O), N719(C58H86O8N8S2Ru).

Removal efficiency of dye via catalytic degradation under different irradiation sources were conducted 
by using light bars with LEDi.e light emitting set up. Effect of different light wavelengths i.e., BLED 
(blueLED), RLED (red LED),WLED (white LED) and UVLED(ultraviolet LED).

Results showed 80% higher sensitization of DST to TiO2 up to the level of 30times raspberry dye 
solution. Order of η for N3 and N719 sensitization under different light bars, the sequence is as follows

UVLED>BLED>WLED>RLED 

N719 removal through DST degradation was 248mg/g, this is 11 times increased than the use of 
simple TiO2 catalyst. Same studies when done on UVLED, the removal was 720mg/g and its sensitiza-
tion increased upto 95%. In addition to it, visible light always has effect on photo-catalytic reactions.

Photocatalytic Air Filter

Applying combination techniques to regulate air quality is an emerging filed. Combining PCO (photo-
catalystic oxidation) and ESF(electrostatic air filter pack) can reduce the air pollution efficiently. Both 
these techniques helped in maintaining the quality of air, indoor and outdoor.

ESF worked on the principle of electrical precipitation of air particles. This is based on a needle like 
electrode (corona wire), which charge the surrounding air particles by creating electromagnetic field. 
This ionized air particles get adhere to the collecting plates at air filters (Hinds 1998).Unfortunately, this 
ESF technique has limitation in removing VOC from polluted air, hence a technique to treat the coating 
of air filter based on Silica substrate introduced by coating photo catalytic oxidizing material, like tita-
nium dioxide.(TiO2). Additives, e.g PEG applied during fabrication of PCO (titanium dioxide) to solid 
glass fiber has been investigated and found better application for good adhesion of nano-catalyst to the 
substrate as compared to conventional surfactants (Uzunova-Bujnova et al., 2009; Yao & Yeung, 2011).
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Use of combined ESF and PCO with structural modification has been investigated to remove VOCs., 
particularly xylene from polluted air. (Limmongkon et al., 2013). Different chemical and mechanical 
modification for air filter has been done and tested for the removal of xylene. Basic comparison was one 
between PCO coated glass filter surrounding with three layers of ESF air filter packs and other is PCO 
glass filler with four layers of ESF air filter pack. Further, these combinations were placed in air filter 
packs. In addition to it, PCO coating is done with varying titanium dioxide concentration, i.e., at 2% and 
5% of TiO2. Degradation studies on xylene showed that 5% TiO2 coating with four layers of ESF have 
removal efficiency from 5-13% under irradiation.

Modification of the combination system with HEPA(high efficiency particulate air) glass filter 
mounted with 5% TiO2 with four layer of ESF in similar studies showed very high degradation efficiency 
up to 41-49% for xylene removal.

PCO for Bacterial Decontamination

Few studies has been conducted on using different nano-techniques for purifying polluted air from 
bacterias/ microbes . Deactivation of E.coli in presence of visible light illumination of nitrogen doped 
Titanium dioxide by following sol-gel synthetic technique. This nanocatalyst based on PCO, resulted in 
decontamination of air from bacterial pollution. (Qi et al., 2007).

In another work degradation of two strains of bacteria, i.e. bacillus subtilis and pseudomonas aerugi-
nosa, has been monitored by using nano structured nitrogen based TiO2 films. The photocatalytic activ-
ity showed 75% and 95% removal of these strains from contaminated air respectively (Xu et al., 2006)

The limitation of operational efficiency of PCO technique under visible light only has been overcome 
by developing carbon and vanadium doped TiO2 nano catalyst. Studies showed that coating with 2% 
carbon and vanadium has the capacity for bacterial removal irrespective of the irradiation process i.e., 
it can be operated both in night and day time (Yang et al., 2007)

Nano Dendrimers

Nano-technology not only deals with tiny particles but can found its application on larger structures as 
well in the form of nano-dendrimers. This complex structure is based on star-shaped molecules having 
nano-scale size with specific composition. These nano-dendrimers played a vital role in air remediation 
technologies (Vani Padmaja, 2016).

Basic structure of dendrimer consists of three components: interior dendritic structure with a central 
core and exterior surface mounted with various functional groups which need up in formation of supra 
nano-molecular structure (Figure 7).

Much work is done to explore the role of dendrimers in air remediation. Modification of dendrimers 
has been done via changing functional groups on dendrimers to chelating ligands for trapping various 
contaminants from polluted air. These structures can be used in ultra-filtration systems of air-purification 
to create a cage for capturing the pollutants from airVossmeyer et al., 2002; Yunus et al., 2012; Balogh 
et al., 2001)

Other researchers showed that addition of various functional groups to dendrimer globular molecules 
resulted in excellent adherence of small sized molecules. These additional functionalities at intra-
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molecular level and at terminal level of dendrimers, make it a proper sized molecular structure to trap 
specific air pollutants (Balogh et al., 1999; Newkome et al., 1996; Bosman et al.,1999). Dendrimers 
are the highly sensitive and specific in their interaction with various gases and metals. Thin films in air 
filters can be mounted by these nano-dendrimers for high specificity and fast removal of contaminants 
from air (Schlupp et al., 2001).

For the removal of VOCs, from the contaminated air, dendrimer macro-structures has been doped 
with metal nano-particles. Research showed that by adding gold nano-parrticle to organic dendrimers 
i.e polyphenylene and propylene imine to form thin film resistors for sensitizing VOC., is achieved 
through layer by layer synthetic technique of thin film formation (Nadejda K., et al., 2002). Mechanism 
of trapping VOC involves induction of some electrical conductivity to the dendrimer core via metal-
nano-particle which helped in selective adsorption of charged vapors of organic molecules like 1-pro-
poanal and toluene on the dendrimer thin films. Selectivity is controlled by varying the metal type of 
nano-particle dopped on dendrimers.

CONCLUSION

Pollution prevention and control is one of the major targets of the countries worldwide. For this, applica-
tion of nanotechnology in the field of air-remediation has been explored. Use of many nano-techniques 

Figure 7. Dendrimer general structure 
(Source: G. Vani Padmaja)
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for sensing and cleaning air from industrial smoke stacks and vehicle exhaust has been applied to in-
dustries. These techniques utilizes nano-materials like carbon nano tubes, nano-membranes etc. Use of 
nano-catalysis has also played important role in cleaning air from industrial smoke by speeding up the 
reaction involved for degradation of toxic pollutants. Moreover, certain surface modification of nano-
adsorptive material has also been discussed for removal of VOC and other air contaminants. Hence, it 
is found that nanotechnology played an important role in maintaining and controlling air quality.
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ABSTRACT

With the development of dyeing, textile, leather, paper, and other chemical industries, an increasing 
amount of dye wastewater containing refractory organic dyes is discharged. Undoubtedly, much high 
content dye wastewater will lead to serious environmental issues such as color pollution, light penetra-
tion interference, and virulence to aquatic organisms, even endanger human health. Therefore, it is an 
imminent problem and has become a global concern to degrade dye wastewater efficiently. So far, many 
techniques have been used to degrade dyeing wastewater, such as chemical degradation, biological deg-
radation, photochemical degradation, coagulation, membrane filtration, and combined methods. These 
methods have certain impacts on the degradation of dye wastewater, but usually with slow degradation 
rate, complex and high operation costs, as well as easily causing secondary pollution. The adsorption 
process is a simple, effective, and low-cost way to remove dyes.
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INTRODUCTION

Urbanization of fast human industrial civilization has resulted in the destruction of various and danger-
ous contaminations in water currents. This wastewater includes toxic waste materials such as metals, 
organic impurities, etc., which straightly produce harmful and toxic effects on biological resources. 
Zn(II), Cu(II), Ni(II), Cd(II), Pb(II) and Cr(VI) are the metal ions required to be eliminated from the 
environment and need immediate concern (Al-Degs et al., 2006; Molinari et al., 2004; Moradi et al., 
2010). Heavy metal ions, azo dyes, etc. were the most general toxic ions in sewage responsible for certain 
problems (Babel & Kurniawan, 2003). Notwithstanding the fact that the human body needs small doses 
such as Zn(II), it may be too prominent health problems such as depression, lethargy, increased thirst 
and cause neurological symptoms. Exposure to such toxic ions can cause health problems such as liver 
or kidney damage, Wilson’s disease, insomnia, cancer, diarrhea, nausea, vomiting, rash, asthma, cough 
and headache (Ernhart, 1992).

Removing these poisonous ions from wastewater is essential for protecting the health and the en-
vironment. Traditional treatments have been used to remove the ions such as reduction, precipitation, 
adsorption, oxidation and ion exchange. Nonetheless, due to its high efficiency and economic consider-
ations the process of attracting is the most appropriate method (Habeeb et al., 2017a; Hagen & Hertel, 
2003). Nevertheless, a part from the low adsorption efficiency of some adsorbents including activated 
carbon (AC), zeolites, biomaterials, nanoparticles, polymers, these adsorbents have been widely used 
for wastewater treatment (Arias et al., 2002; Lingamdinne et al., 2016). In order to find effective and 
efficient adsorbents, it has been the focus of attention of various research groups.

Significant potential to improve environmental practices has been indicated by progressing of nano-
science and nanotechnology (Brumfiel, 2003; Rickerby & Morrison, 2007). Nanostructured adsorbents 
have represented efficiencies and faster rates of water treatment in comparison with traditional materi-
als (Sadegh et al., 2017b; Theron et al., 2008). Eco-efficient, affordable and environmentally friendly 
nanomaterials have been expanded with unique features for potential applications in detoxification of 
industrial waste water, groundwater, surface water and drinking water (Cloete, 2010; Machida et al., 2006).

Nanomaterials like AC, carbon nanotubes (CNTs) and graphene (Feng et al., 2010; Singh et al., 2013) 
are widely used in many scientific and industrial fields, including sewage treatment, catalytic treatment 
and have depicted a substantial role in this regard (Chen & Wang, 2006; Moradi et al., 2015).

According to the purpose of this chapter, clarify a surface modification of nanomaterials for utiliz-
ing in water purification. In particular, the important applications of nanomaterials will be focused and 
distinguished in the field of wastewater treatment.

SURFACE MODIFICATION TECHNIQUES

Surface modification includes a number of chemical and physical methods (Figure 1). The chemical 
methods are involved protonation, saturation of metal oxide bonding amine groups and organic modifica-
tion of aluminosilicates. The physical methods deal with the thermal treatment of the adsorbent, thereby 
increasing its surface area and porosity and where impurities are removed to expose surface functional 
groups that were not accessible to the adsorbate earlier. Enhanced nitrate removal by surface chemical 
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modification of adsorbents is primarily due to firstly, an increase in surface positive charges; or secondly, 
providing new surface functional groups having a higher affinity for nitrate. The latter method also 
includes the recently developed technique of coating nitrate-selective ion exchange materials on carbon 
electrodes and applying electric potentials to the electrodes to create positive charges on the electrodes 
for nitrate adsorption (Biesheuvel et al., 2011; Kim & Choi, 2012).

ADSORPTION PHENOMENON

A surface phenomenon that in which the adsorbate is accumulated on the adsorbent surface is known 
as the adsorption process. For containing a solution, absorbable solute comes into contact with a solid 
with a highly porous surface structure, liquid-solid intermolecular forces of attraction cause some of the 
solute molecules from the solution to be concentrated or deposited on the solid surface (Singh et al., 
2011). All the bonding requirements (ionic, covalent, or metallic) of the material constituent atoms- In 
case of bulk materials- are filled by other atoms in the material. Although they can attract adsorbates, 
the atoms on the surface of the adsorbent are not wholly surrounded by other adsorbent atoms (Apul et 
al., 2013). However, the adsorption process is generally classified as physisorption (an adsorbate bound 
to the surface by weak van der Waals forces), chemisorption (an adsorbate tethered through covalent 
bonding), The exact nature of the bonding depends on the details of the species involved (Sadegh et al., 
2016) or due to electrostatic attraction (Ekmekyapar et al., 2006). The equilibrium of adsorption between 
the solution and adsorbent is attained (where the adsorption of solute from the bulk onto the adsorbent 
is minimum). Adsorption defined as the mass transfer process where a substance becomes bound by 
physical and/or chemical interactions when it is transferred from the liquid phase to the surface of a 
solid. The main point is that the large surface area of adsorbent allows achieving a high adsorption ca-
pacity (Qe) and surface reactivity (Kurniawan & Lo, 2009). Qe could be obtained as Q C C V m

e o e
= −( ) / , 

where, Co and Ce are the initial and final concentrations of the pollutants, V is the solution volume (L) 
and m is the adsorbent amount (g) (Habeeb et al., 2017b).

Figure 1. Adsorbents surface modification techniques
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ADVANTAGES OF NANOMATERIALS AS ADSORBENTS

Due to their large surface area and optimal morphlogical properties which help to rapid removal and 
recovery of metal ions and dyes, the nanoadsorbents are effective and economical (Gupta et al., 2001). 
Nanoadsorbents by the attachment of inorganic shells and organic molecules, its surface modification 
stabilizes and prevents the oxidation of nanoparticles (Bhaumik et al., 2016). Resulting in enhancement 
of removal efficiency occurs when these surface functionalities provided sites for the uptake of specific/
selective metal ions and dyes (Gupta et al., 2001).

For organic or inorganic materials that have a high affinity to adsorb substances, Nanoadsorbents 
are nanoscale particles. Nanoadsorbents not only are capable of sequestering contaminants with varying 
the molecular size, hydrophobicity and speciation behavior but also enable the manufacturing process 
to consume raw materials efficiently without releasing its toxic payload, because of their high porosity, 
small size and an active surface (Pacheco et al., 2006). While at the nanoscale, materials show unique 
characteristics in order to their small size, they possess a large surface area and ‘surface area to volume’ 
ratio (Hristovski et al., 2007). These characteristics improve Qe of the nanoparticles. These large surface 
area and high reactivity nanoparticles were known as better absorbing materials than conventional ones. 
Nanoparticles are becoming new alternatives for the treatment of wastewater for the removal of pollut-
ants from wastewater to gain the best result of it (Natale et al., 2008).

Some metal oxides have been reported in photocatalytic degradation of organic contaminants and the 
adsorption of heavy metals (Wang et al., 2013b). By minimizing the distance between the sites of pho-
ton absorption, nanoparticles with a high surface area and porosity exhibit become more photocatalytic 
activity than their bulk counterparts (Rao et al., 2006). Numerous oxide-based nanocomposite/hybrid 
materials have been developed for water purification (Abdel Ghafar et al., 2015). These are composed of 
two or more components and can exhibit the properties of multicomponent systems (Zhang et al., 2013).

In the large-scale applications, there are considerable challenges that remaining in environmental 
remediation and also, the researches has revealed that the morphology, active sites, structural features, 
curvature of sidewalls, π-conjugative structures are some of the physical properties possessed by gra-
phene and CNTs that have enabled them to exhibit enhanced adsorptive properties (Stafiej & Pyrzynska, 
2007). On the other hand, their length ranges from nanometers to millimeters with diameters up to 100 
nm and a large specific surface area, high porosity, hollow as well as layered structures. These unique 
properties are the cause of strong interactions which allow CNTs to interact with other molecules or 
atoms through π-π electronic and hydrophobic interactions thereby making them promising adsorbent 
material (Stafiej & Pyrzynska, 2007).

NANOADSORBENTS

Recently, nanomaterials have been widely studied as adsorbents. The smaller size increases the surface 
area (Gubin et al., 2005) which enhances the chemical activity and Qe (Kalfa et al., 2009). Moreover, 
for persistent inorganic pollutants, a redox reaction is favored to start the ionic structure transformation 
(Gupta et al., 2015). However, changes in redox conditions influence the toxicity of these pollutants (Ray, 
2010; Sadegh et al., 2017a). Nanoadsorbents possess two main properties: innate surface and external 
functionalization. Their physical, chemical and mechanical properties are also related to their extrinsic 
surface structure, apparent size and intrinsic composition (Mirkin et al., 1996).
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In the aqueous media, the factors affecting the adsorption process are the surface area, adsorption 
activity, chemical activity, location of atoms on the surface, missing resistance to internal penetration 
and connection of energy level (Khajeh et al., 2013). Nanoparticles for removal of heavy metals should 
be non-toxic as adsorbent, likewise, nanoparticles have the potential to adsorb contaminations at lower 
concentrations, pollutants adsorbed can easily be removed and repeatedly recycled several times (Agar-
wal et al., 2016).

Classification of Nanoadsorbents

Nanoadsorbents are broadly classified into various groups based on their composition which mainly 
include metal oxide-, carbon- and polymer-based nanomaterials. In addition, recent advancements in 
carbon nanomaterials forms such as CNTs, carbon nanoparticles, graphene and carbon nanostructures 
were reported.

Moreover, various types of silicon nanomaterials are also used as nanoadsorbents such as silicon 
nanotube, silicon nanoparticles and silicon nano-plaiting. Nanoclays, polymer-based nanomaterials 
nanofibres and aerogels, are some of the nanomaterials used so as to adsorb heavy metals from sewage. 
The nanoparticle properties control factors include size, surface chemistry, agglomerating mode, fractal 
shape and dimension, chemical composition, crystalline structure and solubility. Chemical activity and 
fine grain size particles that it highlights two key properties compared to other materials such as titanium 
dioxide and alumina (Kalfa et al., 2009). Moreover, modification of nanoparticles can be carried out by 
some reagent to enhance its properties for metals ions pre-concentration (Khajeh & Sanchooli, 2011).

Metal Oxide-Based Nanomaterials

Oxide-based nanoparticles are inorganic nanoparticles which are usually prepared by non-metals and 
metals. These nanoparticles are extensively used for hazardous pollutants removal from wastewater. 
They include TiO2 (Gao et al., 2008), TiO2/dendrimers composites (Barakat et al., 2013) ZnO (Tuzen & 
Soylak, 2007), MgO (Gupta et al., 2011), Co3O4/SiO2 (Abdel Ghafar et al., 2015), MnO2 and Fe3O4 (Feng 
et al., 2012). Oxide-based nanoparticles are characterized by high surface area, minimum environmental 
impacts, less solubility and no secondary pollutants (Gupta et al., 2015). Co3O4/SiO2 nanocomposite 
in which a single and well-crystalline Co3O4 phase imbedded in an amorphous SiO2 with a crystallite 
size of 13.5 nm showed a great ability to absorb methelene blue (MB) dye. It showed a high removal 
percentage of 95.7% and high adsorption capacity of 53.87 mg g-1, which is larger than the adsorption 
capacity of MB on other materials (Abdel Ghafar et al., 2015). In addition, manganese substituted hy-
droxyapatite (MnHAP) showed high adsorption capacity toward Fe(III) removal (0.389 mg g-1) (Elnsar 
et al., 2017). The morphology of the metal oxides plays a crucial role in the adsorption process, where, 
MgO mesoporous nanoflakes and flowerlike microspheres exhibited excellent absorption performance 
for common toxic heavy metal ions and organic pollutants and are expected to be a potential absorbent 
in wastewater treatment (Gao et al., 2008). The hazard cadmium could be recovered at high levels of 
96% using B2O3/TiO2 nanocomposite (Kalfa et al., 2009). Hristovski and his co-worker reported that, 
TiO2, Fe2O3, ZrO2 and NiO nanopowders exhibited the highest arsenate removal in all water matrices 
(Hristovski et al., 2007).
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Carbon-Based Nanomaterials

Carbon Nanotubes

Carbon nanotubes (CNTs) which can be divided into multi-walled carbon nanotubes (MWCNTs) and 
single-walled carbon nanotubes (SWCNTs) are extensively studied material having the ability in order 
to eliminate all kind of organic pollutants and heavy metals of wastewater (Ren et al., 2011). However, 
poor dispersion ability, difficulty in separation and small particles size are few problems exist for using 
CNTs as an adsorbent. To overcome these problems researcher modified the ordinary CNTs (Sadegh et 
al., 2017a; Tang et al., 2012). Modified magnetic CNTs have high dispersion ability and can be easily 
removed from wastewater using a magnet (Li et al., 2003a). Several studies have reported the removal 
of Pb(II) and Mn(II), Cu(II) (Tang et al., 2012) using Multi-walled carbon nanotubes (MWCNTs). The 
behavior of alumina adsorption on CNTs has been investigated for the treatment of aqueous solutions 
(Gupta et al., 2011). They reported that the coated CNTs exhibited better removal ability than the un-
coated CNTs as the surface modification increases its overall adsorption activity.

Various kinds of surface modification techniques are reported which include acid treatment (Ren et 
al., 2011), metals impregnation (Tawabini et al., 2011) and functional molecules/group grafting (Ali et 
al., 2017; Chen et al., 2012). The characteristics of carbon nanotubes like surface area, charge, dispersion 
and hydrophobicity can be changed by these methods. Acid treatment of CNTs was carried out using 
HNO3, H2SO4 and HCl (Fu & Wang, 2011; Ren et al., 2011). Treatment of acid removal of impurities is 
currently on the surface of carbon nanotubes. In addition, new functional groups on the surface, which 
leads to an increase in its activity is presented (Gupta et al., 2015). In addition, oxygen-containing groups 
can also be introduced with the excited microwave wave surface plasma (Chen et al., 2009).

Grafting functional molecules/functional groups on the surface of CNTs are another way of improving 
their surface features. This can be carried out through various methods such as plasma method, chemical 
modification and microwave (Chen et al., 2012). However, the plasma method, amid these techniques, 
is one of the best reasons for lower energy demand and an environmentally friendly process.

The adsorption capacity is highly dependent on the structural and morphological characteristics of 
the adsorbent. Figure 2 shows the surface area-dependence adsorption capacities of carbon nanotubes 
toward Hg(II) removal (Alomar et al., 2017a; 2017b; Gupta et al., 2014; Hadavifar et al., 2014). It is 
clear that, the adsorption capacity increased with increasing the surface area as a result of increasing 
the exposed surface. The linear relationship between surface area and adsorption capacity was proven 
and reported for H2S removal by carbon-based materials (Habeeb et al., 2017a).

Many organic dyes can cause mutagenic and carcinogenic influences in humans with high levels of 
biotechnology, in fact organic dyes, one of the most hazardous substances in Industrial wastewater, are 
evacuated from different industries. (e.g., textiles, leather, cosmetics and paper). However, Sudan Red 
I, II, III and IV as a result of their toxicity or cancer is forbidden even low concentrations, they are ex-
tremely applied in other industries. More sophisticated dyes combinations including aromatic structures 
(Figure 3), make them highly resistant to biological degradation and resistant to oxidation. Hence, more 
consideration has been attracted by eliminating such compounds (Yang et al., 2013).

The prevalent priority is to develop a novel high Qe-adsorbing material for the realization of effective 
control of this pollutant namely a wide variety of materials are used to remove organic dyes including 
AC, zeolite, clay and polymer.
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Figure 2. Surface area-dependence adsorption capacities of carbon nanotubes

Figure 3. Chemical structures of some organic dyes
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MWCNTs have been shown to outperform Cd(OH)2 nanowire loaded AC with respect to their ef-
ficient removal of safranin O (Ghaedi et al., 2012a).

Though, it has been reported few reports in carbon nanotubes to remove dye from aqueous solution 
(Lu & Liu, 2006) and carbon nanotubes were commonly used without more treatment and the CNTs 
were typically directly used without further treatment (Machado et al., 2011) (Table 1).

MWCNTs have been shown to be effective in the removal of methyl red (Ghaedi & Kokhdan, 2012) 
and MB (Ghaedi et al., 2012b). Another work has focused on the development of CNT-impregnated 
chitosan hydrogel beads (CSBs) for the removal of Congo red (CR). CSBs demonstrated a higher 
maximum adsorption capacity (Qm) than normal chitosan CSBs (450.4 vs. 200.0 mg g-1 (Chatterjee et 
al., 2010). Qm could be obtained from the linear relation of Langmuir model as: 
C Q Q K C Q
e e max L e max
/ / /( ) = ( )+ ( )1 , where, KL is Langmuir constant (Abdel Ghafar et al., 2015). A 

new generation of CSBs prepared by using sodium dodecyl sulfate and MWCNTs to improve upon their 
mechanical properties has also demonstrated a high Qm for CR (375.94 mg g-1) (Chatterjee et al., 2011). 
Compared to MWCNTs, SWCNTs can demonstrate better adsorption properties for organic contaminants 

Table 1. Removal of various organic dyes by using CNTs

CNTs Type Modification Form Dye Type 
Eliminated

Qm
(mg g-1) Ref.

MWCNTs

Untreated ECR 73.18 (Ghaedi et al., 2011b)

Untreated Alizarin red S 
Morin

161.29 
26.25 (Ghaedi et al., 2011a)

Untreated Reactive red M-2BE 335.7 (Machado et al., 2011)

Alkali-activated MB 
MO

149 
399 (Mickelson et al., 1999)

Untreated MB 
Acid red 183

59.7 
5.2 (Wang et al., 2012a)

Untreated Acid blue 161 91.68% (Geyikçi, 2013)

Untreated Reactive blue 4 
Acid red 183

69 
45 (Wang et al., 2012b)

Fabricated magnetic 
MWCNTs by Fenton’s 
reagent method 
(M-MWCNTs)

MO 28 (Yu et al., 2012)

Oxidized 5-(4-Dimethyl benzylidene 
amino) rhodanine 15.52 (Ghaedi et al., 2013)

Catalyzed pyrolysis of 
methane in a H2 and N2 flow MB 188.68 (Li et al., 2013)

Untreated Triclosan 153.1 (Zhou et al., 2013)

Alkali-activated MB 
MO

149 
399 (Mickelson et al., 1999)

SWCNTs

Pristine oxidized Basic red 46 38.35 
49.45 (Moradi, 2013)

Untreated Reactive blue 29 (RB29) 496 (Nadafi et al., 2011)

Untreated Reactive red 120 426.49 (Bazrafshan et al., 2012)
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because of their higher special surface area. Indeed, SWCNTs are more efficient for removing benzene 
(9.98 mg g-1) and toluene (9.96 mg g-1) (Bina et al., 2012). Qm of 496 mg g-1 was achieved when RB29 
was removed using SWCNTs (Nadafi et al., 2011).

Recently a novel self-assembled cylindrical graphene-CNTs hybrid was developed and it achieved 
a Qm of 81.97 mg g-1 for MB removal and the removal efficiency reached 97% for low (10 mg L-1) (Ai 
& Jiang, 2012). Finally, Zhou et al. (2013) proposed a new concept of using entangled CNTs as porous 
frameworks to enhance the adsorption of organic dyes. The composites obtained through polymerization 
with polyaniline (PANI) possessed large surface areas. CNTs/PANI composites exhibited a 15% higher 
equilibrium Qe of 13.95 mg g-1 compared to PANI. Some findings of organic dyes removal using CNTs 
are summarized in Table 1 (Zhou et al., 2013).

Zinc is one of the most common heavy metals occurring in wastewater. In water, Zn(II) ion may 
associate or react with neutral or ionic compounds to form inorganic salts, stable organic complexes or 
inorganic or organic colloids. Zn(II) ions exhibit high toxicity to aquatic organisms and it may cause high 
chronic toxicity in some cases. Adsorption of Zn(II) onto the CNTs, increased as e pH increased and 
achieved maximum between pH 8 and 11 (Shirmardi et al., 2012). SWCNTs and MWCNTs are prefer-
ably used for Zn(II) removal. Shirmardi et al. (2012) reported that the amount of Zn(II) sorbed onto the 
CNTs increased with a rise in temperature. Under the same conditions, Zn(II) sorption capacity of the 
CNTs was much greater than that of the commercially PAC, reacting that SWCNTs and MWCNTs are 
effective sorbents. The thermodynamic analysis revealed that the sorption of Zn(II) is endothermic and 
spontaneous. Zn(II) ions could be easily removed from the surface site of SWCNTs and MWCNTs by a 0.1 
mol L-1 HNO3. Thus both CNTs can be reused through many cycles of water treatment and regeneration.

Other trace elements such as Ni(II), Pb(II), Cd(II), Cr(VI) and Cu(II) can also be adsorbed by this 
powerful CNT agent. Chromium at low-level exposure can irritate the skin and cause ulceration. Long-
term exposure can cause kidney and liver damages as well as damage the circulatory and nerve tissues. 
Once again, it is important to eliminate such traces in our wastewater. CNTs supported by AC was used 
to remove Cr(VI) ions from polluted water. The highest Qm obtained from batch adsorption experiments 
was 9.0 mg g-1 (Salem Attia et al., 2014). Therefore, it seems that AC coated CNTs is most effective for 
the removal of Cr(VI). Natale et al. (2008) reported the removal of Cr(VI) from drinking water using 
CeO2/CNTs. Qm of CeO2/CNTs reaches 30.2 mg g-1 at an equilibrium Cr(VI) concentration of 35.3 mg 
L-1 and pH 7.0. Qm is 1.5 times higher than that of the AC, 2.0 times higher than that of Al2O3 and 1.8 
times higher than that of ball-milled CNTs. Hu et al. (2010) studied the removal of Cr(VI) from aque-
ous solution using oxidized MWCNTs. The maximum removal of Cr(VI) was found at low pH and the 
adsorption kinetics of Cr(VI) was suitable for pseudo-second-order models. Cr(VI) removal mainly de-
pends on the occurrence of the redox reaction on the surface of oxidized MWCNTs to the formation of 
Cr(III) and subsequent sorption of Cr(III) on MWCNTs. This Cr(III) sorption appears to be the leading 
mechanism for chromium uptake to MWCNTs to remove the anionic chromate (CrO4

2-) from wastewater. 
Functionalized CNTs (f-CNTs) are the most suitable compared to unmodified CNTs (Richard et al., 2003). 
The reason for the CNTs showing excellent adsorption capability of anionic chromate is the interaction 
of CrO4

2- with the surface oxygen-containing functional groups on the modified CNTs. Hence, f-CNTs 
once again can be potentially employed in adsorbing heavy metal from wastewater.

Besides Zn(II) and Cr(VI), Pb(II) is also one of the famous heavy metals occurring in wastewater. 
Pb(II) compounds are generally soluble in soft and slightly acidic water. Pb(II) from pipes may partially 
dissolve in the water owing through. It occurs in almost all water resources as well as wastewater. Despite 
its toxicity, the presence of lead in the water may affect the human and marine lives’ health. Wang et 
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al. (2013a) reported that the role of functional groups in the adsorption of Pb(II) is to create a chemical 
complex. Pb(II) (PbO and Pb(OH)2 and PbCO3) is adsorbed on the surface of the acidized MWCNTs. 
Pb(II) species adsorbed on acidized MWCNTs at the ends and defects sites. Wang et al. (2012a) reported 
that Mn-oxide-coated CNTs (MnO2/CNTs) were used to remove Pb(II). Pb(II) removal of MnO2/CNTs 
decreased with pH decreasing. Qm was 78.74 mg g-1, compared with CNTs, significant improvement 
of Pb(II) adsorption shows MnO2/CNTs can be good Pb(II) adsorber. The adsorption followed pseudo-
second-order rate and Langmuir model (Wang et al., 2013b). Results demonstrated a high Qm of acidized 
MWCNTs for Pb(II) due to formation of oxygen functional groups on the surface of the CNTs. Salt 
formation or complex deposited occurred on the surface of CNTs when acidized MWCNTs react with 
Pb(II). The adsorption contact time to reach equilibrium is about 20 min, which proved to be shorter 
than AC (120 min). Pb(II) can be easily regenerated from the acidized MWCNTs at pH 2.

The interaction between some heavy metal ions such as Pb(II), Cd(II) and Cu(II) ions from aqueous 
solution adsorbed by SWCNTs and carboxylate group functionalized single-walled carbon nanotube 
(SWCNT–COOH) surfaces was explained. Qm for Pb(II), Cu(II) and Cd(II) ions onto the SWCNT–COOH 
are 96.02, 77.00 and 55.89 mg g-1, respectively, and by SWCNTs are 33.55, 24.29 and 24.07 mg g-1, 
respectively (Moradi & Zare, 2011). The thermodynamic parameters showed that the adsorption on the 
SWCNT–COOH and SWCNTs is spontaneous and endothermic.

One of the most hazardous heavy metals is cadmium (Cd). In humans, long-term exposure to Cd is 
associated with severe renal dysfunction. Li et al. (2003a) discussed the adsorption of Cd(II) by CNTs. 
The experiments of the CNT dosage effect on Cd(II) adsorption react that Qe for KMnO4

- oxidized 
CNTs has a sharper increase at CNT dosage from 0.03 to 0.08 g/100 mL than the as-grown H2O2 and 
HNO3-oxidized CNTs. The removal efficiency almost reaches 100% at the CNT dosage of 0.08 g/100 
mL. This shows that CNTs are able to adsorb Cd(II) with high capacity.

To further prove the efficiency of CNTs in adsorbing heavy metals, Gao et al. (2008) studied the 
adsorption of Ni(II), Cu(II), Zn(II) and Cd(II) on CNTs oxidized with concentrated HNO3. The effect 
of process parameters such as the pH value, initial concentration of ions, the surface chemistry of the 
adsorbent, the kind and number of components in the adsorption system and the ratio of the metal ion 
species in solution was studied. For the single and binary systems, it turned out that the amount adsorbed 
on oxidized CNTs followed the order of Cu(II)(aq) > Ni(II)(aq) > Cd(II)(aq) > Zn(II)(aq). The good correla-
tion between the amount adsorbed and standard electrode potential indicated that the redox process may 
serve a role in the mechanism of adsorption. Meanwhile, for the ternary and quaternary systems, the 
adsorption was more complex. The order of amount adsorbed at the same concentration was Cu(II)(aq) 
> Cd(II)(aq) > Zn(II)(aq) > Ni(II)(aq). Li et al. (2003a) studied different heavy metals (Pb(II), Cu(II) and 
Cd(II)) adsorption using oxidized CNTs. Qm of Pb(II), Cu(II) and Cd(II) ions was 63.29, 23.89 and 11.01 
mg g-1, respectively. Pompeo and Resasco (2002) reported that the sorption capacities of metal ions to 
different CNTs follow roughly the order: Pb(II) > Ni(II) > Zn(II) > Cu(II) > Cd(II).

The sorption capacities of metal ions by raw CNTs are very low but significantly increased after 
oxidation of CNTs surfaces by HNO3, NaOCl or KMnO4 solutions. The surface-oxidized CNTs show a 
great potential as superior sorbents for environmental protection applications. The sorption mechanism 
appears mainly attributable to chemical interaction between the metal ions and the surface functional 
groups. The order of heavy metal ions shows that their adsorption does not depend clearly on the ionic 
radius of metal ions, but depends on properties of CNTs such as ionic strength, pH, CNTs mass, contact 
time, initial metal ion concentration and temperature.
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Copper is an essential substance to human life, but in high doses, it can cause anemia, liver and kid-
ney damages as well as stomach and intestinal irritation. This is the reason why copper should not be 
present in wastewater. Li et al. (2003b) reported that environmental friendly adsorbents that were CNTs 
immobilized by calcium alginate (CNTs/CA) were designed for copper adsorption. CNTs/CA copper 
adsorption properties were investigated via equilibrium studies. Experimental results showed that copper 
removal efficiency of the CNTs/CA is high and reaches 69.9% even at a low pH of 2.1. Qm can attain 
67.9 mg g-1 at the copper equilibrium concentration of 5 mg L-1.

Many CNTs applications require handling in solution phase; however, CNTs have proven difficult 
to disperse in solvents (Rao et al. (2007). Chemical modification of SWCNTs is often required for more 
versatile suspension capabilities and enablement of certain applications (Chen et al., 1998). This has 
encouraged greater exploitation of their intrinsic properties, as well as the capability to modify these 
properties. In particular, the functionalization of CNTs is required for their aqueous suspensions and 
to allow for molecular interactions with biological systems. Native CNTs adsorb surfactants that have 
been found to associate with CNTs via van der Waals interactions through their hydrophobic chains, 
rendering CNTs hydrophilic and able to disperse in aqueous environments. SWCNTs can be isolated 
from aggregated bundles, allowing for spectroscopic probing of individual SWCNTs. Surfactant addi-
tives prevented nonspecific interactions between SWCNTs and proteins. Also, surfactants with modified 
head groups have also been used to link SWCNTs to specific molecules (Herrero & Prato, 2008). Kim 
and Choi (2012) reported that lipids comprise a class of molecules that interact with CNTs similarly to 
surfactants. This class of molecule offers control of its interactions with CNTs through modification of 
their hydrophobic chains, while also providing the versatility of the functionality that they impart through 
the modification of their head groups. Among these lipids, chemical interaction between the heavy metal 
ions and the surface functional groups of CNTs is the major adsorption mechanism.

Graphene

Graphene is one of allotropy of carbon having special features that make it highly favorable for several 
environmental applications. Graphene oxide (GO) has two-dimensional structure produced by the oxi-
dation of graphite layer via the chemical method. The most common method used for the synthesis of 
GO is Hummers method (Ali et al., 2015; Marina et al., 2016). The hydrophilic groups were induced 
in GO which required special oxidation process (Gopalakrishnan et al., 2015; Gupta et al., 2017). The 
presence of these hydroxyl and carboxyl groups as functional groups in GO increases the adsorption of 
heavy metals (Lingamdinne et al., 2016). GO as an adsorbent for the removal of heavy metals is getting 
more attention due to its high surface area, mechanical strength, light weight, flexibility and chemical 
stability (Gopalakrishnan et al., 2015). Moreover, the presence of functional group on the surface of GO 
also effects the adsorption process (Zare-Dorabei et al., 2016). GO has two main features as compared to 
other nanomaterials such as CNTs. First, a single layer GO has two-dimensional basal planes available 
for the maximum adsorption of heavy metals. Secondly, it has simple synthesis process, which can be 
carried out by chemical exfoliation of graphite without any metallic catalyst and complicated instrument 
(Santhosh et al., 2016).

Moreover, GO did not require any further acid treatment to enhance its adsorption capacity as it 
already contains the hydrophilic functional group (Zhao et al., 2011a). Various works used graphene-
based nanomaterials for the adsorption of heavy metals from wastewater. Azamat et al. (2015) studied 
the removal of heavy metals using GO enabled sand filter in column reactor as well. Lee and Yang 
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(2012) modified GO with TiO2 and used for Pb(II), Cd(II) and Zn(II) ions adsorption. The adsorption 
capacity of hybrid composite reaches 65.6 mg g-1, 72.8 mg g-1 and 88.9 mg g-1 for Pb(II), Cd(II) and 
Zn(II), respectively. Graphene and its composite show a very high efficiency for the removal of heavy 
metals from wastewater. Nevertheless, successful reduction in GO to pristine graphene material is still 
a big challenge because this reduction may decrease its mechanical and electronic properties (Santhosh 
et al., 2016).

Using van der Waals’ forces and π-π stacking interactions, the adsorption of dyes on few-layered 
graphene oxide nanosheets (GONSs) could be realized. To modify the chemical and physical proper-
ties and improve the processability of graphene nanosheets (GNSs) could first be incorporated into 
composite materials. Whether, GNSs layer or a single GONSs layer, the high aspect ratio and large 
ð-electronic surface provide strong intermolecular forces among these layers and adsorbates (Denis & 
Iribarne, 2012). Due to the opened-up layer structure, GNSs would exhibit markedly faster adsorption 
kinetics than CNTs (Yu et al., 2014).

GNSs exhibited better adsorption capacities for two synthetic organic compounds (phenanthrene 
and biphenyl) in aqueous solutions (Apul et al., 2013). More importantly, GNSs are much cheaper than 
SWCNTs (Kotov, 2006). GNSs have already been used as adsorbents for the removal of cationic redX-
GRL (Apul et al., 2013), MB ((Li et al., 2011a), methyl orange (Li et al., 2011b), Congo red (CR) (Du 
et al., 2014) and other organic materials. Qm of ptoluenesulfonic acid, 1-naphthalene sulfonic acid and 
MB on GNSs reach up to 1430, 1460 and 1520 mg g-1, respectively, which is the highest among all of the 
current nanomaterials (Wu et al., 2011). The observed adsorption capacities for the adsorption of three 
types of pesticides, chlorpyrifos, endosulfan and malathion, onto GONSs and GNSs from water, are as 
high as 1200, 1100 and 800 mg g-1, respectively and GONSs and GNSs were unprecedented substrates 
for these adsorption technologies (Maliyekkal et al., 2013).

GNSs can be used as sorbent for Cd(II) and Co(II) ions removal from aqueous solution. It was re-
ported that heavy metal ions sorption on nanosheets depends on pH and ionic strength. The abundant 
oxygen-containing functional groups on the surfaces of GONSs play an important role (Zhao et al., 
2011a). Magnetite-graphene composite with a particle size of ~10 nm gave a high binding capacity for 
As(III) and (V) due to the increased adsorption sites in the graphene composite (Chandra et al., 2010). 
The strong functional groups on GO surface makes it a potential adsorbent for metal ion complexation 
through both electrostatic and coordinate approaches. Generally, GO showed high adsorption capacity 
on cationic metals. GNSs can be used for adsorption of both cationic and anionic metals. After modifi-
cation of GO with organics or metal oxides, its composites can also be used for anionic metal removal 
due to functionalization. Cu-GO interaction in aqueous solution showed that Cu(II) causes GO sheets 
to be folded and form large aggregates. The coordination between Cu(II) and oxygen atoms on GO was 
the primary driving force. GO has a Cu(II) adsorption capacity of 46.6 mg g-1, higher than that of CNTs 
(28.5 mg g-1) and AC (4-5 mg g-1) (Yang et al., 2010).

The removal of Cd(II) (Zhao et al., 2011a), Co(II) (Chen et al., 2012), Pb(II) (Zhao et al., 2011b) and 
U(VI) (Zhao et al., 2012) ions have been studied using few-layered GONSs. It was found that the abun-
dant oxygen-containing functional groups on GONSs surfaces play an important role in metal sorption 
which was in agreement with the results of (Zhao et al., 2011a). Qm of Cd(II) and Co(II) on GONSs at 
pH 6.0 and 303 K were about 106.3 and 68.2 mg g-1, respectively. For Pb(II), Qm were about 842, 1150 
and 1850 mg g-1 at 293, 313 and 333 K, respectively (Zhao et al., 2011b), but sorption capacity of U(VI) 
at pH 5.0, 293 K was 97.5 mg g-1 (Zhao et al., 2012). Modification of GO with organic materials can 
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change the surface functional groups for better adsorption of various metal ion species. A modified GO 
with thiol groups by diazonium chemistry was reported to adsorb 6-fold higher concentration of Hg(II) 
ions than GO and AC (Gao et al., 2011). When N- (trimethoxysilylpropyl) ethylenediamine triacetic acid 
was used to obtain a chelating GO for Pb(II) removal, the adsorption was fast and completed within 20 
min, with an adsorption capacity of 479 mg g-1 at pH 6.8 (Madadrang et al., 2012). Compared to AC 
and CNTs, GO and GNSs present more effective adsorption for many water pollutants.

Activated Carbon

AC typically has high porosity, high surface area and prepared from readily available carbonaceous pre-
cursors such as coal, wood, coconut shells and agricultural wastes (Habeeb et al., 2017b, 2017c; Sadegh 
& Shahryari-ghoshekandi, 2015). Generally, the physical activation requires high temperature and longer 
activation time as compared to chemical activation, however, in chemical activation the AC needs a thor-
ough washing due to the use of chemical agents (Habeeb et al., 2017d; Sadegh et al., 2016). The product 
formed has a very porous structure with a large surface area ranging from 500 to 2000 m2 g-1 (Carrott et 
al., 1991; Habeeb et al., 2017d). The applicability of AC for water treatment has been demonstrated by 
various workers (Stenzel, 1993). Also, AC are extensively used for the removal of inorganic and organic 
pollutants from effluent streams and in water treatment. It was found that AC possesses a significant 
weak acidic ion exchange character enabling them to remove trace metal contaminants and to adsorb 
pollutants from wastewater. The sorption of pentavalent arsenic on a granular AC was experimentally 
studied (Natale et al., 2008). AC prepared from coconut tree sawdust was used as an adsorbent for the 
removal of Cr(VI) and mercury from aqueous solution (Gao et al., 2008; Selvi et al., 2001).

Powder AC prepared from Eucalyptus camaldulensis Patnukao et al were studied for its Qm at 60 
°C, where Qm for Cu(II) and Pb(II) were 0.85 and 0.89 mmol g-1, respectively (Patnukao et al., 2008). A 
novel sodium polyacrylate grafted AC was produced using gamma radiation to increase the number of 
functional groups on the surface. This grafting technique can be potentially applied to other adsorbents 
to increase the efficiency of metal ion sorption by AC (Ewecharoen et al., 2009). Their high adsorption 
ability and lower price make AC suitable materials for removal of heavy metal and dye (Gupta et al., 
2015). The concise data in form of summary will be well elucidated from Table 2.

Polymer-Based Nanomaterials

The polymer materials are considered as alternative candidates to AC for adsorption process due to their 
vast surface area, perfect mechanical rigidity, adjustable surface chemistry and pore size distribution, 

Table 2. Data of maximum adsorption capacity of heavy metal ions with AC

Metal ion Qm
(mg g-1)

Surface Area 
(m2 g-1) Removal (%) Ref.

As(V) 2.5 950 --- (Gupta et al., 2015)

Cr(VI) 3.46 486 99 (Selvi et al., 2001)

Hg(II) 110.8 1026 --- (Graydon et al., 2009)

Ni(II) 44.1 
55.7

899 
892

82.7 
93.9 (Ewecharoen et al., 2009)

Ni(II) 44.1 899 --- (Pyrzyńska & Bystrzejewski, 2010)
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and feasible regeneration under mild conditions. Polystyrene showed a desorption capacity of 1.5029 and 
2.2702 mmol g-1 for phenol and p-chlorophenol, respectively (Abburi, 2003). In addition, polystyrene 
showed a high ability to absorb many other pollutants as displayed in Figure 4 (Abburi, 2003; Bilgili, 
2006; Garcia et al., 1999; Pan et al., 2009; Pan et al., 2002). On the other hand, the hybrid polymer 
composites such as magnetic natural zeolite-polypyrrole was investigated for removal of vanadium from 
aqueous solution and showed a capacity of 57.803 mg g-1 at 25 °C (Mthombeni et al., 2015). Co(II) 
removal was studied using poly(acrylic acid) grafted MWCNTs from aqueous solution and showed 
adsorption capacity 4-times higher than pure MWCNTs (Chen et al., 2012).

Factors Affecting Adsorption Processes

Adsorptions of heavy metals from wastewater using nanoadsorbents are affected by many factors such 
as temperature, pH, adsorbent dose and incubation (contact) time. (Srivastava et al., 2015) reported that 
pH plays a vital role on adsorption of heavy metals from wastewater. Maximum adsorption for Zn(II) 
on magnetic nanoadsorbent was observed at pH 5.5; however, it decreases with further pH increase. 
Lingamdinne et al. (2016) reported the maximum removal i.e. 93% and 99.6% for Pb(II) and Cr(III) at 
the pH of 6.0 and 4.0 respectively. Moreover, increase in contact time increases the adsorption of heavy 
metals. Lingamdinne et al. (2016) reported that 120 min is the equilibrium time for maximum adsorption 
of Pb(II) and Cr(III) from wastewater. Nanoadsorbent characteristics also affect the adsorption, which 

Figure 4. Adsorption capacities of polystyrene adsorbent toward some organic pollutants
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include BET surface area, surface charge, hydrophobicity and addition of new functional groups. The 
efficiency of various nanoadsorbents for removal of heavy metal has been reported in various studies 
as described in Table 3.

EVALUATION OF NANOADSORBENTS FOR WASTEWATER TREATMENT

Nanoadsorbents are widely used adsorbents for the removal of heavy metals from wastewater. CNTs 
and metal oxides are the most commonly used for the removal of heavy metals from aqueous solution 
(Lingamdinne et al., 2016; Sadegh et al., 2018). The nanoparticles have some key features such as high 
BET surface area, microporous structure, high dispersion ability, economically and environmentally 
friendly (Li et al., 2003a). However, the smaller size of particles and difficulties in separation from 
aqueous solution will lead to secondary pollution (Lingamdinne et al., 2016). This further affects the 
bioavailability and mobility of the heavy metals and causes toxicity in the environment (Wang et al., 
2013a). In addition, economical reuse and regeneration are other challenges for these nanoparticles (Pan 
et al., 2009). However, the modification was carried out (Bahgat et al., 2011; Tarigh & Shemirani, 2013), 
to overcome these challenges. Nevertheless, new trends in nanoadsorbents such as organic-inorganic 
hybrids are a sustainable option to overcome the associated limitations of the nanoadsorption process 
(Lingamdinne et al., 2016).

Table 3. The efficiency of various nanoadsorbents for heavy metals removal

Nanoadsorbent Heavy 
Metals

Experimental Conditions
Removal 

(%) Ref.
pH Contact 

Time (min.)

Adsorbent 
Dose 

(g L-1)

Magnetic MWCNTs Cr(VI) 3 600 0.1 100 (Huang et al., 2015)

Magnetic zeolite-polymer composite V(V) 4-5 1440 0.15 73 (Mthombeni et al., 2015)

ZIF-8 nanoparticles As(V) 7 240-420 0.20, 0.05 60.03 (Jian et al., 2015)

ZnS nanocrystals 
Modified magnetite Hg(III) 1-6 5 10 99.99 (Qu et al., 2014)

Nanocomposite Cu(II) 6.5 15 0.19 99 (Neyaz & Siddiqui, 2015)

GNSs/MnO2 Ni(II) --- 20 5 77.04 (Varma et al., 2013)

Nanocrystalline TiO2 As(II) 9.5 --- 0.2 >98 (Pena et al., 2006)

NZVI As(III) 7 10 1 99.9 (Rahmani et al., 2011)

Magnetic nanoparticles coated zolite As(III) 2.5 15 0.5 95.6 (Salem Attia et al., 2014)

Zeolite materials obtained from fly ash Pb(II) 6-7.5 90 6 >80 (Khani et al., 2016)

Magnetic nanoadsorbent Pb(II) 6 10 20 80 (Selvi et al., 2001)

PMDA/TMSPEDA
Pb(II) 
Cu(II) 
Zn(II)

7 1440 0.01
79.6 
72.36 
66.8

(Alsohaimi et al., 2015)

Magnetic nanoadsorbent Zn(II) 5.5 90 2.5 95 (Srivastava et al., 2015)
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CONCLUSION

Advances in nanosciences and engineering are providing new opportunities to develop more low-cost 
effective adsorbents and environmentally friendly water treatment techniques. Nanomaterials have 
specific physicochemical properties that make them particularly attractive for wastewater purification. 
As a result of the remarkable structural and chemical properties of nanomaterials, their application for 
wastewater treatment has rapidly grown in the past several years. Previous studies obviously indicate 
that significant and exciting progress has been made in the aforementioned field, so that using of nano-
materials as adsorbents is a very useful and powerful tool for the removal of heavy metals and dyes due 
to their unique structure and specific surface characteristics. These nanomaterials are capable to remove 
noxious metal ions even at low concentrations i.e., up to ppb level also, with a very high selectivity and 
adsorption capacity. These unique and specific properties of nanosorbents make them ideal materials 
for wastewater treatment technology. Although carbon-based nanomaterials, such as; activated carbon, 
carbon nanotubes, graphene are used very efficiently and successfully in the removal of noxious metal 
ions from wastewater, several problems still remain; large-scale wastewater treatment is the essential one.
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ABSTRACT

In developing countries like Pakistan, industries do not allocate budget for control and treatment of 
pollution due to limited resources. Most of the pollutants emitted from these industries are usually re-
usable but their capture from waste is highly uneconomical. This goal can be attained by synthesizing 
the advanced materials such as silica hybrids, the class of silica hybrids consisting of inorganic silica 
linked with organic ligands to form network structure. Their high porosity, surface area, and crystallin-
ity provide a way for removing large amount of pollutants with small quantity of silica hybrids. These 
applications include the use of powder hybrids as adsorbent for removal of different pollutants such as 
heavy metals, persistent organic pollutants, and toxic organic chemicals. These functionalized hybrids 
can be further fabricated into thin films. This new form will be further used for catalytic degradation 
of various pollutants. Besides all these applications, these hybrids will have the potential to be used as 
sensors for detecting various pollutants in industries.

INTRODUCTION

Water is one of the most important natural resource and commodity on Earth, required for performing 
all vital activities of life. As water is indication of life. It is indispensable for domestic, agriculture and 
industrial activities as well as sustaining the earth’s ecosystems. But this essential resource is under 
the threat. Two third portion of earth is covered with water. It is widely distributed into freshwater and 
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saline water. About 97% of water is saline (oceans and seas), not usable and only 3% water is available 
as freshwater. Of this total freshwater, 2% is locked in glaciers and polar icecaps while only 1% is pres-
ent as ground and surface water (UNESCO, 2003; U. S. Geological Survey, 2014) readily accessible 
for human consumption. Globally freshwater consumption has been increased due to rapid growth in 
population, industrial development, agricultural activities, geological and environmental changes (Ali 
& Aboul-Enein., 2004; Steduto et al., 2012).

According to fact sheet of FAO (2009), agriculture sector accounts 70%, industries 20% and domestic 
10% of available 1% freshwater. When it is once used and discharged back into the environment, water 
quality is going to be changed. According to WHO (2012) and UNICEF (2008, 2010) reports, 780-900 
million people rely on unimproved drinking water supplies to meet their basic needs and almost all of 
them are in developing regions. United Nation Development Program (2006) reported that about 50%of 
all people in developing countries suffer from health problem caused by water. Pakistan was considered 
as water surplus country, is now become water stress country (Ensink et al., 2004) due to depletion of 
natural water resources.

According to the report of Pakistan Strategic Country Environmental Assessment report, available 
water has been decreased from 1,299 m3 /capita (1996-1997) to 1,100 m3/ capita (2006). It is estimated 
that it become less than 700 m3 / capita in 2025, that is against the international standard of 1500 m3/
capita. Wastewater generated from domestic, municipal, industries and agriculture runoff dump directly 
into water bodies without any treatment causing water pollution. Hence, it has become core issue of today 
and its consequences are reflected back especially into the public health, biodiversity, aquatic condition 
and ecosystems, by putting them in danger.

Pollutants in Aqueous Media

Scientists gave serious attention on this current issue. Pollutant (inorganic, organic) in water in different 
form (soluble, suspended and colloidal), having accumulative and mobile nature, once enters into food 
chain affecting the human health because human being is on top of food chain. Human body cannot 
process and disposed of and deposited in various internal organs and cause adverse effect on body func-
tion. They showed toxic and carcinogenic nature even at low concentrations (Ali & Aboul-Enein, 2006, 
2009). Cadmium causes renal disorder, itai-itai disease, bone fragility and destruction of erythrocytes 
(Hlihor et al., 2009), Copper causes gastrointestinal catarrh and haemochromatosis (Gündoğan et al., 
2004), Nitroaniline causing methemoglobinemia and so on.

Polyaromatic hydrocarbons (PAHs) belong to class of organic pollutant are basically by-products of 
incomplete combustion or hydrolysis of organic materials containing one or two fused benzene rings 
(Gao et al., 2006; Alcántara et al., 2008; Muff & Søgaard, 2010). These are hydrophobic, volatile, low 
water solubility and non-biodegradable having carcinogenic and mutagenic effects. Due to its persistent 
nature once they enter into the water systems; it is difficult to be removed. PAHs are listed as US-EPA 
and EU priority pollutants (Falciola et al., 2012) and their concentrations need to be controlled. The most 
common sources of these pollutants are paint, rubber, cement, petrochemical, and solvent manufactur-
ing industries, disposed of their large volumes of untreated wastewater into water reservoir. Few studies 
regarding removal of Naphthalene and pyrene using Industrial waste (Jonker et al., 2002), organoclay 
composite (Ake et al., 2003), Biopolymers derived chars (Wang et al., 2007), Immature coal (Zeledon et 
al., 2007), mineral naphthenic oil (Luna et al., 2008), plant residue material (Li et al., 2010), rice husk 
(Agarry et al., 2013) have been reported due to environmental importance.
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The considerable contaminants in aqueous environment, requires the development of simple and 
quick methods for its determination and separation. Efficient and effective techniques for the removal 
of such pollutants have drawn significant interest. Last few decade, different treatment techniques have 
been used. Most commonly used techniques are precipitation, Oxidation, floatation, gravity separation, 
coagulation, distillation, solvent extraction, micro and ultra filtration, electrolysis. It seems to be un-
economical due to having multi-step processes, high cost, addition of chemicals and chemical residues/
sludge, whose disposal is another issue.

Environmental Application of Nanomaterials for Wastewater Treatment

In order to release the pressure on industry to decrease emission of various pollutants into the environ-
ment, a broad range of methods with varying degrees of success have been developed to manage water 
pollution. These include coagulation (Balasubramanian & Madhavan, 2001), foam flotation (Lazaridis et 
al., 2001), filtration, ion exchange (Korngold et al., 2001), sedimentation, solvent extraction (Takeshita, 
2003), electrolysis, chemical oxidation (Gonze et al., 2003), disinfection, chemical precipitation (Agui-
naldo, 2007), membrane process (Li et al., 2004) and so on.

However, these methods have their own shortcomings and limitations. For example, the method 
based on chemical/biological oxidation, ion exchange and solvent extraction have shown low efficiency 
for the removal of trace levels of pollutants. Further, coagulation requires pH control and causes further 
problems of sludge disposal, whereas, ozonation while removing color effectively does not minimize 
chemical oxygen demand (COD).

The quest for simple and efficient technique ends up after the development of Adsorption processes. 
Adsorption is surface phenomenon in which pollutants are adhering on the surface through physical and 
weak chemical forces. It is simple and robust technique because it does not required additional chemicals 
during pre and post treatment and due to availability of a wide range of adsorbents. It is recognized as 
an effective, efficient and economical method.

The uniform pore size distribution along with interconnected pore structure is ideal properties of 
an adsorbent (Al-Dalama et al., 2005; Hong et al., 2004). Various adsorbents were reported such as 
organic clay, silica gel, montmorillonite and bentonite clay (Pal & Vanjara, 2001), iron oxides (Clausen 
& Fabricius, 2001), resins (Gurten et al., 2005), polymers (Jianguo et al., 2005), activated carbons (Du-
man, 2005), alumina (Villacanas et al., 2006), ion exchange resins (Cavaco et al., 2007), agricultural 
and industrial waste material with and without modification (Dave et al., 2011; Khosla et al., 2012) and 
many others have been reported for wastewater treatment.

Recently research attention is paid more towards to the nanoscience and nanotechnology due to its 
wide application in every sector of science and technology. It has become a versatile and promising 
subject for creating new materials with enhanced properties controlling size, shape, composition, fab-
rication and potential applications (Eggeman et al., 2006). Application of nanotechnology in order to 
improve the water quality using nano-adsorbent is one of the raising fields of interest. Literature have 
cited numerous nanoparticles as efficient adsorbent like titanium oxide (Pena et al., 2005), gold (Huang 
et al ., 2007), Zeolites (Shukla et al., 2007; Chen et al., 2008), multi-walled carbon nanotubes (Pillay et 
al., 2009), alumina (Sharma, et al., 2010), silver (Khan et al., 2011), Zinc oxide (Chen et al., 2011), silica 
(Shekaret al., 2012) Nickle oxide (Renu et al., 2013) and many others has been evaluated for removal 
of different organic and inorganic pollutant from aqueous medium.
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Due to set up of stringent environmental regulation there is needed to gain greater harmony between 
environment and human activities. The quest for more efficient and improved material introduces hybrid 
materials with its unique properties. Hybrid (inorganic and organic) materials are one of emerging field 
in material science. Composition of inorganic and organic moiety (hybrid materials) at molecular or 
nano level with novel features that are different from individual one (Yokoyama et al. 2006). Inorganic 
imparts thermal, mechanical structural stability while organic impart the functionalities into hybrid 
material (Stein et al., 2000).

History of hybrid materials dates back to 1950s with successful synthesized commercial hybrid polymer 
(Arkles et al., 2001). It have been intensively studied due to their multi-functional properties for different 
applications such as electro-analytical applications (Walcarious et al., 2001), nano and ultra-membranes 
(Kim et al., 2012; Paun et al., 2011) transparent films (Nagappan et al., 2013) pH sensitive composites, 
solar cells (He et al., 2013) electrolyte (Sauza et al., 2004), separation of gases (Collins & Zhou, 2007), 
catalysts (Raj et al., 2013), biosensors (Fu et al., 2011), corrosion preventing coating (Chou et al., 2003), 
adsorbents of toxic compound (Zewail et al., 2010; Wang et al., 2012; Kim et al., 2012) and many others.

Inorganic-organic hybrids are synthesized through different route like sol-gel process, self-assembly 
process, dispersion of nano-building blocks, hierarchical structures and interpenetrating networks. Every 
route has its own characteristics exhibiting unique structure and functionalities (Sanchez et al., 2005). 
It has been exploited for the remediation purposes showing better results. Mostly metal salt or metal 
alkoxide are used as inorganic precursor and different functional group (COOH, OH, NH and many 
others) containing organic compound or polymers used as organic precursor.

Network modifier helped to introduce the organic moiety into the inorganic matrix (Rozes et al., 
2006). Network modifier is introduced through two ways. Adding of grafted monomers within inorganic 
matrix formed in solvent is the first way while in situ treatment is the second way. The functional groups 
are responsible for interaction with pollutants.

Nano-Sorbents for Environmental Remediation

Removal of pollutants from aqueous media with novel materials with special reference to their application 
as adsorbent from aqueous samples including industrial effluents, municipal and drinking water actually 
becomes a basic requirement today. Characteristics of these novel nano-sorbents play an important role 
due to structure property relationship that enables the proficient degradation or chemical transformation 
of the target pollutant.

Each nano-sorbent has specific structure property relationship with respect to specific type of pol-
lutants like heavy metals, PAHs, PCBs, pesticides and other organic and inorganic contaminant present 
in wastewater. Based on these peculiar characteristics these types of nano-materials are classified under 
various groups.

FUNCTIONALIZED SILICA HYBRIDS AS NANO-SORBENTS

The preference of silica over other materials for preparation of Hybrid materials is based on the fact that 
silicates reveal many advantages.
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• Silica is transparent and does not scatter light. Silica show low optical loss in comparison to zir-
conia or titanium in its rutile phase.

• Silica has very high thermal resistance
• Organic-inorganic hybrids are preferred as attachment on silica surface is easier due to high num-

ber of cross-linking bonds (Arakaki et al., 2000).
• Immobilization of organic functional groups in the inorganic framework of silica renders more 

stability.

Another developmental aspect of Mesoporous silica materials is the incorporation of organic com-
ponents either, on the silicate surface, inside the silicate wall, or trapped within the channels to permit 
the tuning and modification of bulk properties and at the same time stabilizing the materials towards 
hydrolysis.

The resultant hybrids exhibited high catalytic activity and increased binding to guest molecules. 
This is due to dual contribution in a hybrid; where mechanical, thermal and optical properties are due to 
inorganic species and organic moiety provides flexibility, toughness and hydrophobicity. Thus, organic-
inorganic hybrid materials have desired combinations of both components.

In recent years, design and preparation of organic–inorganic hybrid materials have attracted consid-
erable attention in the chemical synthesis (Wight & Davis, 2002; Park et al., 2007; Stein et al., 2000; 
Inagaki et al., 2000). The post-synthesis grafting method involves modification of the pre-fabricated 
Mesoporous material with organosilane compound after surfactant removal. In another method, tetraalk-
oxysilane and organo-alkoxysilane are directly co-condensed with Si-C bonds through sol-gel process.

Co-condensation has been demonstrated using ionic neutral surfactant and non-surfactant templates 
(Wei et al., 2000; Feng et al., 2000). The synthesis of monodisperse surface-modified silica spheres often 
include different alkoxysilanes (Si-OR), where R varies from methyl to vinyl (Uricanu et al., 2004; Wu 
et al., 2007; Lee et al., 2007).

The direct method offers advantage of providing uniform surface coverage in a single step and better 
control over the amount of organic groups incorporated in the structure. This route also enables high 
reactivity, better purity, avoidance of corrosive by products, improved control of product structure and 
is an easy, cost-effective and excellent way to incorporate inorganic compounds into an organic one.

Organic-inorganic hybrids represent an important class of synthetic engineering materials. The com-
bination of properties of individual components and development of new properties on hybridization 
opened a fast expanding area of research having diverse applications (Wang et al., 2003a; Wang et al., 
2003b; Wang et al., 2005; Wang et al., 2007). These Hybrids have progressively found their place as 
economical adsorbents with significant synthetic advances and technological development.

Surface area, particle size and surface morphology are actually basic features of nano-sorbents that 
make them unique for specific sorbates (pollutants) due to their structure property relationship. Follow-
ing Table 1 list these basic features for two nano silica (SBA-15 and MSU-H) and of five functionalized 
silica hybrids (AM, GM, MM, PM and VM) with different organic moieties. All these nanomaterials 
have specific adsorbent properties for heavy metals, PAHs and phenols.

Application for the Removal of Metal Ions

Metals are problematic environmental pollutants, with well-known toxic effects on living systems. Met-
als cannot be degraded or destroyed (Davydova et al., 2005). To a small extent they enter our bodies 
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via food, drinking water and air. Their presence in compartments of environment is posing threats. The 
discharge from industries ending up into the water bodies is adversely affecting the life of humans as 
well as aquatic organisms. Some metals such as lead and mercury easily cross the placenta and damage 
the brain (Levine et al., 2006). Scientists are faced with a number of challenges directly related to metal 
pollution.

Metals such as Cu, Cd, Pb, Hg, Ni, Co and Zn are introduced in the environment as a result of natural 
process of weathering and erosion of rocks. These and few other metals are added to the ecosystems 
through wastewater polluted by industrial process such as chemical manufacturing, metal finishing, 
tannery and use of fertilizers and pesticides (Bradl, 2005).

The identification of metals in the different environmental compartments is a great challenge. Ground 
water sources are continuously being contaminated by the release of toxic pollutants. The most disastrous 
threat is posed by mercury, arsenic, lead and chromium.

Table 1.Description of Nano Silica and functionalized mesoporous Silica hybrids (Nasreen et al., 2015)
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Mercury is a known and potential human carcinogen and neuro poison. The refused and discarded 
consumer products like fluorescent light bulbs, electrical fixtures, auto switches, thermostats, and medi-
cal equipment releases mercury to the environment. The organic and inorganic ligands make strong 
complexes, making mercury soluble in oxidized aquatic systems.

The chemistry of arsenic is complex due to its presence in several oxidation states. Arsenic com-
pounds are used to make special glass, semi-conductors, dyes, and drugs. Seafood and drinking water 
also contain arsenic. Many arsenic compounds sorb strongly to soils and are therefore transported in 
groundwater and surface water.

Lead and lead containing compounds are very toxic for human health and the environment. It causes 
inhibition of some enzymes activity and disruption in the nervous system resulting in severe health prob-
lems, ending up by death. Beside that it causes lower IQs, behavioral changes and concentration disorder 
in children (Gupta et al., 2001; Lenntech, 2011). Lead is listed as No. 2 out of 783 hazardous substances 
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA) (EPA, 1992).

Chromium is widely used in industrial applications as corrosion inhibitor (Owlad, 2009) in cooling 
towers, metal plating, leather tanning, and dye manufacture (Kotas & Stasicka, 2000). Chromium can be 
found in the natural environment, however, large doses of Cr (VI) are linked to cancer, skin ulcers, and 
other maladies (Agency for Toxic Substances and Disease Registry, 1994). Evidence of human health 
impacts have also been shown in several DNA interaction studies with chromium (Plaper et al. 2002). The 
removal of metal ions from wastewaters is a much needed subject for research. Different approaches and 
methods are attempted by scientists, but most of these processes are unacceptable, owing to the disposal 
of sludge, their high cost, low efficiency and inapplicability to a wide range of pollutants (Barakat, 2011).

Synthesized Mesoporous Silica hybrid materials are applied in batch experiment to assess the feasi-
bility of these materials as adsorbents for the remediation of toxic metals.

Each of the functionalized silica hybrids are applied as adsorbents for the removal of chromium, lead, 
mercury and arsenic from the aqueous media in a batch protocol. The uptake of each metal was analyzed 
on ICP-MS. The adsorption results on Mesoporous Silica indicate a general increase in removal poten-
tial with increasing time. The maximum adsorption potential secured by SBA-15 and MSU-H follows 
the same sequence i.e, Hg < As < Pb < Cr. However, MSU-H is found relatively better adsorbent. This 
preference can be assigned to BET and TG characterization revealing smaller particle size, larger surface 
area and increased kinetic energy at higher operating temperatures. The well-defined porous structure 
of the synthesized adsorbents further defines their contribution to high loading capacities for metal ions 
from aqueous solutions. The significantly high percentage removal of toxic metals ranging from 71%-99% 
by the Mesoporous Silica is a good contribution of present research towards environmental remedia-
tion. Further, adsorption results reiterate the use of sodium silicate for synthesis of Mesoporous Silica.

Functionalized silica hybrids are observed to have maximum adsorption potential for chromium (98%) 
and least for mercury (78%) as noted earlier for Mesoporous Silica. However, there is a shift over in the 
mid-order sequence for lead and arsenic.

Each of the functionalized silica hybrids with five different organic moieties reveals interesting ad-
sorption trends for the uptake of metals. The graphical presentations given in following Figure 1 show 
striking unanimously adhered decreasing adsorption sequence of Pb ≥ Cr > As > Hg. On further probe, 
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it appears that GM and PM have almost superimposed adsorption for Pb and Cr with significantly lower 
removal percentage of Hg by the earlier than later. On the contrary, a regular incremental increase from 
mercury to chromium is demonstrated by AM, VM, and MM. It is also noted that effect of organic moiety 
is manifested on the percentage removal. The minimum and maximum adsorption for the metals depicts 
range of 62-96%, 38-99%, 68-99%, 79-93% and 67-98% on AM, GM, MM, VM, and PM, respectively.

The contribution of functionalization in the adsorptive removal of metals is also considered. The 
results indicate that non-functional Mesoporous Silica is relatively less efficient than hybrids. Improved 
adsorption capacity for metals is also attributed to functionalization by (Antochshuk & Jaroniec, 2002; 
Antochshuk et al., 2003; Olkhovyk et al., 2004).

Figure 1. Adsorption trends (%R) as a function of (a) silica based hybrids and (b) metal ions
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Application for the Removal of Phenols

Phenols are important aromatic compounds having antioxidant properties. It can inhibit the oxidative 
degradation of organic materials. Phenols are natural constituent in a number of biological aerobic organ-
isms such as human blood plasma, mammalian urine, pine needles and oil from tobacco leaves. Phenol 
derivatives such as α-tocopherol is a component of vitamin E, thymol and carvacrol are component of 
lignin, from which phenol is liberated by hydrolysis.

Commercially, phenol is used in the production of phenolic resins phenol–formaldehyde resin called 
Bakelite phenolphthalein used as an indicator. Dilute solutions of Phenols are useful antiseptics, since 
Phenols are more acidic than aliphatic alcohols. However, its toxic fumes cause kidney damage. It is 
likely that Phenol solution contains dioxins. Consequently, phenol has only limited use in pharmaceu-
ticals today because of its toxicity. Phenols penetrate deep into the tissue, leading to gangrene through 
damage to blood vessels (Nair et al., 2008). Ingestion of phenols in concentration from 10 to 240 mg/L 
for a long time causes mouth irritation, diarrhea, and excretion of dark urine and vision problems (Na-
varro et al., 2008).

Most of the phenol absorbed by the body is excreted in the urine as phenol and/or its metabolites. Only 
smaller quantities are excreted with feces or exhaled. The refractory Phenols form stable free radicals. 
Such a property is undesirable (Nguyen et al., 2003) that makes it an important pollutant in wastewater. 
Phenols are released by industries that produce chlorophenols for use as fungicides and insecticides in 
agriculture sector.

A number of phenolic compounds like chlorinated, nitrated, methylated or alkylated are prevalent 
in the environment due to chemical processing industries and use of numerous pesticides. For instance, 
N-acetylated aminophenol is a component of Paracetamol (Nagaraja et al., 2003). 3-aminophenol, 
2-aminophenol and 2.4-diaminophenol is used as biomarker for analysis of drugs, precursor for indol 
synthesis, preparation of hair dyes (Chen et al., 2004), respectively. Nitrophenols result due to environ-
mental reaction of phenol with nitrite ions.

Toxicity of Phenolic compounds is due to hydrophobic nature and property to generate reactive radi-
cals. Phenolic compounds in potable water emit an unpleasant odor and flavor in concentration as low 
as 5μg/L and are poisonous to aquatic life, plants and humans. Furthermore, the position of substitution 
in phenol molecule also affects the toxic action. p-nitrophenol is classified as a priority pollutant and 
potential environmental toxicant due to its rapid breakdown in water. The Maximum Contaminant Level 
of 1 μg/L in drinking water (USEPA, 1986) is defined for phenols.

The significant environmental risks urge for the rapid removal and detoxification of phenols. Different 
physical, chemical and biological treatment processes are frequently employed (Zylstra et al., 2000). For 
instance, adsorption, ultrasonic irradiation and microwave assisted oxidation are preferred for removal 
of p-nitrophenol. Further, different materials for adsorption are investigated by a number of researchers. 
Roostaei et al., (2004) applied activated carbons, activated alumina, filtrasorb-400, silica gel and zeolites 
for adsorption of phenol from water. Cardenas et al., (2005) attempted porous clay heterostructure as 
adsorbents for removal of phenol and dichlorophenols.

The application of synthesized Mesoporous Silica and functionalized hybrids is extended for the 
decontamination of Phenolic compounds using protocol of batch adsorption process. The results are 
demonstrated graphically to exhibit different relations as a function of time. The first observation is 
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the dormant or insignificant role of varying contact time on percentage adsorption. It is encouraging to 
report that appreciable quantities of induced phenols on each synthesized material are adsorbed. This is 
evident by the removal percentage of more than 90% acquired on Mesoporous Silica and functionalized 
hybrids. It is understood from the literature that addition of surfactant sodium dodecyl sulfate (SDS) 
reduces the adsorption for phenols (Shawabkeh & Abu-Nameh, 2007). However, the enhanced adsorption 
in the present study may be explained on the basis that non-ionic surfactant (P104) facilitates adsorption 
in comparison to ionic (SDS).

Comparative analysis of Mesoporous Silicas revealed the analogous adsorption potential for 4-ami-
nophenol and p-nitrophenol on SBA-15 and MSU-H as shown in following figure 2. It suggests that 

Figure 2. Adsorption trends (%R) as a function of (a) silica based hybrids and (b) phenols
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silica framework provides major retention irrespective of the substituent on phenol. Other studies sug-
gest that silica retains its properties even after adsorbent regeneration process (Khalid et al., 2004) and 
high Si content in zeolites is beneficial for making good adsorption potential (Khalid et al., 2004). This 
can also be proposed that Si-N (–NH2 or –NO3) linkage is significant for better adsorption, and this is 
available in both phenols.

On the bases of results of adsorption trends (see Figure 2), Functionalized hybrids can conveniently 
be categorized as potential adsorbents for (a) 4-aminophenol (b) p-nitrophenol. It is clearly distinguished 
that AM, GM MM and VM, PM belong to class (a) and (b), respectively. The postulate again stands true 
that lower adsorption of 4-aminophenol owns to unsaturation of vinyl and phenyl.

Figure 2 clearly draws the comparative analysis of Mesoporous Silica and functionalized hybrids 
as adsorbents for the removal of phenols with nitro and amino groups. The Mesoporous Silica develop 
comparable adsorption efficiency to functionalized hybrids (AM, GM and MM). This reflects that organic 
moiety of –amino, -glucidoxy and -methacrylate is not contributing significantly in providing binding 
sites for phenol in the silica framework.

On the extreme, the polarization of functionalized hybrids having organic moiety of –phenyl (PM) 
and –vinyl (VM) is clearly visible. This polarization from normalization of Mesoporous Silica extends 
more disparity for the removal of p-nitrophenols in comparison to 4-aminophenols. Thus, it can be con-
cluded that p-nitrophenols develop relatively comparable and better retention than Mesoporous Silica 
on adsorbent class (a) and (b), respectively.

Application for the Removal of Polycyclic Aromatic Hydrocarbons

An important class of gas-phased organic compounds grouped as Polycyclic Aromatic Hydrocarbons 
(PAH) is characterized by having low vapor pressure and hydrophobic property. PAHs are formed during 
incomplete combustion of coal, gasoline, wood (Schauer et al., 2001; Shen et al. 2011), forest fires and 
volcanic eruptions (Ohura et al., 2003; Sinha et al., 2005). The residential and industrial heating process 
is estimated to accounts for 80% of total PAH emissions (Manoli et al., 2000).

Polycyclic aromatic hydrocarbon (PAHs) compounds are included on the priority pollutant lists of 
the European Union (EU) and United States Environmental Protection Agency (USEPA) because of 
their mutagenic, carcinogenic, and endocrine-disrupting properties (Vidal et al., 2011). PAHs are also 
included in a class of persistent organic pollutants (POPs) due to low water solubility, electro-chemical 
stability and resistant to biodegradation. PAHs also accumulate in air, water bodies, soil and food as 
contaminants. PAHs contamination in the ground (Nadim et al., 2000) and carcinogenic potential (IARC, 
2009) in refinery workers has also been recognized. Naphthalene is associated with significant carci-
nogenic effects in humans (National Toxicology Program, 2000; Deutsche Forschungsgemeinschaft, 
2001) likely due to exposure to Cigarette smoke. Mainstream versus side stream contains 0.3 - 4.0 µg 
and 7.8-46 µg naphthalene (Hoffmann et al., 2001) in one cigarette smoke. According to (Chang et al., 
2004), naphthalene is a frequently recorded pollutant and can pose a threat to ground-water resources 
(Williams et al., 2003).

The removal of these pollutants is of great concern among researchers and environmentalists. A 
number of international protocols demand the need to control the emission or release of these pollutants 
from the industrial sector of the world. Compliance to the protocols led to the development of different 
materials that present the ability to rectify the problem of environmental pollution.
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It is understood that PAHs are not easy to degrade by biological or chemical methods. Therefore, it 
seems imperative to develop effective adsorbents for removing PAHs from the environment. There are 
very few studies on the adsorption of PAHs. Meso-structured inorganic silicas are evaluated to have 
high adsorption capacity (Lee et al., 2004; Sanz et al., 2012; Shahbazi et al., 2012). Further, organic/
inorganic hybrids have been successfully used as adsorbents (Wang et al., 2006) due to high potential 
charge association for adsorption.

This section is directed towards the application of synthesized silica based hybrids as adsorbent for 
the remediation of organic pollutants. The environmental contaminants selected as representatives of 
organic substances for the present investigation are naphthalene and phenanthrene in a batch mode was 
the selected experimental design for control of organic pollutants. The organic compounds with fused 
aromaticity are selected as environmental pollutants for the present study. The synthesized materials are 
attempted as candidates for the remediation of naphthalene and phenanthrene as representative of planar 
and non-planar PAHs, respectively.

The results depicted in the following figure 3 show the adsorption capacity of 66-72% on Mesopo-
rous Silica. This and amine-functionalized SBA-15 is reported to be good adsorbent for naphthalene. 
The presence of free pairs of electrons on the amine group of amine-functionalized Mesoporous Silicas 
should increase their sorptive properties for organic compounds in aqueous solutions. NH2-SBA-15 
is better at adsorbing halophenols than SBA-15 (Anbia & Amir Mahmoodi, 2011). A deeper insight 
shows relatively lower retention of phenanthrene than naphthalene. Lower adsorption is likely inclined 
to 3-fused rings in non-planar arrangement finding its way difficult to diffuse into mesopores of silica 
framework due to steric hindrance of larger molecule.

Another aspect of these organic moieties in functionalized hybrids is identified as shown in Figure 3. 
Here, adsorption of phenanthrene is reduced specifically by AM and GM down to 10 orders of magni-
tude. This also indicates that other organic moieties do not have a discriminatory look for Naphthalene 
and phenanthrene.

The broad conclusion of the present adsorption trends is the development of two adsorbent categories 
(see Figure 3). Mesoporous silica and functionalized hybrids showing comparable, relatively lower and 
appreciably lower adsorption for phenanthrene in comparison to Naphthalene.

A general comparison of silica based hybrids as adsorbents for the removal of PAHs and Phenols 
highlight the different efficacy extent. Phenols are observed to take the lead by showing more adsorp-
tion than PAHs. Larger molecular weight and fused aromaticity likely appear as hindrances to better 
retention of selected PAHs.

Application for Nitrogen Sorption

The success of any adsorbent material is tested on two important parameters. The scaling up of in-silico 
experiments to the industrial application. Another aspect is the life time of the proposed adsorbents. 
This can conveniently be judged by the regeneration ability defining number of cyclic operations. These 
two approaches add to the significance of 3Rs principle and sustainable development. Keeping in view, 
the present study envisages the effective utilization of synthesized functionalized silica based hybrids. 
For this purpose, adsorption experiments are designed to define the adsorption-desorption Hysteresis 
loop for Nitrogen gas.
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Gas adsorption process on Mesoporous silica is understood as an active interaction of nitrogen molecule 
with the solid surface. The porous structure and large surface area of adsorbent facilitates in temporary or 
permanent linkage of incoming molecule. The extent of linkage defines the interactive forces operative.

The amount of pollutant on each functionalized hybrid as a function of pressure results in adsorption. 
The possible structure and mechanism involved can be predicted on the basis of shapes of curves. Six 
types of adsorption- desorption curves are reported in the literature. A brief overview is sketched below.

Type I is characteristic of microporous materials showing slope to be sharp, horizontal and tail-curve 
when relative pressure is low, high and near to 1, respectively. The macroporous or nonporous materials 

Figure 3. Adsorption trends (%R) as a function of (a) silica based hybrids and (b) PAHs
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follow Type II curves related to monolayer to multilayer adsorption. The type III defines weak to strong 
interaction between adsorbent-adsorbate and adsorbate-adsorbate, in respective order demonstrated by a 
rapid increase of quantity adsorbed on multilayers. The Type IV hysteresis loop is peculiar to Mesoporous 
materials. Whereas, Type V is exhibited by both Mesoporous and Microporous adsorbents. The rarest 
curve is Type VI exhibited by nonporous surface. Shapes of Six curve types are given below in figure 4:

The possible mechanisms governing the Adsorption Hysteresis curves are;

1.  The transitory equilibrium that is between the vapor and condensed form of induced sample is 
characteristic of adsorbent defined as Independent Pores. This develops H1 type Hysteresis loop. 
For example, MCM-41 or SBA-15.

2.  The contribution of interconnected pores of varying pore size and pore shapes, leads to H2 hysteresis 
that represents disordered Pore Network

3.  The interconnectivity of pores on surface with irregular symmetry and pore size are classified as 
Disordered Pores.

The adsorption of N2 as representative of gaseous pollutant is attempted on presently synthesized 
materials. The breakthrough curves are presented in Figures 5 and 6. It is observed that quantity of N2 
adsorbed increases at higher pressure on Mesoporous silica. A saturation of 360cm3/g is attained lin-
early by MSU-H, whereas SBA-15 extends steeply beyond and higher quantity of 660cm3/g is adsorbed 
reflecting twofold better adsorption potential than MSU-H.

The better performance of SBA-15 for gaseous pollutants may postulate that reduced pore size and 
enhanced pore volume are the controlling parameters. It is understood earlier that MSU-H better retains 
the liquid pollutants (metals, phenols) attributed to its larger surface area. It also proposes that ‘Indepen-
dent Pore diffusion’ is the dominant mechanism for SBA-15. The desorption curve at higher and lower 
pressure for SBA-15 and MSU-H can be designated as Type IV and Type I hysteresis, respectively. The 
comparison of Mesoporous silica suggests that SBA-15 has more regeneration capacity attributed to 

Figure 4. Types of sorption isotherms and hysteresis loops (IUPAC, 1985)
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Figure 5. N2 breakthrough curves for mesoporous silica (a) SBA-5 and (b) MSU-H
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hexagonal Mesoporous than homogeneously distributed lamellar structure of MSU-H as presented in 
following figure 5 a-b.

The breakthrough curves can conveniently be designated as Type I and Type II shown in following 
figure 6 a-e. The –amino, -methacrylate, -vinyl and –phenyl moieties follow a monotonic approach 
homogeneously distributing the induced nitrogen gas from the pores and getting it condensed onto the 

Figure 6a. N2 breakthrough curves for functionalized silica hybrids (AM) 

Figure 6b. N2 breakthrough curves for functionalized silica hybrids (GM) 
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surface. On the extreme, Type II is exhibited by GM proposing its surface to be nonporous. On average 
lower N2 adsorption is noted for functionalized silica hybrids in comparison to Mesoporous silica. The 
adsorption potential for Nitrogen follows the sequence:

PM (48cm3/g) > MM (38cm3/g) > AM (34cm3/g) > VM (26cm3/g) > GM (3cm3/g). 

Figure 6c. N2 breakthrough curves for functionalized silica hybrids (MM) 

Figure 6d. N2 breakthrough curves for functionalized silica hybrids (VM) 
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ABSTRACT

The availability of clean drinking water becomes a critical issue for all the people of the world due 
to a rapid increase in population and industrialization. The water bodies get contaminated due to the 
discharge of wastewater, that will not only disturb the aquatic life but also badly affect human health. 
Therefore, different methods are adopted to treat the contaminated water to make it clean and safe for 
people. In last few years, the nanomaterials have gained much attention for water treatment because of 
their unique properties. Among all nanomaterials, magnetic nanomaterials are considered more efficient 
and attractive because of their easy separation and reusable property. In this chapter, a brief review 
related to synthesis and characterization of MNM was studied along with their application in removal 
of dyes, heavy metals, and microbes from wastewater through simple adsorption processes.

INTRODUCTION

The access to clean water has become one of most serious issue facing people all over the world. As the 
world’s population is expected to hype from 6.5 billion and to 9 billion by the year 2025, the demand for 
water is also expected to increase. The water quality is affected very badly due to anthropogenic activi-
ties (Xu et al., 2012). Both organic and inorganic pollutants are present in water because of agriculture, 
domestic and industrial activities, which effect the human health and in turn deteriorate the ecosystem 
(Gupta, Kumar, Nayak, Saleh, & Barakat, 2013).
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Water is a basic necessity of all life available on earth; only 3% of the total water comprises of 
freshwater and a small proportion i.e. 0.01% of this freshwater is accessible for human use. Exploitation 
of water resources due to lack of proper management for sustainable use, deterioration of ecosystems 
coupled with the environmental pollution resulted in scarcity and depletion of water reservoirs. Use of 
contaminated water affects all the biotic components of ecosystem (Azizullah, Khattak, Richter, & Häder, 
2011). Polluted water can cause mutagenic, teratogenic, carcinogenic, reproductive etc. impairments in 
living organisms due to the presence of toxic substances like heavy metals, dyes, pesticide, phosphates, 
nitrates etc (Nabeela et al., 2014).

Major sources of these toxic compounds are industrial effluents, disposal of sewage sludge and run-off 
from agricultural fields. Once pollutants enter the water bodies, they either get dissolved into the water 
or may remain suspended, and then they enter the food chain which may result into bioaccumulation or 
biomagnification. The presence of toxic substances poses threat to overall ecosystems. Trace amounts of 
some elements are essential for water quality, but when their concentration exceeds permissible levels, 
they become toxic compounds affecting the environment (Brabec, Schulte, & Richards, 2002).

Currently different methods are developed and practiced to treat and remove pollutants from the water 
to make it reusable. For water and wastewater treatment commonly physical, chemical and biological 
methods are applied/ used. In these methods, different techniques like adsorption, membrane filtration 
and catalytic degradation are employed to make them more efficient (Burkhard, Deletic, & Craig, 2000). 
Although these methods are effective, but are expensive, time consuming and require more land and 
man power for their operation (Anjum, Miandad, Waqas, Gehany, & Barakat, 2016). To combat with 
this above scenario, there is a dire need to develop and adopt new technology to remove contaminants 
and to ensure availability of safe and clean water to people.

Nanotechnology and Nanomaterials

Nanotechnology is emerging as an interdisciplinary research and provides innovative solutions for the 
recent problems. Nanotechnology is “the design, fabrication and application of nanostructures or nanoma-
terials and the fundamental understanding of the relationships between physical properties or phenomena 
and material dimensions”. Nanomaterials are the important factors in the revolution of nanotechnology 
to elucidate the water issues globally (Qu, Brame, Li, & Alvarez, 2013).

Nanomaterials have unique physicochemical properties due to their small size and large surface 
area, which make them attractive for their application in water treatment(Amin, 2009). Different kind 
of nanomaterials like metal, magnetic, carbon based and clay based nanomaterials are used for the 
treatment of water. These nanomaterials can be synthesized by top down and bottom up approach. Two 
different approaches are used for synthesis of nanocomposites (Figure 1) i.e. top-down approach which 
includes physical methods and bottom up approach includes wet methods (Ajayan, 2003; Oliveira & 
Machado, 2013).

The benefit of physical methods is production of large amount of nanocomposites, while synthesis of 
equal sized nanocomposites is difficult to attain through top-down approach. In comparison, wet chemi-
cal methods give uniformity in size of nanocomposites where controlled particle size can be achieved. 
Although by varying conditions of reaction, different shapes (nano-rods, nanowires, nanotubes etc.) of 
nanocomposites can be synthesized.
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Nanomaterials have become an emerging solution for providing potential, efficient, cost-effective and 
ecofriendly solution for water treatment to improve the quality of water (Santhosh et al., 2016). There 
are many different kinds of nanomaterials researched that have potential applications in the field of 
water and wastewater treatment but the focus of this chapter is on the magnetic nanomaterials (MNM), 
because they are more efficient and have potential to treat both organic and inorganic contaminants and 
play a significant role in the treatment of water.

Magnetic Nanomaterials

Magnetic nanomaterials (MNM) are considered as supplementary and complementary sources for water 
treatment technologies because of their advantage over non-magnetic materials, as these can be easily 
separated using magnetic field from water treatment (Ambashta & Sillanpää, 2010). Magnetism is a unique 
physical property that independently helps in water purification by influencing the physical properties of 
contaminants in water. In addition, its combination with other processes enables an improvised efficient 
purification technology. This technique allows one to design processes where the particles not only re-
move compounds from water but also can easily be removed again and then be recycled or regenerated 
as represented in Figure 2. (Ditsch, Lindenmann, Laibinis, Wang, & Hatton, 2005).

MNM includes various kind of iron based nanomaterials and are grouped as iron oxide nanoparticle, 
nanocomposites and filtration membranes. These are synthesized by different methods and are discussed 
presented in Table 1.

Water Treatment / Water Pollutants

MNM are very efficient materials that have been used effectively for removal of different pollutants, 
which are discussed here briefly:

Figure 1. Schematic representations of top down and bottom up approaches for synthesis of nanomaterials
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Dyes

Dyes are the most important pollutant discharged from the industry wastewater and contaminate the water 
bodies globally (Khan & Malik, 2014). These dyes are organic compounds and used in large quantity 
for the dying of different substrates like paper, leather, fur, hair, waxes, plastics and textile materials. 
Dyes are carcinogenic in nature and cause serious threats to human’s health and ecosystem (Chequer 
et al., 2013). These are discharged into water bodies and reduces the oxygen concentration because of 
hydrosulfides and interrupts the light penetration which badly impact aquatic ecosystem (Carmen & 
Daniela, 2012) Different methods and adsorbent are use d for the removal but now a days magnetic but 
a now magnetic nanomaterials are getting more attention because of their easy separation.

Keyhanian et al. (2016), synthesized the magnetic nanoparticles (Fe3O4) by chemical precipitation 
method for the removal of methyl violet dye from aqueous solution by adsorption (Keyhanian, Shari-
ati, Faraji, & Hesabi, 2016). Similar modified Fe3O4 magnetic nanoparticles was employed to eradicate 
the reactive red-120 dye from wastewater using ionic liquid (Absalan, Asadi, Kamran, Sheikhian, & 
Goltz, 2011). While the Fe3O4 magnetic nanoparticles synthesized by Muthukumaran et al. (2016), us-
ing chemical precipitation method and studied the adsorption models which represent the adsorption 
capacity of 166.6mg/g for crystal violet dye (Muthukumaran, Sivakumar, & Thirumarimurugan, 2016). 
In the same way, magnetic nanoparticles (Fe3O4) coated with activated maize cob by co-precipitation 
method to prepare Fe3O4-MCP nanocomposite for the elimination of cation methylene blue dye. The 
results indicated that adsorption capacity of dye enhances due to coating of maize cob (Tan, Morad, 
Teng, Norli, & Panneerselvam, 2012).

The anions dyes can’t be easily adsorbed directly on the surface of magnetic nanoparticles. Thus, 
to enhance adsorption capacity these MNM were modified as illustrated in Figure 3. Magnetic ferrite 
nanoparticles and modified with surfactant, were used for the adsorption of direct green 6, direct red 
31, and direct 23. The results of adsorption studies revealed that at different concentrations of dye (90, 
120, 150 and 200 mg/L) the percentage of removal of 63, 45, 30 and 23% for DR23, 97, 90, 78 and 45% 
for DR31 and 51, 48, 42 and 37% for DG6, respectively (Mahmoodi, Abdi, & Bastani, 2014). Similarly 
Zargar et al. (2009), used the Cetyltrimethylammonium bromide (CTAB) surfactant for the functional-
ization of magnetic Fe3O4 NPs and conducted their batch studies for the adsorption and elimination of 
acid red 27 dye he optimized the pH, temperature and adsorbent dose and find the adsorption capacity 

Figure 2. Schematic representation of use of MNM and their removal from wastewater
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Table 1. Synthesis and characterization of different Magnetic Nanomaterials (MNM)

MNM Synthesis method Particle 
size

Reaction 
conditions Precursor Characterization References

hematite (α-Fe2O3), 
magnetite (Fe3O4), 
and maghemite 
(γ-Fe2O3) particles

Sol gel method

140oC for 24h, 
330 °C for 6 h, 
240 °C for 2 h, 
acidic condition

Fe(OH)3
FT-IR, XRD, SEM, magnetic 
properties, Coercivity

(Itoh & 
Sugimoto, 2003)

Maghemite 
nanoparticles Sol gel method In presence of N2,

pH 8 NH4OH XRD,TEM,VSM,BET (Hu, Chen, & 
Lo, 2005)

Magnetite 
nanoparticles Sol gel method 10nm In presence of N2,

pH 8 NH4OH XRD, TEM, BET, Zeta potential (Hu, Lo, & 
Chen, 2004)

Cobalt ferrite Wet chemical 15-48nm

pH 11-12, 
temp 80oC, and 
centrifuge at 
3000 rpm speed

oleic acid as 
surfactant and 
coating material

XRD, TEM and SEM
(Maaz, Mumtaz, 
Hasanain, & 
Ceylan, 2007)

Chitosan-iron 
nanoparticles Microemulsion 4.5nm

Temp 100oC, pH 
10 with constant 
stirring

toluene as organic 
phase, sodium 
bis(2-ethylhexyl) 
sulfosuccinate (AOT) 
and sodium dodecyl 
sulfate (SDS) (2/1, 
w/w) as surfactant

FT-IR, XRD, HRTEM, Magnetic 
properties

(Pineda et al., 
2014)

Silica iron 
nanocomposite Co-precipitation Temp 60oC,

pH 6 NH4OH, silica ,FTIR, XSP, XRD, TEM and particle 
size

(X. Liu, Guan, 
Ma, & Liu, 
2004)

Humic acid/ Fe3O4 
nanoparticles 
(Fe3O4/HA)

Co-precipitation 10nm 90oC, constant 
stirring

FeCl3 · 6H2O, 
FeSO4.7H2O, 
NH4OH and humic 
acid

FT-IR, XRD, TEM, BET particle size (J.-f. Liu, Zhao, 
& Jiang, 2008)

Fe3O4/chitosan Co-precipitation 10-11nm

50oC temp with 
three different 
chitosan 
concentrations 
0.125, 0.25, and 
0.5%

FeCl3·6H2O (0.32 M) 
and 50 mL of 
FeCl2·4H2O (0.2 M)

XRD, STEM,VSM,TGA
(Gregorio-
Jauregui et al., 
2012)

Montmorillonite-
supported 
magnetite 
nanoparticles

Co-precipitation 15nm
In presence of 
N2,pH.8,
60oC, 30min

FeCl3·6H2O, 
FeCl2·4H2O,
NH4OH

XRD,TEM,EDX,XPS,BET,DCS (Yuan et al., 
2009)

Montmorillonite-
supported 
magnetite 
nanoparticles

Hydro sol method
pH.4, centrifuge 
at 4000rpm for 
5min,

FeCl3·6H2O, 
FeCl2·4H2O,
NH4OH, HCl

XRD,TEM,EDX,XPS,BET,DCS (Yuan et al., 
2009)

Fe3O4- diatomite Co-precipitation 15nm pH.7, temp 200oC
FeCl3·6H2O, 
FeCl2·4H2O,
NH4OH, HCl

XRD,TEM,EDX,XPS,BET,DCS (Yuan et al., 
2010)

Fe3O4- Zeolite Co-precipitation pH 8, temp 343 K
FeCl3·6H2O, 
FeCl2·4H2O,
NaOH

XRD,magnetization measurements, 
chemical analyses, N2 adsorption 
isotherms and Mo¨ssbauer 
spectroscopy

Luiz C.A. 
Oliveira

Fe3O4–carbon 
nanotube Two step deposition Ph 11-12, temp 

50oC for 30min
Polyaniline as 
surfactant FT-IR, XRD, SEM AND TGA (Anjum et al., 

2016)

Magnetite- corncob 
nanocomposite Chemical method 50nm 100oC, FeCl3·6H2O, NaOH XRD,SEM,TEM.VSM

(Nethaji, 
Sivasamy, & 
Mandal, 2013)

PPy/Fe3O4 
magnetic 
nanocomposite

chemical oxidative 
polymerization

Shaken for 6h, 
temp 100oC

Polypyrrole coating 
material

ATR-FTIR, XRD,FE-SEM,HR-
TEM,ESR

(Bhaumik, 
Maity, Srinivasu, 
& Onyango, 
2011)

Magnetic hydrogel 
nanocomposite

Chemical 
photopolymerization

2-acrylamido-
2-methyl-1-
propansulfonic acid 
(AMPS)

XRD, FR-IT,SEM
(Ozay, Ekici, 
Baran, Aktas, & 
Sahiner, 2009)
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of 1.05 mg/g (Zargar, Parham, & Hatamie, 2009). Dalali et al. (2011), applied the same CTAB surfac-
tant for modification of magnetite nanoparticles and used these MNPs for the decay or adsorption of 
Nyloset Yellow E-RK (NY) dye using Taguchi Method. The adsorption equilibrium data were fitted to 
Langmuir isotherm rather than Freundlich isotherm. The maximum adsorption capacity, qmax, obtained 
from Langmuir’s model was 136 mg g-1(Dalali, Khoramnezhad, Habibizadeh, & Faraji, 2011). While 
the polyacrylic acid applied as surfactant to modify the surface of magnetic nanoparticle (Fe3O4) and 
were used as adsorbent for the removal of methylene blue and crystal violet. The polyacrylic acid- Fe3O4 
nanoparticles showed higher adsorption capacity for methylene blue (199mg g-1) and lower for crystal 
violet (116mg g-1)(Liao, Wu, & Chen, 2005; Mak & Chen, 2004).

The silica coated magnetic nanoparticles were employed for the removal of methyl orange dye using 
batch scale experiment. The adsorption studied were conducted at optimized parameters and the results 
demonstrated that adsorption capacity of 34.29mg g-1 was found(Shariati-Rad, Irandoust, Amri, Feyzi, 
& Ja’fari, 2014). Chang et al. (2005), use the Chitosan-Fe3O4 nanocomposite for removal of acid orange 
12 and acid green 25 found the adsorption capacity of 1.883 and 1.471mg g-1, respectively (Chang & 
Chen, 2005). The Fe3O4–wheat straw nanocomposite prepared by simple precipitation method, employed 
for the removal of methylene blue dye with adsorption capacity of 1374.6 mg g-1 (Ebrahimian Pirbazari, 
Saberikhah, & Habibzadeh Kozani, 2014). The magnetic Fe3O4 nanoparticles were incorporated into 
the multi walled carbon nanotubes (MWCNT) through wet chemical method and employed as nano-
adsorbent for the adsorption of neutral red and methylene blue. The results demonstrate that maximum 
adsorption capacity of neutral red and methylene blue were 77.5 and 42.3 mg/g, respectively obtain at 
60min time interval with 0.05g of adsorbent dose (Qu, Huang, Yu, Chen, & Kong, 2008).

Similar study was conducted by Gong et al. (2009), who used magnetic multi walled carbon nanotube 
(MMWCNT) nanocomposite for removal of cationic dyes (methylene blue, neutral red and brilliant 
cresyl blue) and studied their kinetics and adsorption models to evaluate the efficiency of nanocom-
posite (Gong et al., 2009). Haham et al.(2015), synthesized magnetic nanocomposite by impregnation 

Figure 3. schematic representation of surface modification of MNM for the removal of dyes from water
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of magnetic Fe3O4 and Fe/Pd nanoparticles into activated carbon fabrics (ACF) and investigated their 
comparative adsorptive effects on azo dye (orange II) in the presence of H2O2(Fenton catalysis). The 
adsorption capacity of dyes follow this order Fe/Pd/ACF > Fe/ACF > ACF, represents that magnetic 
nanoparticles-activated carbon fabric nanocomposite as more efficient adsorbent (Haham, Grinblat, 
Sougrati, Stievano, & Margel, 2015).

Heavy Metal Removal

Different kinds of contaminants like heavy metal ions, bacteria, organic pollutants are discharged from 
many industries as wastewater that contaminates the water bodies. The amount of these pollutants in 
wastewater increases due to rapid growth of industrial sector(Fu & Wang, 2011). Among all these water 
contaminants, heavy metals are considered as more harmful and toxic, because these are non-biodegradable 
and have the ability of deposition. These can accumulate in organisms and become a part of food chain 
which will affect the both aquatic and terrestrial ecosystem (Kobya, Demirbas, Senturk, & Ince, 2005). 
The heavy metals include Pb2+, Ar+,Cr2+, Cd2+, Zn2+, Ni2+ and Hg2+ ion which are discharged from dif-
ferent industries like including chemical manufacturing, battery manufacturing industries, metallurgical, 
leather tanning, and mining (Wang et al., 2012). These are carcinogenic in nature that’s why permissible 
limits are defined for water (Kumar & Puri, 2012). Hence, the removal of these toxic metal ions from 
wastewater is become very a crucial issue globally.

Different kinds of nanomaterials are used for removal of the heavy metals due to their unique proper-
ties. MNM gained much importance due to their easy separation after the treatment from the water (Hua 
et al., 2012). This section details the removal of heavy metals is discussed one by one.

Chromium

Hu et al. (2004), studied the removal of hexavalent chromium Cr (VI) using magnetite nanoparticles 
by conducting batch scale adsorption studies (Hu et al., 2004). While in his second experiment maghe-
matite nanoparticles were employed for Cr (VI) that resulted in 90% of adsorption in just 15min. The 
regeneration studies of maghemite nanoparticles confirmed that these materials can be reused, even up 
to six successive adsorption–desorption processes with same metal removal capacity (Hu et al., 2005).

Similarly, Yuan and his researchers synthesized magnetite nanocomposites using different support 
materials for removal of Cr (VI). In the first experiment, he synthesized the magnetite nanoparticles 
doped montmorillonite clay nanocomposite by co-precipitation and hydrosol methods for treatment of Cr 
(VI). The comparative results showed that nanocomposites prepared by hydrosol method showed better 
results for adsorption of Cr (VI) than the other nanocomposites prepared by co-precipitation method 
(Yuan et al., 2009). In second experiment, magnetite nanoparticles were impregnated with diatomite 
support material to synthesized nanocomposite and employed to remove Cr (VI) through adsorption 
process (Yuan et al., 2010).

Magnetite nanoparticles incorporated into corncob based activated charcoal support material were 
als employed for the removal the Cr (VI) by adsorption process (Nethaji et al., 2013). All these MNM 
have low adsorption capacity of removal of Cr (VI), so the new polymer based nanocomposite (polypyr-
role/Fe3O4 magnetic nanocomposite) was developed by Bhaumaik and his coworkers for the elimination 
of Cr (VI). This adsorbent is highly efficient and showed 100% removal efficiency for Cr (VI) at pH 2 
with 200mg/L of Cr (VI) concentration (Bhaumik et al., 2011). MNM were incorporated into AMPS 
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(2-acrylamido-2-methyl-1-propansulfonic acid) hydrogels to synthesize nanocomposites for elimination 
of Cr (III) from aqueous solutions. These magnetic hydrogel nanocomposites proved to be more effective 
for treatment of Cr(III) than conventional materials (Ozay et al., 2009).

Copper

The second toxic metal is copper (Cu (II)) which is discharged from many industries like paint and pig-
ment, electroplating, fertilizer and electrical industries. Various kind of MNM were used for treatment 
of Cu(ll) but for more efficient removal of Cu(II), magnetite nanoparticles were functionalized with 
various materials. Hao et al. (2010), used 1, 6-hexadiamine ligand for surface of magnetite nanoparticles 
to improve the removal capacity of MNPs for Cu(II). The results revealed that 98% adsorption of Cu(ll) 
occurred due to attachment of amine group on the surface (Hao, Man, & Hu, 2010). In the same way, 
magnetic nanoparticles modified with the amine group, showed maximum adsorption capacity of 22.4 
mg/g at pH 6 and temperature of 298K (Hui, Xiao, Hua, Rui, & Zuo, 2013).

The adsorption of magnetic nanoparticles functionalized with amine group enhances with increases 
in pH because at higher pH amine group make complex with Cu+2 ion. However, at lower pH amine 
group undergoes protonation (Dave & Chopda, 2014). Maghemite nanoparticles coated with chitosan 
(CCMNPs) were functionalized using a ecofriendly reagent α-ketoglutaric acid employed for eradica-
tion of Cu(ll) from water (Zhou, Nie, Branford-White, He, & Zhu, 2009). In another study, chitosan 
carboxymethylated was attached to Fe3O4 nanoparticles surface by covalent bond and used for removal 
of Cu(ll) and maximum adsorption of 21.5mg/g was found (Chang & D.-H. Chen, 2005). Magnetic 
composite microspheres were synthesized using co-precipitation method by Fe3O4 nanoparticles and 
polyacrylic acid-chitosan, as an efficient adsorbent for elimination of Cu(II) (Yan et al., 2012). The CS/
PPA-Fe3O4 microspheres have exhibited higher adsorption capacity than CS-Fe3O4 microspheres. The 
Fe3O4-polyvinyl acetate-iminodiacetic acid containing EDTA was also found useful adsorbent for removal 
of Cu(II) (Tseng et al., 2009). Khandanlou et al. (2015), prepared Fe3O4 - rice straw nanocomposite for 
the adsorption of Cu(ll) that led to adsorption capacity of 75.54% (Khandanlou et al., 2015)

Lead

Lead Pb(II) is a major heavy metal pollutant and used in various manufacture process of industries like 
battery manufacturing, lead smelter, paper and pulp industries. Lead is very dangerous for the health of 
adults and children’s (Araki, Sato, Yokoyama, & Murata, 2000). Thus, there are different methods and 
treatments employed for their removal and MNM are considered best for their removal and recovery. 
Fe3O4 nanoadsorbents were employed for the removal of Pb(II) ions from aqueous solution through 
batch-adsorption process. The effect of optimum parameters were studied on adsorption of of Pb(II) in 
detail. Maximum adsorption capacity of 36mg/g was attained in just 30min and amount of adsorption 
increase with increase in temperature which indicates endothermic adsorption reaction(Nassar, 2010).

Chang et al. (2012), synthesized maghemite (γ-Fe2O3) nanoparticles by co-precipitation for eradication 
of Pb(ll) from electroplating wastewater. The maximum adsorption of Pb(II) conquered within 15 min 
(Cheng et al., 2012). MNPs-Ca-alginate coated with Phanerochaete chrysosporium adsorbed about 90% 
of Pb(II) after repeated five cycles (Xu et al., 2012). Similarly, Wang et al. (2012), synthesized water 
soluble magnetite nanoparticles using hydrothermal approach. Their high stability and solubility enhances 
removal of Pb(II) than insoluble magnetite nanoparticles (Wang, Li, Jiang, & Zhao, 2012). Recently, 
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Zhang et al. (2013) reported the application of monodisperse amine-terminated (Fe3O4@SiO2–NH2) 
nanocomposite for the removal of Pb(ll). These MNM showed effective Pb (II) removal at pH range of 
2-6 and these amine groups provide effective chelating sites for adsorption of Pb (II) (Zhang et al., 2013).

Cadmium

Contamination of water by Cd(ll) due to different anthropogenic activities is one of the biggest envi-
ronmental concerns. Cadmium is released to the environment by a number of industries such as metal 
finishing, metallurgical, alloying, electroplating, pigments, batteries, fertilizers, textile operations, tanner-
ies, zinc smelting and by acid mine drainage. Cadmium acts as an enzyme inhibitor and also affects the 
liver, kidney and bones and causes nausea and vomiting (Ehrampoush, Miria, Salmani, & Mahvi, 2015).

Magnetic hydroxyapatite nanoparticles (MNHAP) was synthesized by hydrothermal method and used 
for the treatment of Cd(ll)(Xu et al., 2012). Similarly, Chen et al. (2017), synthesized the Fe3O4 sulfo-
nated magnetic (Fe3O4-SO3H MNP) nanoparticle for Cd(ll) removal by surface modification with sulfo 
group to improve the adsorption capacity. Batch scale adsorption studies were conducted and maximum 
adsorption of Cd(ll) was observed at 25°C (Chen et al., 2017). Gong et al. (2012), used shellac coated 
iron oxide magnetic nanoparticles for removal of Cd(ll). The adsorption capacity of Cd(ll) enhanced 
upto 18.80 mg g-1 by the use of Shellac coating, shellac is natural, biodegradable and renewable resin 
(Gong et al., 2012).

Magnetic alumina nanocomposite (MANC) was synthesized by the simple co-precipitation method 
for the eradication of Cd (ll). The maximum adsorption of 626mg g-1 of Cd(ll) was attained at pH 6 
(El-Latif, Ibrahim, Showman, & Hamide, 2013). Ehrampoush et al. (2015), synthesized the iron oxide 
nanoparticles using tangerine peel extract for removal of Cd (ll). The adsorption studies were conducted 
to optimize the parameters, 90% of Cd (ll) removal was achieved at pH 4 with adsorbent dose of 0.4g 
(Ehrampoush et al., 2015). The magnetic nanoparticles (MNPs) modified with sawdust (SD) to improve 
the efficiency of Cd (ll) adsorption. The results of adsorption studies demonstrated that the adsorption 
capacity of SD-MNP (1000mg g-1) was almost double than the MNP (588.8mg g-1)(Shah, Jan, Khan, 
& Amir, 2016).

Arsenic

Arsenic (As) contamination in water is a widespread problem globally. Millions of people depend on 
arsenic-contaminated groundwater. Arsenic poisoning leads to fatal diseases such as skin and internal 
cancers. Hence, to remove As different methods were practiced but now a day magnetic nanomateri-
als gain much importance due to their easy separation (Parida, Lolage, Angal, & Rautaray, 2017). The 
magnetic γ-Fe2O3 nanoparticles were simply synthesized using co-precipitation method for removal 
of As(III) and As(V) by adsorption process. The results revealed that adsorption of As(III) and As(V) 
was not affected by the pH but temperature had marked influence on the adsorption, at 50°C maximum 
adsorption occurred (Lin, Lu, & Liu, 2012).

In addition to that, thermodynamic and spectroscopic studies were also conducted to observe the 
adsorption behavior of magnetic nanoparticles on As(lll) and As(V)(Lin et al., 2012; C.-H. Liu et al., 
2015). Mayo et al. (2007), has studied the effect of magnetic nanoparticle (magnetite) on the adsorption 
of both As(III) and As(V). He reported that the adsorption capacity of nanoparticle improves 200 times 
when size of nanoparticles reduces from 300 nm to 12nm(Mayo et al., 2007). The Fe3O4 nanoparticles 
coated with ascorbic acid were synthesized by hydrothermal method to eliminate As(III) and As(V) from 
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water by adsorption. The results demonstrated that adsorption data fitted well into Langmuir model and 
maximum adsorption capacity of 46.06mgg-1 for As(lll) and 16.56 mg g-1 for As(V)(Feng, Cao, Ma, Zhu, 
& Hu, 2012). Zhang and his co-workers synthesized two bimetallic nanomaterials i.e; MnFe2O4 and Co-
Fe2O4 by chemical precipitation method for removal of both arsenite (As (III)) and arsenate (As(V)). The 
adsorption were conducted as a function of temperature, contact time, pH and dose concentration. The 
results demonstrated that the maximum adsorption capacities of arsenite and arsenate on MnFe2O4 were 
94 and 90 mg g−1, and on CoFe2O4 were 100 and 74 mg g−1, respectively. The bimetallic nanocomposites 
were more efficient than Fe3O4 for arsenic removal (Zhang, Niu, Cai, Zhao, & Shi, 2010). Different kind 
of surfactants was used in literature to enhance the adsorption capacity of MNM by reducing the oxida-
tion of magnetic particles. As Jin et al. (2012), has reported that magnetic nanoparticles were modified 
by Cetyltrimethylammonium bromide (CTAB), which improved the adsorption capacity of MNPs for 
arsenate (Jin, Liu, Tong, & Hou, 2012).

Microbes

Now a days, people are facing problems of infectious diseases globally and also microorganism’s re-
sistance increases towards antibiotics (Organization, 2012). Most of bacteria, that cause infection have 
strong resistant for the antibiotics which are mostly used to eliminate the infection (Bhutta, Sommerfeld, 
Lassi, Salam, & Das, 2014). The researchers are working to find alternative antibiotics to fight against 
bacteria and microorganisms (Kebede et al., 2013). Both gram-positive and gram- negative bacterial 
strains are harmful and source of human diseases. A number of synthesized nanoparticles of different 
metal oxides are considered as good inhibitors for many bacterial strains but MNM havve gained much 
importance due to their size and stable behavior (Iwamoto & Ishigaki, 2013). These magnetic iron oxide 
nanoparticles penetrate on or into the membrane of cells, that may hinder or block the protein synthesis 
and transcription mechanism which ultimate led to death of cell as presented in Figure 4(Kashmiri & 
Mankar, 2014). The size of MNM directly affect the zone of inhibition because small size of nanopar-
ticles have large surface area for attachment with bacteria (Panáček et al., 2006).

Figure 4. Magnetic nanoparticles penetration into the cell and damage the cell by inhibiting the meta-
bolic activity of bacterium
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Ismail and his coworkers were synthesized iron oxide nanoparticles (α-Fe2O3) by laser ablation method 
and studied their antimicrobial activity against gram-positive; Staphylococcus aureus and gram-negative; 
Escherichia coli, Pseudomonus aeruginosa and Serratia marcescens by the well diffusion method. The 
results showed that magnetic iron oxide nanoparticles inhibit the Staphylococcus aureus growth more 
rapidly than the others bacteria(Ismail, Sulaiman, Abdulrahman, & Marzoog, 2015). To stabilize and 
enhance their efficiency of MNM, coated with different materials like polymers. As reported by the 
Zhang et al. (2015), that poly-allylamine-hydrochloride (PAAH) used as surfactant to improve the removal 
efficiency of bacteria from the water. These are applied for the removal of bacteria as well as a tool 
to control the single bacterial cell (Zhang et al., 2015). Because non-modified MNPs were considered 
as cytotoxic and genotoxic for bacterial and mammalian cells (Brunner et al., 2006). However, it will 
raised the issues related to toxic effects of MNM for pathogenic removal from water (Boxall, Tiede, & 
Chaudhry, 2007). The functionalization of MNM were done with different materials like silica and poly-
allylamine-hydrochloride (PAAH) to solve this issue related to toxicity of MNM(Zhang et al., 2015). Xu 
has synthesized the MNM functionalized with PAAH by simple co-precipitation approach for safe removal 
of Escherichia coli, Acinetobacter baumanii, Pseudomonas aeruginosa and Bacillus cereus from water 
(Xu, Li, Zhu, Huang, & Zhang, 2014). Santosh et al. (2014), also prepared the graphene based Fe3O4 
nanocomposites (G- Fe3O4) and studied their antibacterial behavior against E coli at different concen-
trations of 0, 25, 50, 100, 200 mg L-1 of adsorbent, the results represents that G- Fe3O4 nanocomposite 
inhibit the bacterial growth by rupturing the cell wall after 60min as presented in figure (Santhosh et al., 
2014). Similarly He in his next studies, investigate the influence of MnFe2O4-G on E. coli and findings 
of this study demonstrated that at 100mg L-1 concentration of MnFe2O4-G nanocomposite, about 82% 
bacterial population become stagnant which shows their bacteriostatic activity (Chella et al., 2015).

Figure 5. SEM image represents the E.coli bacteria control (a) and rupturing effect of graphene–Fe3O4 
nanocomposite on cell (B); source:(Santhosh et al., 2014)
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CONCLUSION

Water and wastewater treatment technologies have been much rearmed with the advent of MNM which 
are considered very effective adsorbents for the removal of organic, inorganic and biological contami-
nants. These materials offer various advantages due to their easy recovery and reuse by simply applying 
magnetic field making MNM more cost effective. In this chapter, use of different kind of MNM were 
discussed briefly which were cited in literature for removal of different pollutants. The use of different 
magnetic materials that are either pure magnetite or are in form of composites or modified by using of 
surfactants have seen to impact the adsorption capacities to high level. In addition to that various other 
parameters like synthesis methods, pH, and temperature affect the effectiveness of the treatment process. 
In short, the MNM proved to be viable materials for the water remediation and treatment.
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ABSTRACT

Nanotechnology is the area of nano science that shows great potential to establish a new process for 
wastewater treatment. It has been applied on a nanometer scale level. Currently, limited water resources 
and real treatment of wastewater is a chief requirement for the growing economy. It is in great demand 
to introduce the progressive wastewater treatment technologies. Therefore, the modern innovative pro-
cesses in nanomaterial sciences have been appealing the target of scientists. The chapter addresses 
the developments in nanotechnology with respect to wastewater treatment, especially the removal of 
heavy metals and to the environmental applications. It will discuss the application of different classes 
of nanomaterials for wastewater treatment in removal of heavy metals and its possible effects to the 
environment. Therefore, the scope is to offer an overview of how nanomaterials are causing concerns 
related to heavy metal removal for water and in the surrounding environment.

INTRODUCTION

Advancement in science and technology are always a source of great attention for scientists and research-
ers to all over the world, specifically when the emphasis is on some particular area. In recent years, as a 
growing field, the Nanotechnology has been used in various applications. Similarly, new nano structures 
and materials are in great demand (Baruah & Dutta, 2009). Among the natural resources, water is the 
most abundant and important, but only about 1% of that resource is available for human consumption 
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(Grey et al., 2013; Adeleye et al., 2016). It is calculated that about 1.1 billion people faces deficiency 
of adequate drinking water (WHO, 2015), due to the increasing cost of potable water, rising popula-
tions, and diversity in climatic and environmental concerns (Adeleye et al., 2016). The obvious test in 
the water supply chain is regular contamination of freshwater resources by a number of inorganic and 
organic pollutants (Schwarzenbach et al., 2006). However, the previously used methods of treatment are 
less reliable to completely eliminate the evolving contaminants like heavy metals and fulfill the need 
of strict water quality standards (Qu et al., 2012). This can be obtained either by the establishment of 
new methods or by refining the existing methods through some intercessions. Among these emerging 
technologies, developments in nanotechnology has proved an incredible potential for the remediation 
of water contamination and various other environmental issues (Zare, Najafi, & Sadegh, et al., 2013; 
Gupta et al., 2015). Nanotechnology and nano-science have been shown the significant development 
in different fields and producing new and advance materials. Nanotechnology has been mentioned, in 
other different works, as one of the reliable method for water management (Stone et al., 2010; Zhang, 
& Fang, 2010). It could be categorized on the basis of nano-materials characteristics into different 
classes: nano-catalysts, nano-adsorbents and nano-membranes (Zhang et al., 2014; Mohmood et al., 
2013) Furthermore, there is a significant need for advanced water technologies to ensure a high quality 
of water, eliminate chemical and biological pollutants, and intensify industrial production processes of 
wastewater. In this regard, nanotechnology is one of the ideal options for advance wastewater treatment 
processes. Furthermore, these nano-particles can be joined with biological processes (anaerobic diges-
tion, algal membrane, microbial fuel cell) to enhance the water purification process. Each process has 
its own merits and specific pollutant removal efficiency (Theron, Zussman, & Yarin, 2004).

Heavy metals are considered to be the main contaminants in wastewater especially at high concentra-
tions causing health problems in human beings and raising serious environmental issues (Chowdhury et 
al., 2016). These metal ions have toxicity potential, and might cause carcinogenicity in living organisms. 
The rapid development of industries leads to the production of huge amount of toxic heavy metals ion. 
They are directly or indirectly added into the water resources specifically in developing countries. As 
an effect of their non-biodegradability nature and the potential to aggregate in living organisms, treat-
ment of industrial wastewaters is a particular concern for removing toxic heavy metals such as PbII, 
CdII, NiII, CoII, MnII.etc. At high and the low level concentrations (Fu & Wang, 2011). There are many 
different techniques used for eliminating heavy metal ions as revealed by literature. Such as activated 
carbon (Rao et al., 2002; Kadirvelu et al., 2001) was used for the elimination of contaminants in the 
water that has been replaced by less expensive adsorbing materials. There are several other adsorbents, 
such as fly ash (Rao et al., 2002), zeolite (Sheta et al., 2003), seaweeds (Vijayaraghavan et al., 2005), 
have been employed by different researchers and informed for the elimination of metal based pollutants 
in the wastewaters. Unfortunately, all these techniques have drawbacks including cost and sludge issues. 
Therefore, nanotechnology has been widely used to overcome the drawbacks of traditional methods and 
to meet the needs of current wastewater treatment. There are different research and development poli-
cies regarding nanotechnology perceptions are in development to increase the accuracy and efficiency 
of traditional methods (Contreras et al., 2017). It is clear with recent findings that nanotechnology can 
change the applications and properties of research and industrial materials, which are achieved because 
of the size of nano particles.

Currently, a great consideration has been dedicated to the application and creation of nano-materials to 
remove toxic and heavy metal ions from wastewater. The need to produce and control the nano-particles 
discovers use in enlightening the quality of water in the environment. For the importance of water quality 
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and growing practices in the field of nanotechnology, endeavors have been create to discuss regarding 
removal of various heavy metals of wastewater treatment by employing nano-materials. Several studies 
have been published on the involvement of nano-materials for water treatment, current work specifi-
cally point out management of wastewater with emphasis on elimination of certain heavy metals from 
wastewater as presented in figure 1.

In this chapter we will discuss the previous researches in order to make the connection that will help to 
pay for effective use in the future. The chapter will conclude at certain points to figure out future direction.

Waste Water

The disposal of polluted wastewater has been dramatically increased during the past decades because 
of certain growing activities such as industrialization, agricultural and urbanization practices (Renuka, 
Sood, Ratha, Prasanna, & Ahluwalia, 2013). The main problem related to a lacking management sys-
tem for wastewater treatment leads to environ-mental problems and the human illness. In addition, 
government and researchers have been implemented and focused on encouraging possible technolo-
gies for eliminating pollutants from wastewater. Commonly, the wastewater is categorized as industrial 
wastewater and domestic wastewater. The domestic waste- water contains liquid and solid liberations 
from a non-industrial practice that includes garbage, bacteria, toxic, and non-toxic organisms, viruses, 
sewage, detergents (Johnson, Manjreker, & Halligan, 1973). But the disposal of unprocessed wastewater 
from the industries is considered as the chief origin of water pollution. The waste initiating from the 
industrial side contains a varying amount of pollutants are disposed-off into the rivers or other water 
resources. At early disposal, the wastewater may include a high amount of inorganic and organic pol-
lutants. Wastewater produced from industries is due to chemicals, treatment of paper and pulp, textile, 
the fabrication process, and from different sources such as the boiler, production line and cooling tower, 
etc. and on the basis of already mentioned reasons, the properties and the composition of pollutant in 
water discharge varies (Carstea, Bridgeman, Baker, & Reynolds, 2016). The pollutants from industries 

Figure 1. Overview of chapter
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that come in the environment through wastewater are dyes, oils, pesticides, heavy metals and aromatic 
hydrocarbons (Ngah, Teong, & Hanafiah, 2011) and these pollutants are specified as main the hazard 
to the individual’s health and environment (Xu et al., 2012).

Heavy Metals

Contaminants produced in the discharge is categorized as inorganic and organic contaminants that have 
a diverse range of toxicity in it. Physical, Chemical and Biological treatments are commonly used in the 
treatment of organic contaminants. These treatments are not useful for the inorganic contaminants such 
as heavy metals. Due to their properties like oxidation-reduction characteristics, complex formation and 
solubility, the heavy metal disintegration plays an important role (Lee & Pandey, 2012). The element 
having the atomic weight in ranging 63.5t o 200.6 with a specific gravity higher than 5.0 shows that the 
element is heavy metal (Srivastava & Majumder, 2008). They seem as a natural element in the environ-
ment. The word heavy metal denotes to the element that is toxic and having has a higher density even at 
low concentration. Currently, heavy metals are referred as the main issue for the treatment of wastewater 
in the environment, because the high danger is related to human health and ecosystems even at the low 
concentration. Due to its accumulation, non-biodegradable, flexibility, and endurance, the heavy metal 
contamination is a main environmental problem (Peligro, Pavlovic, Rojas, & Barriga, 2016). Industries 
like paper industries, pesticides, tanneries, metal plating industries, mining operations, etc., releases 
the heavy metal discharge into the environment which is found to be toxic and non- biodegradable or 
harmful to human health and other biological environments. There is a possibility to convert them into 
less harmful materials. Toxic metals can endure, either in or mixed or chemical form, they are difficult 
to eliminate from the wastewater Han, Fu, Cheng, Tang, & Wu, 2016). Heavy metals in exposed waters 
causes the oxygen insufficiency, algal blooms and to the end of aquatic life. When they released into 
the rivers, the heavy metals were transformed into hydrated ions which are in high toxic form than the 
metal atoms. These hydrated ions disrupt the enzymatic process as well as the absorption is faster in it. 
Therefore the elimination of heavy metals is necessary to lesser the public health risks. To control water 
pollution, Environmental Protection Agency (EPA) and World Health Organization (WHO) have set the 
most permissible discharge level of heavy metal into the environment. Permissible limits of heavy metals 
in drinking water is mentioned in table 1 (Kumar & Puri, 2012).

However, the discharged waste comprises a high level of heavy metals than the acceptable limits 
which lead to the problems for human health and environmental. The concentrations of heavy metals 
(mg L-1) in the river Ganga water at different study sites is mentioned in table 2.

Types of Heavy Metals and Their Effects

The toxic heavy metals include such as nickel, zinc, arsenic, cobalt, chromium copper, antimony, and 
cadmium, etc. which produces the toxic and dangerous effects to the living environment. Ionic forms of 
metals like Hg 2+, Pb 2+, As 3+ Cd 2+, Ag + and reacts with different bio particles present in the body to 
form toxic substances which are essential to separate. The toxic properties are depending on the raised 
bio amplification and concentration to such an extent. Oxidation and ligand state performs a major part 
in bioavailability of heavy metals. When the amount of heavy metals is more than the allowed limit, 
then the heavy metal is act as toxic metal if it will disturb the metabolism of the cell (Singh & Pant, 
2004). The toxicity of metal effects the health by lowering the functions of the cerebral and nervous 
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system, harm the kidneys, blood content, lungs and other organs, draw out memory loss, increase the 
blood pressure, an increase of allergies, weakness, in the human body. Cell death also takes place due 
to the formation of free radicals and these radicals are responsible for the oxidative stress (Krystofova et 
al., 2009). Principal and mechanisms of oxidative stresses by heavy metals in terms of damage to plant 
cells is elaborated in figure 2 (Sharma & Dietz, 2009).

Due to these special effects, health authorities are growing worldwide and different regulatory bod-
ies have implemented allowed limits to the heavy metal release effluent. Researchers also focusing 
on establishing the treatment methods due to the presence of dangerous effects in wastewaters (Dhir, 
Sharmila, & Saradhi, 2009)

Table 1. Permissible limits of heavy metals in drinking water (Kumar & Puri, 2012)

Heavy Metals Permissible Limits

WHO USEPA ISI CPCB ICMR

Iron (mg/l) 0.1 - 0.3 1.0 1.0

Cupper(mg/l) 1.0 1.3 0.05 1.5 1.5

Mercury (mg/l) 0.001 0.002 0.001 No relaxation 0.001

Cadmium (mg/l) 0.005 0.005 0.01 No relaxation 0.01

Arsenic (mg/l) 0.05 0.05 0.05 No relaxation 0.05

Lead (mg/l) 0.05 - 0.10 No relaxation 0.05

Zinc (mg/l) 5.0 - 5.0 15.0 0.10

Chromium (mg/l) 0.1 - 0.05 No relaxation -

WHO: World Health Organization, USEPA: United States Environmental Protection
Agency, ISI: Indian Standard Institution, ICMR: Indian Council of Medical Research,
CPCB: Central Pollution Control Board.

Table 2. The concentrations of heavy metals (mg L-1) in the river Ganga water at different study sites

Study Area Cd Cr Cu Fe Hg Mn Ni Pb Zn References

Allabad ND-
18 ND-30 - - - - - 18-86 26-122 Gupta et al., 

2009

Berhampore 1-2 10-18 3-7 365-
1744 - 181-

712 41-84 8-21 65-95 Kar et al., 2008

Diamond 
Harbour - - 5-90 30-

560 150 90-350 - 12-62 150-710 Sarkar et al., 
2007

Haridwar 43-196 101-178 28.7-
16 108-690 113-219 Rai et al., 2012

Kaushambi - ND=1000 ND-
600 - - - ND-9 ND-980 Chaudhary et al., 

2017

Mirzapur - 13.37 - 38.0 19.75-
72.77 34.25 67.25 34.25 94.25 Sharma et al., 

1992

Rishra-
Konnagar 0.043 0.281 0.155 - - - - 0.041-

0.058
0.545-
0.691

Bhattacharya et 
al., 2008

BDL- Below detection limit; ND- Not detected
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NANO MATERIALS

Nano-materials are the tiniest structures that have been developed and widely used, having the size of a 
few nanometers (Chaturvedi, Dave, & Shah, 2012. More accurately, the nano-particles are one dimen-
sioned structure components at least less than 100 nm (Amin, Alazba, & Manzoor, 2014). Nano-materials 
have been settled in different forms such as nanotubes, nanowires, films, particles, colloids, quantum 
and dots (Lubick & Betts, 2008). In case of water treatment application, various efficient, cost-effective 
and eco-friendly nano-materials have been produced possessing specific characteristics for possible 
removal of contaminants from industrial effluents, to the drinking and ground water (Gupta et al., 2015).

Preparation of Nano-Particle

Preparation of nano-particles is the foremost vital phase in the method of wastewater treatment by using 
engineered nano-particle. In the synthesis of nano-particles, there are two two major steps used such 
as, the bottom-up technique (which includes the organization of each smaller molecules, molecule-by-
molecule or atom-by-atom for extra complicated associations by use of specific chemical or physical 
forces through chemical synthesis, self-assembling, and positional assembling), while the top-down 
technique (which includes the production of nano-particles of large size, such as micro-scale or granular 
sizes, materials through chemical or mechanical steps involving milling, etching etc.). There are many 
other different techniques employed for the production of nano-particles based on the required properties, 
morphology, applications, that involves precipitation (Phiwdang, Suphankij, Mekprasart, & Pecharapa, 
2013), catalytic growth (Li et al., 2003), co-precipitation (Petcharoen & Sirivat, 2012), mechanical al-
loying/milling (Arbain, Othman, & Palaniandy, 2011), impregnation (Kukovecz et al., 2002), mechano-
chemical synthesis (Tsuzuki & McCormick, 2004). The molecular structure and configuration of nano 

Figure 2. Principal and mechanism of oxidative stress by heavy metals in term of damage to plant cell 
(Sharma & Dietz, 2009)
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particles can be changed by using these methods. Among different techniques established to produce 
nano-particles so far, sol-gel technique is mostly commonly and widely employed because it offers bet-
ter control over morphology, density, surface area, and molecular structure, of the particles synthesized 
for water treatment procedures. Moreover, on the basis of shapes and size of nano-materials, it could be 
categorized into nano-tubes, nano-fibres, nano-polymers, nano- wires, nano-belts, quantum dots, nano-
capsules, nano-springs, nano-particles. Each of the nano-materials has its own specific properties which 
are widely explored (Dubey et al., 2017).

Characterization of Nano-Particles

There are different techniques involved in the characterization of engineered nanoparticles like, scan-
ning electron microscopy (SEM), Fourier transform IR, differential scanning calorimetry (DSC), (FTIR) 
spectroscopy, thermo-gravimetric analysis (TGA), differential thermo-gravimetric analysis (DTA), trans-
mission electron microscopy (TEM), triple-point-nitrogen-Brunuaer-Emmett-Teller (BET) adsorption, 
X-ray diffraction (XRD). Generally, stated procedures are employed for the production of various kind 
of nano-particles by little alteration for different applications like environmental sciences, electronics, 
optical, materials, biomedical, biotechnology, etc. The assortment of the technique relays on the proper-
ties, size, starting materials, and the specified uses of the nano-particles (Dubey et al., 2017)

Methodologies Adopted for Waste Water Treatment

Nano-Adsorbents

Now a days, nano-particle have been considered as their ability for adsorbents. The small size of the nano 
-particles enhance the area of surface (Gubin, Koksharov, Khomutov, & Yurkov, 2005) that increases 
the chemical reactivity and capacity to adsorb the nano-particles of metals through the surface (Khallaf, 
Oladeji, & Chow, 2008). This mechanisim relay on adsorption coefficient K d and recitation partitioning 
of contaminant such as organic contaminants or heavy metals at equilibrium conditions (Hu, Wang, & 
Pan, 2010). Furthermore, for the insistent inorganic contaminants redox reaction was chosen to begin 
the ionic configuration alteration (Gupta et al., 2015). Therefore, many scientists intensely agree that 
variations in the redox reaction effect the toxicity of contaminants (Chen & Mao, 2007). The commonly 
employed nano-particles for the removal or adsorption of these heavy metals are nominated as ferric 
oxides, grapheme, zinc oxide, magnesium oxide, manganese oxide, titanium oxide, activated carbon, 
and carbon nanotubes (Gupta et al., 2015). Nano-adsorbents retain two major characteristics, external 
functionalization, and innate surface. Their chemical, physical, and material characteristic are associated 
to their extrinsic surface structure, obvious intrinsic composition and size (Mirkin, Letsinger, Mucic, 
& Storhoff, 1996). In the aquatic system, the factors infusing the adsorption mechanism are increased 
surface area, chemical reaction, adsorption specificity, distribution of atoms to the surface, deficient of 
diffusion resistance and extraordinary surface covering potential (Khajeh, Laurent, & Dastafkan, 2013). 
Nano-particles employed as adsorbent for the elimination of heavy metals must be nontoxic and should 
have the tendency to adsorb pollutants of even at low concentration (ppb), high adsorption capacity, ad-
sorbed contaminants which can be simply eliminated on the adsorbent surface and could be reprocessed 
for several times (Dubey et al., 2017).
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The methodology beside the elimination of a metallic particle by the adsorption process includes 
three common steps that is the diffusion of film which involves in carrying of adsorbed particles through 
a surface film in the outside of the adsorbent, in the pore diffusion which considers the adsorbate dif-
fusion through the pores of the adsorbent, while intra-particle diffusion involves the solute adsorption 
at the inside of the surfaces of the adsorbent. Graphic description of different methods of adsorption of 
metal ions by nanoparticles is elaborated in figure 3 (Dubey et al., 2017).

In order to capture the original mechanism involved in the adsorption of toxic metallic species by 
nanoparticles, the effect of the adsorption mechanisms by employing different analytical techniques, 
such as X-Ray Diffraction (XRD), Extended X-ray Absorption Fine Structure (EXAFS), infrared (IR) 
spectroscopy, X-ray Photoelectron Spectroscopy (XPS) and spectroscopy have been widely inspected. 
The drive of this functional and structural investigations is to offer understanding of the possible mecha-
nism related to the elimination which may comprise either one or the mixture of two or more methods 
such as physical adsorption (Nassar, 2010), surface-complexation (Xu et al., 2013), and electrostatic 
interaction (Jordan et al., 2013).

In wastewater treatment the heavy metals adsorption by employing the nano-adsorbents are influenced 
by different parameters such as pH, temperature, incubation/contact time, and adsorbent dose. Srivastava 
et al. (2015) stated that pH shows a critical role on heavy metals adsorption from wastewater. Highest 
adsorption of Zn (II) on magnetic nano-adsorbent was reported at pH 5.5; although, it declines with more 
rise in pH. Furthermore, Lingamdinne et al. (2016) observed the highest adsorption such as 99.6% and 
93% for Cr(III) and Pb(II) at the pH of 4.0 and 6.0 respectively. Furthermore, it was observed that the 
adsorption of heavy metals is increased by increasing the contact time from solution for the reason that 
it offers long time for adsorption process. In start, the adsorption of metals is very high because levels 

Figure 3. Graphic description of different methods of adsorption of metal ions by nano particles (Dubey 
et al., 2017)
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of metals are high, further it drops as time increases because of the coverage of active sites (Shirsath & 
Shirivastava, 2015). Nano-adsorbent features also influence the heavy metals adsorption that involved 
surface charge, surface area, and accumulation of new functional groups. These amendment strategies 
upgrade the adsorption tendency of nano-adsorbents (Wang et al., 2015; Tarigh & Shemirani, 2013).

Nano-Catalysts

The nano-catalysts, particularly from inorganic materials like metal oxides and semiconductors, are at-
taining substantial consideration of the researchers in application of wastewater management. There are 
many different kinds of nano-catalysts are used for wastewater treatment like electrocatalysts lphotocata-
lysts (Dutta, Maji, & Adhikary, 2014), and Fenton based catalysts (Kurian & Nair, 2015) for enhancing 
chemical oxidation of organic contaminants (Ma, Wang, & Na, 2015) and antimicrobial movements 
(Chaturvedi, Dave, & Shah, 2012).

Nano-Membranes

In currently used more modernized wastewater treatment processes, nano-materials fabricated by mem-
brane filtration technology is the most operative approach (Ho, Chan, Blondy, Yeung, & Schrotter, 2012). 
Nanotechnology concerns go more than state-of-the-art enactment of water treatment mem- branes and 
permit new functionality, like catalytic reactivity, fouling resistance, and high permeability (Pendergast 
& Hoek, 2011). The basic aim for the application of this technique is their advantages in terms of quality 
of treated water, low space requisite for plant and effective dis- infection (Jang et al., 2015). In addition, 
it is very efficient, cost effective, and easy to design as matched to other treatment procedures (Guo, 
Zhang, Cai, & Zhao, 2016). Alongside the separation of heavy metals from wastewater, nano-materials 
reside in the novel membrane exhibit a vital role in the chemical decomposition of organic contaminants 
(Yang, Geng, & Chen, et al., 2015). The alignments of these kinds of membrane are one dimensional 
nano- materials (consisting of inorganic and organic materials) like nanotubes, nanofibers and nanorib-
bons (Liu, Li, Hao, & Yao, 2014). For discriminate filtration and nano-particle elimination, a membrane 
which is fabricated with carbonaceous nanofibers (CNFs) exhibited extraordinary selective removal/ 
filtration ability under high pressure (Liang et al., 2010). Moreover, the catching ability of different 
nano-particles and other several small molecules can be effectively increased through interconnecting 
nano-particles and negative charged atoms on the titanate-nanoribbon membrane which is also known 
as macroscopic disk (Liu, Li, Hao, & Yao, 2014).

Combination of Biological-Nano Technology Processes

Nano scale engineering and science technologies proposed that the current issues related to water quality 
could be fixed by employing nano absorbent, nano-catalysts, nanotubes, micro- molecules nano powder 
and nanostructured catalytic membranes, (S. K. Gupta, Behari, & Kesari, 2006). All these nano- colloids 
and particles had a significant effect on the water treatment process (Diallo & Savage, 2005). Literature 
showed that incorporation of the biological wastewater treatment mechanism with modernized nano-
technology resulted in the proficient water purification scheme (Yin, Zhu, & Deng, 2013).
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APPLICATION OF NANOPARTICLES TO THE REMOVAL OF 
HEAVY METAL POLLUTANTS FROM WASTEWATER

Being particular to inorganic contaminants, several heavy metals are very famous and specifically linked 
as water contaminants with the elevated level of carcinogenicity and danger. Different application of 
using nano-materials for heavy metal removal is presented in table 3.

Arsenic is considered as a well-known alarming metal due to its lethality and symptoms. Moreover, 
there are several other metals have been reported, such as Chromium (Cr), Selenium (Se), Mercury 
(Hg), Lead (Pb), Cadmium (Cd), which exhibit severe toxicities. A dose more the permissible limit, 
several metals lead to injurious effects on health like, Zinc is needed for the normal growth of a per-
son, but elevated level higher than the reasonable limit of imprisonment, lead to mental fever and poor 
development, Cobalt creates queasiness, carcinoma asthma, and regurgitating. Furthermore, cobalt is 
liable for gastrointestinal, liver and thyroid complications. Due to the adulteration, the ground- waters 
and surface water at specific areas of different countries are infected and not consider to suitable for 
drinking purposes. Therefore, it is crucially needed to remove the elevated level of heavy metal from 
water source to make it safe for drinking purpose. There are several studies have been reported such as 
elimination of arsenic (As V) at 16 nano-particles of metal oxides has been described by Hristovski, 

Table. 3. Applications of nano-materials for the removal of heavy metals in wastewater

Nano-Materials Heavy Metals References

, Fe2O 3, NiO, ZrO 2, and TiO2, Arsenic (Hristovski, Baumgardner, & Westerhoff, 
2007)

Nano zero-valent iron (Zhu, Jia, Wu, & Wang, 2009)

Activated carbon with nano zero valent iron Arsenate (Zhu, Jia, Yao, Wu, & Wang, 2009)

Magnetite Maghemite arsenic (V), arsenic (III), (Chowdhury & Yanful, 2010)

Magnetic hydroxyapatite (MNHAP) Zn 2+, Cd 2+ (Feng et al., 2010)

Magnetic adsorbing material (MNP-OPP) with Fe3O4 Cd 2+ (Gupta & Nayak, 2012)

Organo-montmorillonite with iron Cr (VI) (Venkatesham, Madhu, Satyanarayana, & 
Preetham, 2013)

Chitosan-coated magnetic (CCMNPs) with 
biodegradable,α-ketoglutaric acid α-KA-CCMNPs Cu 2+ (Zhou, Nie, Branford-White, He, & Zhu, 

2009)

Nano-sized ZnO with via gel combustion Pb (II) (Venkatesham, Madhu, Satyanarayana, & 
Preetham, 2013)

Silica with thiol coated onto magnetic nano-particles 
(TF-SCMNPs) Hg (II) (Hakami, Zhang, & Banks, 2012)

Cellulose modified nano-scale manganese oxide 
composite (C–NMOC) Pb(II) (Maliyekkal, Lisha, & Pradeep, 2010)

Nano-Maghemite particles Se (VI) (Jordan et al., 2013)

MCM-41 with nano-scale zero-valent iron (n-ZVI) Cr (VI) (Petala et al., 2013)

Silver nanoparticles impregnated with carbon 
nanotubes (Ag-MWCNTs) Cd (II), Cu(II) (Ramana, Yu, & Seshaiah, 2013)

MnO 2 coated multiwalled carbon nanotubes 
(MWCNTs/MnO2)

Pb (II) (Salam, 2013)
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Baumgardner, & Westerhoff, (2007), out of which, Fe2O 3, NiO, ZrO 2, and TiO2, were considered as 
the most important. Each type of nano-particles were reported as highly significant with elimination 
potential of 98% excluding ZrO2. Correspondingly, started carbon encumbered with nano zero-valent 
iron was employed for the arsenic adsorption reported by Zhu, Jia, Wu, & Wang, (2009). The highest 
adsorption potential was about 1.997 mg/g in 2.0 mg/L. The analysis of the influence of the other ions 
exposed that the occurrence of silicate and phosphate ions reduced the elimination of arsenic, besides the 
influence of other ions like carbonate, oxalate and sulfate was observed to be irrelevant. The researcher 
stated that this type of adsorbent is considered as most suitable and also suggested it for the management 
of arsenic polluted drinking water.

Furthermore, Zhu, Jia, Yao, Wu, and Wang, (2009) manufactured another nano material like activated 
carbon infused with nano zero valent iron, which further applied in the reduction of arsenate. In addi-
tion, the adsorption tendency was estimated as 15.4 mg/g at equilibrium level of 1.0 mg/L and at 6.5 ph. 
While the elimination of arsenate was reduced with the existence of silicate and phosphate, whereas the 
influence of different anions and cations on the elimination of arsenic were found negligible. Because 
of its reasonable eliminating capacity, this process was recommended by the scientists for treatment 
of drinking water. In the same way, Chowdhury & Yanful, (2010) reported removal of from aqueous 
solutions by using magnetite maghemite nano-particles, At pH 2.0, the highest sorption of arsenic was 
reported at Ph. 2, with the range of 3.71 mg/g and 3.69 for arsenic (V) and arsenic (III), respectively, at 
1.5 mg/L of starting concentration. Moreover, researcher described and analyzed the drawbacks of arsenic 
intake in the occurrence of a phosphate anion. Therefore, a mutual relation was noticed with reduction 
in Arsenic removal on increasing level of phosphate. Results revealed that 60% intake of arsenic was 
acquired in the groundwater, comprising 1.13 mg/L of arsenic and N5.0 mg/L phosphate. In addition, 
Feng et al., (2010) produced magnetic hydroxyapatite nano-particles (MNHAP) to analyse its capability 
elimination of Zn 2+ and Cd 2+ ions through aqueous solutions. The effect of different parameters that 
influence this process have been evaluated such as adsorbent level, initial metal ion level, and pH and 
contact time. The highest sorption potential of Zn 2+ and Cd 2+ was estimated at 2.151 and 1.964 mmol/g, 
respectively with ideal adsorbent concentration of 0.1 g/L. on the other hand the desorption analysis, 
the most capable eluent employed for desorption of metal ions was observed to be EDTA together with 
67% and 66.2% of Zn2+ and Cd2+ ions liberated, respectively. However, it was concluded that the most 
obvious benefit of the synthesized MNHAP nano materials at large specific surface area (142.5m 2 /g) 
and paramagnetic behavior was the precision of parting from aqueous solutions after the finishing of 
process. Moreover, V. Gupta & Nayak, (2012) synthesized a unique adsorbent by altering agricultural 
waste, orange- peel, into a magnetic adsorbing material (MNP-OPP) through precipitating it with Fe3O4. 
Adsorption of cadmium into magnetic orange-peel powder (OPP), Fe3O4 nano-particles (MNP) and MNP–
OPP, was analyzed at various investigational situations, like the strength of ionic solution, pH, natural 
organic matter, reaction time between absorbent and adsorbate, temperature conditions and adsorbate 
concentration,. The findings revealed that a rapid kinetics and proved the prepared adsorbent MNP–OPP 
as more proficient as compare those of OPP and MNP. Furthermore, organo-montmorillonite with iron 
nano-particles were assimilated to create elimination of Cr VI ions as reported by Wu et al., (2012). These 
findings showed that a level at 0.47g/L, maximum elimination of 106 mg Cr/g Fe was attained. While 
the adsorption potentials of unsupported and supported iron nano-particles toward elimination of Cr 
VI ions were relatively analyzed, while the outcomes of comparison revealed that the removal of Cr VI 
was very high with organo-montmorillonite with iron nano-particles. In another study, Chitosan-coated 
magnetic nano-particles (CCMNPs) together with a eco-friendly and biodegradable biologic reagent, 
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α-ketoglutaric acid(α-KA) has been prepared by Zhou, Nie, Branford-White, He, and Zhu, (2009) and 
employed for elimination of Cu 2+ ions from water solution. The findings revealed that no major desorp-
tion hysteresis has been observed. Furthermore, the great recovery and stability capability of the prepared 
nano-particles such as (α-KA-CCMNPs) confirmed that the senovel magnetic nano-particles have high 
ability as for, eliminating of Cu 2+ from wastewater. Similarly another, unique nano-material based on 
cellulose modified nano-scale manganese oxide composite (C–NMOC) was prepared by Maliyekkal, 
Lisha, & Pradeep, (2010) and analysed their capability for Pb II ions elimination from solutions. In 
addition, venkatesham, Madhu, Satyanarayana, & Preetham, (2013) reported the removal of Pb II ions 
on nano-sized ZnO nanoparticles produced by gel combustion process. In addition, the average of BET 
particular surface area of the prepared zinc oxide and particle size was measured as 80.425 m2/g and 40 
nm and respectively. While the effect of metalic ion concentration, on the adsorbent level of the adsorption 
method and pH was analyzed and it has been observed that adsorption of Pb was highest at the reduced 
level of Pb and acidic solution at pH 4.0, while it remains persistent in basic solution. Moreover, it also 
shows an increased with increment in the adsorbent level such as highest at 1.0 g. However, the values of 
correlation coefficient (R2) were acquired Freundlich and Langmuir adsorption isotherm as, 0.9999 and 
0.9987 respectively, have been observed approximately the same. However, both the isotherms precisely 
suited to Pb II adsorption on nano-ZnO particles.

Furthermore, application of silica with thiol coated onto magnetic nano-particles (TF-SCMNPs) 
has been reported by Hakami, Zhang, and Banks, (2012) employing condensation mechanism. The 
maximum adsorption for Hg II onto TF-SCMNPs of 50 nm has been observed as 207.7 mg/g when 4 
mg/L of TF SCMNPs were applied. It was also noticed that the adsorption mechanism was not influ-
enced by the existence of anions and light cautions during experimental conditions. Similarly, work on 
the removal of Se VI ions by using nano-Maghemite particles have been analyzed both at microscopic 
and macroscopic levels by Jordan et al. (2013). The highest level of elimination was obtained low pH 
such as in acidic condition and reduced with increase in pH and with ionic strength of the solution. The 
process involve in the elimination was elucidated on the basis of electro-phoretic mobility measurement 
which recommended the development of outer-sphere multifaceted layer in the removal of Se (VI) on 
to nano-maghemite.

Moreover, Recillas et al. (2011) discovered the capability of TiO2 and CeO2, Fe3O4 NMs for the 
elimination of Pb(II), recording adsorption abilities of 83 mg Pb g-1, 189 mg Pb g-1, and 159 mg Pb g-1, 
respectively. Similarly, Pena et al. (2005) used nanocrystalline TiO2 as adsorbent to eliminate arsenate 
As(V) and arsenite As(III) along with complete conversion of As(III) in to As(V), by photocatalytic 
oxidation. Recently, Hua et al. (2012) mentioned different studies to elaborate the capacity of nanosized 
metal oxides for heavy metals removal, as well as other approaches including the functionalization of 
NMs, such as supporting with zeolites or coating with poly(3,4-ethylenedioxythiophene), surface modi-
fication with amino groups to increase the efficiency of metal removal.

On the other hand, Petala et al., (2013) stated 100 percent Cr VI elimination onto MCM-41 with nano-
scale zero-valent iron (n-ZVI) prepared through saturating the silica matrix (mesoporous) with ferric 
chloride, monitored at pH 3.0 by chemical reduction with NaHB4 and 6 mg/L of Cr VI concentration. 
However, the findings revealed that a maximum pH-dependent decline in the potential of the material, 
while the kinetics was well described by a pseudo-first-order kinetic model.

Ramana, Yu, and Seshaiah, (2013) prepared silver nanoparticles impregnated with multi walled car-
bon nanotubes (Ag-MWCNTs) by using chemical reduction process for elimination of Cd II and Cu II 
ions from water sample. The results concluded that the highest adsorption of Cd (II) ions obtained was 

 EBSCOhost - printed on 2/14/2023 11:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



232

Wastewater Treatment in Removal of Heavy Metals
 

98.36% and for Cu II was 99.54% at pH 6.0 and 7.0, respectively. Furthermore, it has been noticed that 
this adsorption mechanism was controlled by using chemical methods either by exchanging or sharing 
of electrons in between the adsorbent and the adsorbate in the solution.

In the similar way, 97.3% elimination of Pb II ions from solutions at pH 9.0 onto MnO 2 coated mul-
tiwalled carbon nanotubes (MWCNTs/MnO2) was stated by Salam, (2013). Similarly, the equilibrium 
level achieved after 5 min of the reaction time and the adsorption mechanism was observed to be de-
scribed well by pseudo-second-order with Elovich model with R2 N 0.92 and R2 N 0.99 at temperatures 
determined for the analysis.

CONCLUSION

In a current situation, there is a major requirement for more advanced water technologies to confirm a 
quality of water, remove biological and chemical contaminants, and strengthen industrial level production 
processes of wastewater. In this concern, nanotechnology is considered to be a one of the perfect op-
tions for more advance wastewater management processes. Therefore, the critical perception into several 
struggles have been taken by other researchers for environmental elimination, regarding the exclusion of 
many different metallic species from water illustrate that the involvement of nano-technology in waste-
water and water treatment methods verified to be a blessing for environmental protection. Nano-particles, 
in relationship to other traditional cost effective materials provide many benefits, like fast removal, low 
regeneration, dose requirement, ease of separation, large surface area to volume ratio and reusability. 
Though, their requisite in less amount and their reuse and regeneration potential creates their practical 
application economical. They could also able to eliminate inorganic contaminants at much low level of 
metal solutions in different experimental situation of temperature and pH. As the foundation of several 
results of different nano materials involved processes deliberated herein, so, it can be concluded that 
the nano-particles could be a stable, potential and efficient option for elimination of heavy metals from 
waste-waters and water.
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ABSTRACT

Water pollution is becoming a serious threat to the environment. The access to safe drinking water, 
especially for the poor, is reaching an alarmingly low level, and the number of people suffering from 
kidney, stomach, and liver diseases, etc. is increasing every day. Among various pollutants, organic 
pollutants have major contribution in the contamination of water. These pollutants include toxic dyes, 
pharmaceutical compounds, industrial chemicals, and organic solvents, etc. Various routes are being 
employed for the removal/degradation of these pollutants. The use of nanoparticles (i.e., metal nanopar-
ticles, nanocomposites, carbon nanotubes, and graphene oxide-based nanocomposite materials) pos-
sesses significant position as photocatalysts. This chapter has a focus on the environment remediation 
using these nanomaterials and contains the recent work in this field.

INTRODUCTION

Fresh water is essential for the existence of life on the globe. The supply of fresh water has health, 
environmental, economical and social impacts. It is estimated that 10-20 million people die every year 
due to water borne diseases (Leonard et al., 2003). Moreover, about 0.78 billion population do not have 
access to safe drinking water (WHO and UNICEF, 2013). Diarrhea, a disease caused by polluted water is 
responsible for the deaths of five to six thousand children every day (Ashbol, 2004; Hutton et al., 2007). 
The situation is expected to become worse in coming years as there are no expectations to get increased 
the supply of safe and fresh drinking water. Moreover, according to UN population projection study, 
the world population is expected to increase by 2.5 billion from now to 2050. The increased population 
would have increased demands for fresh water and obviously, the health and quality of life would suffer 
even more (Rockstrom, 2003). The world has understood that the intensity of worse situation could be 
reduced or controlled by proper use of fresh water resources.
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The 20th century is recognized as a century of industrial revolution. The development of industrial 
products has huge impacts on the global life; both positive and negative impacts. So far the supply of 
fresh water is concerned; it has badly affected the access to safe water for aquatic life, plants and hu-
mans. Industrial waste water is accompanied by a number of organic and inorganic pollutants which 
are ultimately polluting the world’s water resources. The major industries having major contribution in 
water contamination include textile, dye, leather, rubber, petrochemical, coal, plastics, pharmaceutical, 
paper and food industries etc. Moreover, intensified usage of pesticides in agriculture and aquaculture 
are another big source of water contamination (Njoku et al., 2014).

The main objectives of this chapter are;

• To introduce the role of organic pollutants in the contamination of water.
• To discuss the recent work on the synthesis of nanomaterials for water treatment.
• To discuss the recent developments in the titled field.

ORGANIC POLLUTANTS AND THEIR REMEDIATION

Organic pollutants are hazardous substances which have adverse effects on human health like dysfunc-
tion of liver, adverse effects on brain, reproductive system, kidney and central nervous system (Ali 
et al., 2012; Costa et al., 2012). Currently, effective and advance treatment techniques are used for 
the purification of wastewater like biological oxidation, chemical oxidation via oxidants (e.g. O3 or 
H2O2), coagulation, flocculation, and sedimentation (Duran et al., 2011), advanced oxidation processes 
photo-Fenton treatment (Salman et al., 2011), membrane processes (Altınışık et al., 2010), adsorption, 
electrochemical (Ahmed et al., 2014) and photocatalytic oxidation/degradation and combined methods 
(Ahmaruzzaman & Gayatri, 2010).

The right choice of process for removal of organic pollutants depends upon the nature of the chemical 
moiety or functional groups to be removed like cationic and anionic species, carboxylic/sulfonic acids, 
condensed aromatic rings, zwitter ions and their concentration in waste water sample.

Despite the availability of variety of methodologies for hazardous organic substances removal, the 
adsorption technique is still considered as the most effective and best methodology. Moreover, both 
soluble and insoluble organic contaminants are removed without production of dangerous by-products.

Waste water treatment has become a promising field of research in recent days. Among various 
techniques mentioned above, the use of nanomaterials emerged as a worthwhile method.

Nanoparticles are generally classified into two major groups of inorganic and organic nanoparticles.
Organic nanoparticles include

1.  Carbon nanoparticles (fullerenes).
2.  Graphene oxide (GO) based on Nanomaterials.
3.  Polymer based on Nanomaterials.
4.  Photocatalyst based on Nanomaterials etc.

Whereas, inorganic nanoparticles include:
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1.  Magnetic nanoparticles.
2.  Noble metal nanoparticles (e.g. Ag and Au).
3.  Semiconductor nanoparticles (e.g. TiO2 and ZnO).

Nanoparticles were classified into three types by Ruffini-Castiglione and Cremonini (Ruffini-Casti-
glione and Cremonini, 2009; Costa et al., 2012).

1.  Natural (e.g. Lunar dust or volcanic, mineral composites).
2.  Incidental (consequential from anthropogenic activity, e.g., coal combustion, diesel exhaust weld-

ing fumes).
3.  Engineered (e.g. nanozinc, nanoaluminium, nanogold, ZnO, TiO2 and Al2O3 (Lin & Xing, 2007; 

Duran et al., 2011).

Nanoparticles are considerably gaining the importance in environmental remediation processes. They 
are being used in detoxification of pollutants, as adsorbents for phosphate removal (Wen et al., 2014), 
for fluoride removal (Ali et al., 2015), for Congo dye removal (Ali et al., 2016), in adsorption of am-
etryn from water (Ali et al., 2016), for removal of ibuprofen drug residue from water (Ali et al., 2016), 
in removal of pantoprazole drug residue from water (Ali et al., 2016) and for adsorption of propranolol 
(Ali et al., 2017).

In short, the formation of various types of nanomaterials like nanocatalysts, nanosorbents, nano-
structured catalytic membranes, dendrimers, and zeolites, were promising for removing toxic metals, to 
disinfect infectious microbes, and eliminate inorganic and organic solutes from wastewater.

Table 1. The detailed examples of various adsorbents reported in literature for removal of organic pol-
lutants

Adsorbent Class Examples

Nanometer materials
Nano-graphite/Fe3O4 composite (Li et al., 2014), alkali activated MCNT (Salam et al., 2014), Fe3C-
multiwalled carbon nanotubes (MCNT) (Konicki et al., 2012), CNT-Al2O3 (Ihsanullah et al., 2015), Pt/poly(2-
methoxyaniline)-MCNT (Raoof et al., 2014), MCNT-COOH (Sadegh et al., 2015) etc.

Industrial wastes coal fly ash (Zhang et al., 2011), silica gel (Nie et al., 2015), waste tires (Saleh et al., 2014), dried activated 
sludge and fly ash (Aksu and Yener, 2001), polyurethane foam (Vinhal et al., 2015) etc

Sea materials
Chitosan/surfactant (Zhang et al., 2014), crosslinked chitosan beads (Zhang et al., 2011), peat moss (Aroguz, 
2006), shrimp shell (Kousha et al., 2015), Spirogyra sp. (Khataee et al., 2013), brown seaweed biomass 
(Rathinam et al., 2011) etc.

Metal–organic 
frameworks (MOF) iron terephthalate, Cr-based MOFs, Cu-BTC, MIL- 101-Cr and Cu-BTC etc.

Metal oxides and 
hydroxides

Fe3O4/ZnCr-layered double hydroxide composite (Chen et al., 2012), Mg–Fe layer double hydroxides 
(Abdelkader et al., 2011), TiO2 (Feng et al., 2015), MgAl-layer and ZnCr- double hydroxide (Liu et al.., 2013), 
magnesium hydroxide (Kamaraj et al., 2014), Fe3O4/MgAl layer double hydroxides (Shan et al., 2014) etc.

Soil and ore 
materials

Montmorillonite clay (Lin et al., 2006), hematite (Saikia et al., 2013), magnetite, quartz (El-Zahhar et al., 2014), 
acrisol and phaeozem (Wang et al., 2013), Moroccan clays (Elmoubarki et al., 2015), zeolite (Guo et al., 2015), 
halloysite–magnetite-based composite, calcined Lapindo volcanic mud (Jalil et al., 2010), red mud (Zhang et al., 
2014), river sediment (Gao et al., 2011), kaolinite (De Sales et al., 2015; Bonetto et al., 2015) etc.

Agricultural wastes Tomato (Güzel et al., 2014), rice husk (Sharma, 2011), peanut husk (Noreen et al., 2013), sesame hull (Feng et 
al., 2011), sugarcane bagasse (Saad et al., 2010) etc.
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CARBON NANOTUBES (CNTS) FOR REMOVAL OF ORGANIC POLLUTANTS

Activated carbon (AC) has excellent adsorption potential for various organic contaminants and is 
therefore used as a commercial adsorbent (Demirbas, 2009; Hosseini et al., 2011). Among various 
drawbacks, activated carbon adsorbents have limited availability, off-site transport, difficult recovery, 
low adsorption capability, thermal treatments and material lost during regeneration processes. Keeping 
in view these certain shortcomings, the development of novel adsorbent materials is under focus. Nano-
structured material is one of the excellent option for the removal of harmful and toxic organic pollutants 
from wastewater (Mohmood et al., 2013). Carbon nanotubes (CNTs) are excellent adsorbents for toxic 
material on nanoscale (Iijima, 1991; Latorre et al., 2012), with layered and hollow structure having large 
surface area. CNT adsorbents are of three types:

1.  Single-walled CNTs (SWCNTs).
2.  Multi-walled CNTs (MWCNTs).
3.  Functionalized CNTs (f-CNTs) (Ruelle et al., 2012; Ma et al., 2011b).

CNTs are considered as efficient adsorbents for pharmaceuticals removal due to their large micropore 
volume along with high specific surface area. Endocrine disrupting compounds (EDCs), a group from 
pharmaceutical pollutants, which interfere with human reproductive systems via mimicking or blocking 
the action of natural hormones is efficiently removed from water (Joseph et al., 2011a). 17α-Ethinyl 
estradiol is removed efficiently using SWCNTs incorporated with ultrafiltration membrane systems.

Norfloxacin and ofloxacin removal were reported by different types of CNTs from aqueous solu-
tions such as three p-MWCNTs with diameters range (15-50 nm), with carboxylated, hydroxylated 
and graphitized functional MWCNTs and with carboxylated, hydroxylated and purified functionalized 

Figure 1. Chemical Structures of Pharmaceutical Compounds Investigated for Removal by CNTs
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SWCNTs. The hydrophobic nature of CNTs contributes more to their adsorption potential (Peng et al., 
2012). Adsorption of antibiotics by CNTs was reported like sulfapyridine and sulfamethoxazole were 
effectively adsorbed on CNT/sand porous system (Tian et al., 2013). Ciprofloxacin was removed by 
magnetic meso-porous carbon nano-composite (Fe3O4/C) (Shi et al., 2013), While carbamazepine and 
diclofenac sodium was removed by hybrid type of adsorbent i.e. CNTs/Al2O3 (Wei et al., 2013).

Multi-walled CNTs (MWCNTs) potently removed arsenazo(III), methyl red (MR) (Ghaedi et al., 
2011c), Eriodirome Cyanine R (ECR) (Ghaedi et al., 2011b) and methyl orange (MO) (Hosseini et al., 
2011) from wastewater as compared to simple activated carbon. MWCNTs also reported for the removal 
of herbicides like dichlobenil and diuron from soiled water (Chen et al., 2011). While diuron removal 
was also studied by using oxidized MWCNTs, as pore volume and surface area increases by oxidation 
treatment (Deng et al., 2012a). A phenoxy acid herbicide i.e. 4-chloro-2-methylphenoxyacetic acid 
(MCPA) was selectively adsorbed by SWCNTs as compared to metal oxide nanoparticles (De Martino 
et al., 2012).

GRAPHENE OXIDE (GO) FOR REMOVAL OF ORGANIC POLLUTANTS

Graphene oxide (GO) is one of the good choice as an adsorbent due to its high surface area, low produc-
tion costs, good dispersibility (Perreault et al., 2015; Ramesha et al., 2011). The mechanism of adsorbent 
action includes electrostatic interactions, π-π interactions and ion exchange (Yu et al., 2017).

Currently, graphene oxide nanosheets are used for the removal of aromatic contaminants (Apul et 
al., 2013) e.g. biphenyl while graphene oxide based foams effectively used for the removal of organic 
dyes (Wu et al., 2015), motor oil gasoline, petroleum and diesel (Guo et al., 2015) from wastewater.

Polysulfone (PS) is a hydrophobic class of thermally stable and biocompatible polymers. PS me-
chanically processed into strong porous ultrafiltration membranes which can be widely used for water 
microbiologic depuration and haemodialysis on industrial scale. PS membranes doped with various 
kinds of nanomaterials like modified graphene oxide (Kochameshki et al., 2017), carbon nanotubes 
(Maphutha et al., 2013) and silica nanoparticles (Sen et al., 2014), in order to enhance their applications 
like removal of oil residues from wastewater via filtration (Goh et al., 2015).

Arsenate was successfully removed from water through filtration by using polysulfone membranes 
doped with fabricated graphene oxide (Rezaee et al., 2015). Polysulfone composite membranes doped 
with graphene oxide and were fabricated by using phase inversion technique. It was used as adsorbent 
for the removal of various types of hazardous organic pollutants from water (Zambianchi et al., 2017).

METALLIC NANOPARTICLES

Metal Nanoparticles are simply prepared from the metals precursors. These NPs have potent optical and 
electrical properties due to distinguished localized surface plasmon resonance (LSPR), consequently 
having applications in various research domains. Noble and alkali metals nanoparticles like Ag, Au and 
Cu have a broad and intense absorption band in the visible region of electromagnetic spectrum. The 
metals nanoparticles currently used as a cutting-edge material, controlled by their specific size, shape, 
facet and synthetic pathway.
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Silver (Ag) is extensively reported substance because of its microbial inactivation and less toxicity in 
water (Spadaro et al., 1974; Zhao & Stevens Jr, 1998; Inoue et al., 2002; Kumar et al., 2004). So keeping 
in view as effective biocides (Sondi & Salopek-Sondi, 2004; Baker et al., 2005; Pan´aˇcek et al., 2006; 
Shrivastava et al., 2007; Feng et al., 2000) is well-reported with antibacterial mechanism (Yamanaka et 
al., 2005; Pal et al., 2007). Silver nanoparticles are prepared from its salts e.g. AgNO3 and AgCl. Trun-
cated triangular Ag NPs (Morones et al., 2005) with small size (8 nm) (Makhluf et al., 2005) exhibited 
effective antibacterial activity as compared to rod-shaped and spherical nanoparticles. The mechanisms 
of bactericidal action involved interactions with DNA, damaging the bacterial membranes via genera-
tion of free radicals (Xiu et al., 2011; Xiu et al., 2012), and enzyme damage (Kim et al., 2007; Liau et 
al., 1997; Danilczuk et al., 2006).

Nanocomposites and antimicrobial nanofibers were developed by incorporation of various types of 
polymers with Ag nanoparticles (Balogh et al., 2001; Chen et al., 2003; Botes & Cloete, 2010).

Nanofiber mats prepared by incorporation of Ag nanoparticles with in poly (𝜀-caprolactone-) based
polyurethane as antimicrobial nanofilters (Jeon et al., 2008). Ag nanoparticles based nanofibers were 
exhibited antimicrobial applications (Lala et al., 2007; Chen & Chiang, 2008; Vimala et al., 2009).

Gold nanoparticles coating enhances the electronic stream during sampling of SEM consequently 
image quality of SEM increases.

PHOTOCATALYST BASED ON NANOMATERIALS

Photocatalysts is known as advanced oxidation technology, for their potent action to remove the organic 
contaminants from wastewater (Pan et al., 2010). Photocatalysis ideally leads to green chemistry tech-
nology due to their simple end-products like H2O, CO2, and other minerals (Weon et al., 2016). The 
mechanism of action is the generation of electron (e-) and positive hole (h+) pairs upon light irradiation 
with photon energy equal to or greater than the energy of the photocatalyst band gap. These pairs drift 
to the surface followed by their reaction with species adsorbed on photocatalyst surface as result active 
radicals like .OH-, .O2

-
, h

+, etc. produced. These radicals having a potential to degrade or mineralized 
the various organic contaminants e.g. phenol (Yu et al., 2012), dinitrophenol (Ma et al., 2014), trichlo-
rophenol (Carević et al., 2016), bisphenol A (Chiang & Doong, 2014), 6-hydroxymethyl uracil (Zhao 
et al., 2014), aromatic organoarsenic compounds (Zheng et al., 2014), spiramycin (Vaiano et al., 2015), 
cyanotoxins (Fotiou et al., 2016), flame retardant (Antonopoulou et al., 2016), levofloxacin drug (Kaur 
& Kansal, 2016) etc.

For example praseodymium zirconate (Pr2Zr2O7) nanomaterials as a highly active photocatalyst was 
prepared by reaction of praseodymium nitrate with zirconyl nitrate in the presence of benzene tricarbox-
ylic acid as capping and stabilization agent followed by fabrication in the presence of connecting agent 
i.e. propylene glycol. These nanostructures were utilized for the organic contaminants degradation e.g. 
rhodamine B, methyl orange, methylene blue, and eosin Y.

Biself-doped Bi2MoO6 nanocrystals support the separation as well as transfer of photogenerated 
electron-hole pairs (Ding et al., 2016). Moreover, it also changes the position of conduction and valence 
bands. Rare earth Gd3+ doped on Bi2MoO6 not only contract the lattice but also decreases the crystal 
size (Yu et al., 2016). Bi2MoO6 is also doped with B (Zhao et al., 2009), Zn2+ (Zhang et al., 2016) and 
rare earth Ce (Dai et al., 2016) has also been reported.
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Fluorine doped Bi2MoO6 nanocrystals were prepared by solvothermal calcination method. The doping 
with F− anions causes the lattice shrinkage for the host O2

− anions, consequently crystal size decreases 
as well as increases the crystallinity. In addition, the oxygen species in F-Bi2MoO6 nanocrystals and F− 
anions adsorbed on catalyst surface withdraws the photoexcited electrons as a result potentially enhancing 
the photoexcited electron-hole pairs separation. Fluorinated Bi2MoO6 nanocrystals have a great potential 
for the removal of targeted organic pollutants such as Rhodamine B dye, phenol, 4-chlorophenol and 
bisphenol A (Zhen et al., 2017).

Organic-inorganic hybrids like bismuth terephthalate doped with combination of Bi(NO3)3 and ha-
lide anion e.g. NaI, NaBr, NaCl, and NaF show excellent photocatalytic adsorption performance for the 
pollutants removal due to their large porous structures and surface areas as well as regularly lamellar 
morphology. Visible photodegradation of rhodamine B was significantly enhanced by hybrid doped with 
NaI and NaF (Zhao et al., 2017).

The two step synthetic route for Fe3O4/PDA hybrid material was reported, including the preparation 
of Fe3O4 nanoparticles firstly by the reaction of FeCl3 in DEG and anhydrous CH3COONa followed by 
the dispersion of these nanoparticles in dopamine within tris buffer solution. These hybrid were chelated 
metal ions and have used for the removal of organic dyes e.g. tartrazine and methylene blue as well as 
heavy metals like Cu2+, Hg2+, Ag+ (Zhang et al., 2014).

NANOPARTICLES/NANOCOMPOSITES FOR THE 
DEGRADATION OF ORGANIC DYES/PHENOLS

Among the organic pollutants, dyes are the major ones which are found in waste water in large quantity. 
Most of the dyes, especially azo-dyes are toxic in nature which turns the water unsafe for aquatic life. 
These hazardous pollutants possess stable color and complicated chemical structure. Their removal from 
waste water requires high costs. More than 100,000 dye industries are working across the globe which is 
producing more than 700,000 metric tons of dyes every year (Sen et al., 2011). It is assumed that about 
20% of total dye productions are finally lost in industrial waste water.

Photocatalysis is considered one of the promising candidates for complete destruction of organic pol-
lutants without generation of secondary pollutants. Nanoparticles play effective role in the degradation of 
organic dyes especially by photocatalytic degradation. A photocatalyst is a substance which accelerates 
the photoreaction without being consumed (Fox, 1988). These catalysts possess unusual characteristics 
due to high surface to volume ratio. Pure titanium and zinc oxides are well known for their affectivity 
as photocatalysts for degradation of organic pollutants (Gupta et al., 2012; Pomies et al., 2013; Verma 
et al., 2012; Brillas and Martinez-Huitle, 2015).

Ag/SnO2 nanoparticles prepared by sol–gel method were recently studied for photocatalytic degra-
dation of methylene blue. It was observed that the photocatalytic activity of 84% was achieved when a 
5wt% of silver nano particles were used in Ag/SnO2 in UV light.

The photocatalytic degradation of Amaranth dye (anionic dye) was also carried out in the presence 
of Ag/SnO2 nanoparticles under the UV light. The removal was studied at different pH levels. At pH=4, 
the dye removal upto 53% was observed. It is worthwhile to mention here that amaranth dye is banned 
in USA due to its toxic nature (Ahmad et al., 2017).

The phenomenon of degradation of organic dye is a combined effect of adsorption and photocata-
lytic reactivity under UV light. The adsorption depends upon the surface area and pore structure of the 
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oxide. It is now understood that the adsorption is a prime factor of degradation of dye. First of all, the 
dye molecules are adsorbed on the surface of photocatalyst which are followed by degradation under the 
influence of UV light. The UV light when irradiates the semiconductor surface results in the formation 
of positive hole and electron. The electron in the conduction band is responsible for the formation of 
hydroxyl radical, hydrogen peroxideradical and superoxide anion radical, which are reactive species. 
These reactive radicals combine with organic molecules that undergo the formation of various intermedi-
ates which decompose in UV light to ultimately form carbon dioxide (Ngah & Fatinathan, 2008; Chen 
et al., 2008; Ghorai et al., 2008; Ishibashi et al., 2000).

A detailed mechanism of photocatlytic degradation was published by Royal Society of Chemistry 
as shown in Figure 3.

Figure 2. Chemical structures of Methylene Blue (Cationic Dye) and Amaranth (anionic dye) respectively

Figure 3. Proposed mechanism of photocatalytic degradation of methylene blue (Xia et al., 2015)
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Xu et al reported recently the synthesis of ZIF-derived N-doped porous carbon adsorbents. For con-
venience, Xu marked ZIF/Sucrose and ZIF/Dicyandiamide composites-derived materials Carbon-ZS and 
Carbon-ZD, respectively. The ZIF-8 derived material was also obtained and marked as Carbon-Z. These 
substances are used for their application to remove methylene blue (MB) from wastewater. Carbon-ZD 
emerged as an excellent MB adsorbent. Moreover, when the excessive amounts of carbon-ZD were used, 
it was observed that carbon-ZD have the ability to remove MB as much as 100% which indicates that 
Carbon-ZD is an excellent candidate for MB removal from wastewater. Carbon-ZD displayed an excel-
lent regeneration and reusability profile, as well as anti-interference ability when MO and MB pollutants 
coexist in wastewater (Xu et al., 2017).

Rhodamine B (RhB), another organic pollutant was removed from its aqueous solution by using Cu2O/
rGO (reduced graphene oxide) nanocomposites. The nanocomposites were employed as photocatalysts 
in the presence of UV light and the RhB removal ability was observed as more than 95% (Huang et al., 
2017).

Another photocatalyst, F-Bi2MoO6 displayed good photocatalytic degradation ability for the removal 
of 4-chlorophenol, phenol and dyes. The photocatalyst was further subjected to F-doping to enhance its 
photocatalytic activity. The catalyst surface possesses fluoride ions and oxygen vacancies in Bi2MoO6 
to trap electrons which boost the photocatalytic reaction by generating more reactive radicals (h+, •OH, 
•O2

2-) and positive holes that finally participate in the degradation of organic pollutants. The F-doping 
leads an improvement in the oxidation ability of the catalyst and thus, enabled the catalyst for its promis-
ing application in water treatment (Yu et al., 2017).

WO3 supported on zeolite-Y (WO3-ZY) also appeared as excellent photocatalyst for the removal of 
RhB. The proposed degradation mechanism is shown in Figure 4  (Jothivenkatachalam et al., 2014).

Metal-Organic Framework (MOF)

Metal-organic framework (MOF) is another class of materials based on nanometals used for organic 
pollutant degradation. Stable and hydrophilic MgFe2O4@MOF is reported to possess large surface area 
(519.86 m2g−1) and rapid removal (within 5 min). Rhodamine B (RB) and Rhodamine 6G (Rh6G) were 
successfully removed by using the MOF from water samples. MgFe2O4@MOF possesses significant 
adsoption capacity towards RhB and Rh6G. Moreover, the material could be recycled for reuse by wash-
ing with acetonitrile (Tian et al., 2018).

Biosynthesis of metal nanoparticles emerged as an interesting route of synthesis. Bello et al. reported 
the biosynthesis of silver nanoparticles (AgNps) from the aqueous extract of H. thebaica fruit. The bio-
synthesized nanoparticles were applied for removal of congo red dye. The experimental results showed 
that the particles degraded congo red dye efficiently. Moreover, these nanoparticles have potential for 
both treatments of cancer as well as purification of drinking water (Bello et al., 2017).

The mechanism of photocatalytic degradation of congo red is reported in literature as given Figure 
7 (Murica et al., 2011).

ZnO/oligoaniline based nanocomposite was studied for photodegradation of MB, RhB and CR. Pho-
tocatalytic activity of ZnO/oligoaniline nanocomposites for degradation of MB, RhB and CR dyes was 
determined and the results indicate their excellent ability of degradation (Chen et al., 2017).
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Gold Nanoparticles

Recently, gold nanoparticles (AuNPs) were synthesized by using green chemistry approach. Lagerstro-
emia speciosa leaf extract (LSE) [L. speciosa] was employed for green synthesis of AuNPs which was 
complete within 30 min at 25°C. The dyes; MB, MO, bromocresol green and the phenols, bromophenol 
blue (BPB) & 4-nitrophenol (4-NP) was tested for removal in the presence of sodium borohydride. The 
nanoparticles showed efficient results as the characteristic color of dyes disappeared after few minutes 
of experiment (Choudhary et al., 2017).

Figure 4. Proposed mechanism of photocatalytic degradation of Rhodamine B (RhB)

Figure 5. Structure of Rhodamine B and Rhodamine 6G
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Figure 6. Structure of Congo red dye

Figure 7. Mechanism of photocatalytic degradation of congo red dye
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Iron Based Metal Organic Frame Works

The synthesis of iron based metal organic framework loaded on iron oxide nanoparticles (Fe3O4@
MIL-100(Fe)) and the study of its capability for the removal of methyl red was reported. The results 
indicate that the adsorption capacity of Fe3O4@MIL-100(Fe) for MR is significant. Therefore, it should 
be concluded that Fe3O4@MIL-100(Fe) nano adsorbent can be effectively utilized for the removal of 
methyl red from the aqueous media (Dadfarnia et al., 2015).

Nanoparticle Cu (I) oxide and titania in an inorganic polymer (geopolymer) matrix modified by 
CTAB was studied for MB removal. These composites displayed significant potential for water treat-
ment (Falah et al., 2016).

NANOPARTICLE SYNTHESIS

There are different potent synthetic approaches for vast variety of nanoparticles and continuous re-
search efforts carried on for the discovery of novel, effective and cheap menology. One the potent and 
frequently used method is liquid phase routes. Citrate route is the most convenient and generally used 
synthetic route for gold nanoparticles, developed by Turkevich et al. (1951) The reaction involved AuCl, 
sodium citrate as a stabilizing and reducing agent in water to obtained aqueous gold nanoparticle sols, 
exhibited spherical morphology with comparatively narrow size distribution i.e. 20+1.5 nm (Turkevich 
et al., 1951). These nanoparticles showed potent optical properties like gold nanorods have absorption 
spectral band at longer wavelengths (Murphy et al., 2005).

Semiconducting nanoparticles with well defined particles size and distribution pattern were prepared 
by hot injection synthetic method, which represented significant milestone (Donega et al., 2005). Or-
ganometallic precursor injected rapidly into hot coordinating solvent, as a result produces instantaneous 
nucleation which grows further into the nanocrystals at lower temperature (Park et al., 2007). Other 
important synthetic routes for metal oxides includes polyol-mediated syntheses (Feldmann, 2003), heat-
up methods (Kwon & Hyeon, 2011), nonaqueous/nonhydrolytic, (Mutin & Vioux, 2009) and hydro-
lytic (Hench & West, 1990) sol–gel methods. Nonaqueous sol–gel approaches for nanoscale materials 
were more successful due to high crystallinity, a wide range of shapes and sizes, compositions as well 
as electronically conductive, magnetic, or ferroelectric materials properties as compared to aqueous 
processes (Niederberger & Pinna, 2009). The synthetic route involved the reaction of different metallic 
precursors like metal alkoxides, acetates, halides and acetylacetonates, with specific organic solvent or 
a mixture of definite organic solvents in the presence of surfactants followed by heating in the of range 
50–250OC. Different modes of heating include in an oil bath, in a microwave reactor or in an autoclave 
(Niederberger, 2007).

CONCLUSION

The work described above indicates the effectiveness of nanomaterials for the degradation of organic 
dyes i.e., methylene blue, methyl orange, congo red, rhodamine B etc. as well as phenols and pharma-
ceutical residues. Carbon nanotubes and graphene oxide based nanocomposites are observed as excellent 
materials for removal/degradation of these pollutants. Moreover, the role of these nanocomposites and 
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their photocatalytic activity as recent field of research is discussed. The recent work on nanometals for 
water treatment is also discussed. The green synthesis of metal nanoparticles using various plant extracts 
is a valuable addition in recent work. These particles have effectively been applied for degradation of 
pollutants. These materials could pose a solution to water pollution. So, there is a continued need for 
development of novel and effective nanocomposites for water treatment.
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ABSTRACT

Water pollution by metalloids is a global environmental concern. Owing to their propensity for bioac-
cumulation, water solubility, and interaction with environment, they are threatening both human and 
ecosystem health. Inherent limitations like low efficiency, sensitive operating conditions, and high capi-
tal and operating costs are associated with conventional removal methods which restricts adoption of 
these technologies on large scale. While adsorption is commonly recognized as both an effective and 
affordable remediation technology, many common adsorbents often have inherited limitations including 
non-renewability and high operating costs. Thus, limitations in conventional remediation technologies 
have headed to the rapid progression of new avenues for advanced treatment technologies for metalloid 
pollutant removal such as green nanotechnology. In contrast to many of the currently available adsor-
bents, nanoparticles often have unique properties such as tiny size, more active sites and big surface 
area, easy separation, and high reactivity that enhance removal efficiencies.

INTRODUCTION

Access to high quality water is indispensable for life. Worldwide, the excessive consumption of water 
(Vajnhandl & Valh, 2014), compounded with a general deterioration in the quality of both surface and 
ground waters due to anthropogenic activities such as agriculture, is a major threat to water security 
and ecosystem health. Seventy percent of fresh water is currently used for agriculture (Steinfeld et al., 
2006) of which irrigation accounts for 66% of all water extractions (Scanlon, Jolly, Sophocleous, & 
Zhang, 2007; Tingey-Holyoak, 2014). Dairy farming, geothermal power utilization, contemporary use 
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of arsenic-based pesticides and industrial activities are contributing anionic pollutants (phosphate, ni-
trate, nitrite, arsenate and chromium (VI)) to water bodies (Bundschuh & Maity, 2015; Kuppusamy et 
al., 2016). Elevated levels of these pollutants in turn are governing the production of algae and posing 
a threat to fresh water resources (Arshadi, Foroughifard, Etemad Gholtash, & Abbaspourrad, 2015). 
Annually exposure to poor water quality results in the death of more than five million people because 
of water-borne diseases (FAO, 2010).

In the previous few decades, the removal of anionic pollutants from water and wastewater has been 
extensively examined in order to safeguard standing water sources such as estuaries and lakes from eutro-
phication. However, these often costly techniques, are only effective for treating point-source pollution, 
and may involve synthetic toxic chemicals with potential to detrimentally impact the environment. There 
is therefore a need to explore cost-effective, efficient, and eco-friendly alternative treatment methods 
which can be deployed in situ to tackle more persistent diffuse pollution sources.

Of all the emerging techniques, green nanotechnology is perhaps the most promising; being, efficient, 
eco-friendly and cost-effective. Recently, large-scale bio-synthesis (green synthesis) of energy-efficient, 
low-cost and nontoxic metallic nanoparticles (MNPs) from plant extracts has generated considerable 
interest as a substitute for more traditional chemical and physical methods (Mittal, Chisti, & Banerjee, 
2013; Qu, Alvarez, & Li, 2013). Plant extracts performs as both capping (stabilizing) and reducing 
agents. In plant extracts, the biomolecules, such as amino acids, proteins, enzymes, citrates, vitamins, 
flavonoids, organic acids, and polysaccharides are environmentally benign and mediate the metal ion 
bio-reduction (Iravani, 2011).

Many different types of plants (e.g. aloevera, azadirachta indica, eucalyptus, lemon grass, tea) are 
currently being widely used to prepare MNPs (Mittal et al., 2013). The source of the plant extracts greatly 
affects the final characteristics of the formed MNPs (Kumar & Yadav, 2009). Usually, bio-reduction via 
plant extracts, takes place at room temperature within a few minutes and simply involves mixing a liquid 
phase plant extract with the liquid phase solution mixture of the associated salt of metal. Unlike chemical 
procedures, which often require expensive instruments and end in the discharge of toxic chemicals to the 
environment, biological methods are more simple, eco-friendly and result in more monodispersed MNPs 
(Bindhu & Umadevi, 2013; Ibrahim, 2015). Some researchers have also reported the use of green NPs 
for wastewater treatment. For example, Wang et al. (2014) utilized nFe, synthesized through eucalyptus 
leaf extracts for eutrophic wastewater treatment, obtaining removal efficiencies of 30.4%, 71.7%, and 
84.5% for total P, total N and COD, respectively.

For practical removal of pollutants via NPs many different approaches are currently being investigated. 
Many researchers have simply used NPs in their raw form as nano adsorbents (Qu et al., 2013). However, 
to overcome the problems associated with NP regeneration and agglomeration many researchers have 
also prepared different composite structures; such as nanocomposite membranes and core-shell micro-
spheres; with MNPs as nanofillers (Yin & Deng, 2015). The improved porous structure and mechanical 
strength makes these nanocomposites a more effective for pollutant removal from wastewater. Currently, 
the use of synthetic polymer hosts in nanocomposites are not preferred because of the associated high 
costs and toxic environmental effects. However as an alternative, biopolymer hosts are becoming more 
popular because of their renewability, low cost and environmentally friendly nature (Gehrke, Geiser, & 
Somborn-Schulz, 2015).

Recent literature (Lofrano et al., 2016) advocates that most of the common complications related with 
the use of NPs and polymer nanocomposites (i.e effect of other chemical species present in composite 
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wastewater feeds, in situ wastewater treatment and complex operational conditions) have still not been 
adequately addressed. Over the past five years many researchers have synthesized and used different nano 
adsorbents (i.e. silver, gold and titanium) which all impart toxic effects to environmental entities when 
directly released (Lofrano et al., 2016). Approaches for better dispersion of nanomaterials and compat-
ibility of the nanofillers with biopolymers hosts are thus needed to tackle the problem of NPs toxicity 
upon direct release. To date, there are limited reports of using nZnO and nMgO as nano adsorbents and 
nanofillers in biopolymer hosts for anionic pollutant removal. There are also lab-based studies on the use 
of NPs and nanocomposites for pollutant removal, but limited studies report the large scale fabrication 
for practical in situ wastewater treatment.

Stress on Fresh Water Resources

Globally, stress on limited freshwater resources has dramatically increased due to population growth, 
urbanization, mounting food demand and the cumulative impacts from climate change, socioeconomic, 
industrial and agricultural sectors (Ridoutt & Pfister, 2010). Since almost forty percent of the world’s 
inhabitants reside in zones where water bodies are over loaded owing to competition and scarcity, a re-
cent World Economic Forum report stated that the greatest risk facing many societies is the impacts of 
water scarcity (World Economic Forum, 2015). Even wherever water supplies are relatively plenteous, 
they are gradually becoming at risk due to increasing water demand. According to the United Nations 
Organization, two thirds of the world’s populace, by 2025, will experience moderate to severe water 
dearth (United Nations Development Programme, 2006). Many African, Middle Eastern and South Asian 
countries will face the threat of serious water shortages in the next two decades. Whereas, in develop-
ing countries the issue is further worsened by a lack of trained professionals, proper management and 
financial constraints (Azizullah, Khattak, Richter, & Hader, 2011).

Despite worldwide attempts by irrigators to implement improved technologies and practices to de-
crease water-use, since 70% of global water usage occurs in the agricultural sector (Wheeler, Zuo, & 
Loch, 2015) any degradation in water resources dramatically increases agricultural demand. Worldwide 
increases in intensified farming and livestock production are also triggering an overexploitation of surface 
and groundwater resources and may endanger the freshwater abundance for future generations (Ridoutt 
& Pfister, 2013). These practices are consequently contributing to greater inputs of nutrients to water; 
in particularly; nitrogen (N) and phosphate fertilizers (Doole, Marsh, & Ramilan, 2013). Other common 
sources of nutrients (i.e. phosphate and nitrate) come from natural geological sources, soil erosion, com-
munity sewerage schemes, urban runoff and septic tanks (Abell, Hamilton, & Paterson, 2011). Elevated 
concentrations of anionic pollutants like phosphate can reduce water quality over time resulting in aquatic 
and algal blooms, which deplete dissolved oxygen (Arshadi et al., 2015). Such eutrophication of surface 
water results in severe environmental costs (Pretty et al., 2003) and requires a multidisciplinary approach 
to deal with it (Sevcenco et al., 2015).

NANOTECHNOLOGY

A nanoparticle is defined as having at least one dimension < 100 nm (Fendler, 2007; Narayanan & 
Sakthivel, 2011). Unlike larger bulk materials, nanomaterials exhibit very unique properties and con-
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sequently have found numerous applications because of their surface energy, high surface-to-volume 
ratio and morphology. In fact a new “nanotechnology” industry has evolved around the application of 
nanomaterials to real word problems (Herlekar, Barve, & Kumar, 2014)

Nanoparticles Synthesis

Nanoparticles (NPs) are usually synthesized by common top-down and bottom-up schemes (Narayanan 
& Sakthivel, 2011). In the top-down method (size reduction) the large loose material is slowly shattered 
down to nano-sized particles. While in the bottom-up technique, molecules or atoms are agglomerated 
to nanometer sized molecular structures. Common top-down or bottom-up strategies are summarized 
below (Figure 1) (Mittal et al., 2013).

Figure 1. Top-down or bottom-up strategies used in nanoparticle synthesis
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Nanoparticles Characterization

Accurate NP characterization in terms of shape, size, homogeneity and surface area is important to 
determine their efficiency and effectiveness for adsorption process. Numerous methods are commonly 
used for characterization of NPs, nanostructures, nanomaterials and nanocomposite thin films. Some 
methods for structural characterization include EDX (Electron Dispersive X-ray), SEM (Scanning 
Electron Microscopy), FT-IR, XRD (X-Ray Diffraction) and TEM (Transmission Electron Microscopy) 
(Mahendra Rai & Duran, 2011). During nanomaterial fabrication, while obtaining a small size is an 
important consideration, matching the specific NPs characteristics consistently to the application is also 
important, i.e. NPs should have the same size, morphology, shape and crystal structure and chemical 
composition (Tiwari, Behari, & Sen, 2008). Figure 2 illustrates the size, morphology and shape of two 
distinct NPs, a sponge-like magnesium oxide NP and rod-like zinc oxide NP (Rafiq, Nazir, Durr-e-
Shahwar, Shah, & Ali, 2014).

As summarized in Table 1., NPs characterization techniques generally involve the characterization of 
size, surface area, shape, and dispersity which reveal important information such as optical properties, 
surface charges, topographic features, morphologies, purity and porosity nature (Kuppusamy, Yusoff, 
Maniam, & Govindan, 2014; Mittal et al., 2013).

Table 1. Nanoparticle characterization techniques

Technique Characteristics Determined Reference

Atomic force Microscope 
(AFM)

Topological appearance and range of the size and height distribution 
with the nature of the material in terms of porosity. (Suresh et al., 2015)

Dynamic Light Scattering 
(DLS)

Size distribution and surface charges of the particles suspended in a 
liquid.

(Elumalai, Velmurugan, 
Ravi, Kathiravan, & 
Adaikala Raj, 2015)

Energy Dispersive Spectroscopy 
(EDS) Elemental composition of metal NPs.

(Elumalai, Velmurugan, 
Ravi, Kathiravan, & 
Ashokkumar, 2015b; 
Strasser et al., 2010)

Fourier Transform Infrared 
Spectroscopy (FTIR)

The organic functional groups and surface chemistry such as 
hydroxyls and carbonyls attached to the surface of NPs and the other 
surface chemical deposits.

(Elumalai, Velmurugan, 
Ravi, Kathiravan, & 
Ashokkumar, 2015c)

Powder X-ray diffraction (XRD)

Characterization of the crystal structure and phase identification, 
size purity of the NPs. X-rays enter into the NPs and subsequent 
diffraction pattern is matched with specific standards to find structural 
information.

(Yuvakkumar, Suresh, 
Nathanael, Sundrarajan, & 

Hong, 2014)

Scanning Electron Microscopy 
(SEM)

Morphological characterization, crystalline size and shape (at the 
nanometer to micrometer scale). (Vanathi et al., 2014)

Transmission Electron 
Microscopy (TEM)

Morphological characterization (at the nanometer to micrometer 
scale). It has a 1000 times higher resolution as equated with the SEM.

(Elumalai, Velmurugan, 
Ravi, Kathiravan, & 
Ashokkumar, 2015a; 
Schaffer, Hohenester, 

Trügler, & Hofer, 2009)

UV–visible Spectrophotometry Determines optical properties of MNPs.
(Elumalai & Velmurugan, 

2015; Shahverdi, Shakibaie, 
& Nazari, 2011)

Zeta potential Potential effective electric charge. (S. Kuppusamy et al., 2016)
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Applications of Nanotechnology in Water and Wastewater Treatment

Interest in nanotechnology-empowered wastewater treatments are increasing because such treatments 
have the potential to overcome some of the major deficiencies of existing treatments while simultaneously 
providing greater and more economic use of scarce water resources (Tiwari et al., 2008). Adsorption 
is the most commonly applied nano-technology to remove both inorganic and organic pollutants from 
water/wastewater. Compared to NPs, effectiveness of other adsorbents such as biomass and charcoal is 
normally very limited as the number of active sites and surface area are much less owing to their larger 
particle size. Due to NPs enhanced selectivity and adsorption kinetics nano-adsorbents can play a vital 
role in pollutant removal. In particular, nano-adsorbents have high surface area and large numbers of 
sorption sites, short tunable pore size and intra-particle diffusion distance and novel surface chemistry 
(Prasse, Stalter, Schulte-Oehlmann, Oehlmann, & Ternes, 2015). Different types of nano materials are 
used depending upon the particular application, where for adsorption applications, carbon nano tubes, 
nano scale metal oxide, nano fibers with core shell structure are all commonly used. Nano-zeolites, 
nAg, carbon nano tubes, and nano-magnetite are also all commonly used in nano-composite membranes 
synthesis. However, for photo catalysis, disinfection and microbial control, nTiO2, fullerene derivatives, 
nAg and carbon nano tubes are frequently used (Ali, 2012).

Surface Chemistry of Metal Oxide Adsorbents

Depending on the type of adsorbent, surface chemistry may affect the adsorbate/adsorbent interaction. 
This is especially true for the adsorption of ions onto oxidic adsorbents. Oxidic adsorbents such as metal 
oxides are characterized by crystalline structures where positively charged metal ions and negatively 
charged oxygen or hydroxide ions are arranged in such a manner that the different charges compensate 
each other. In aqueous solutions, the negative charges of the surface oxygen ions are neutralized by 

Figure 2. (a) Overview of agglomerated hexagonal wurtzite structure of nZnO (53.7 nm) synthesized us-
ing sedum alfredii Hance leaf extract (Jiao Qu, Luo, & Hou, 2011), (b) Rod-like nZnO (24.7 nm) taken 
at 50 micro meter resolution (Rafiq et al., 2014)
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protons, whereas the positive charges of the surface metal ions are neutralized by hydroxide ions. As a 
result, the surface of oxidic adsorbents is covered with surface OH groups. These groups are subject to 
protonation or deprotonation depending on the solution pH and consequently the surface is positively 
charged at low pH and negatively charged at high pH.. Between these extremes, a pH value exists at 
which the sum of negative charges equals the sum of positive charges and the net charge of the surface 
is zero. This point is referred to as the point of zero charge (pzc). The pHpzc is an important adsorbent 
parameter that aids in understanding the adsorption of charged species and the influence of pH on the 
adsorption process (Bhatnagar, 2013; Ruthven, 1984).

Generally, the adsorption of charged species onto charged surfaces can be expected to be strongly 
influenced by electrostatic attraction or repulsion forces. Dissolved ions can be bound to the surface OH 
groups by different mechanisms: specific adsorption (i.e. surface complex formation) and nonspecific 
adsorption. These mechanisms are strongly related to the structure of the electric double layer that sur-
rounds the charged solid particle. The term surface complex formation includes two different types of 
reactions, the formation of inner-sphere complexes and the formation of outer-sphere complexes. The 
model of outer-sphere complex formation presumes that ions can also be bound to the surface sites 
by chemical bonds without losing their hydration water. That means that a water molecule is located 
between the ion and the adsorption site. Therefore, the distance to the surface is larger and the binding 
strength is weaker in comparison to inner-sphere complex formation (Bhatnagar, 2013; Worch, 2012).

The very fast adsorption of anionic pollutants via nanoadsorbents is usually attributed to either 
simple electrostatic attractions, or due to the driving force of a significant concentration gradient at 
higher initial pollutant concentrations which both results in the transportation of anionic pollutants to 
the adsorbents surface. Kinetics studies have shown that here the adsorption of anionic pollutants such 
as phosphate onto ZnO (Luo et al., 2015), hydrous zirconium oxide (Lin et al., 2017), Fe3O4@SiO2 
core/shell magnetic NPs (Li Lai, Qiang Xie, Lina Chi, Wei Gu, & Deyi Wu, 2016) cerium–zirconium 
binary oxide NPs (Yu Su, Yang, Sun, Li, & Shang, 2015), iron (Fe+3) oxide/hydroxide NPs (Zelmanov 
& Semiat, 2015) is primarily considered to be electrostatic attractions between adsorbent active sites 
and adsorbate (Bhatnagar, 2013).

Nano-Adsorbents

A large number of different kinds of NPs, like metals based NPs (metal oxides i.e. iron oxide, titanium 
dioxide, zeolites, magnetic NPs and alumina) (Abid, Kanematsu, Young, & Kennedy, 2013), carbona-
ceous NPs (carbon nano tubes) (Bo Pan & Xing, 2008), polymeric NPs (dendrimers) (Huang & Keller, 
2013) are being used as nano adsorbents for a range of different pollutants including heavy metals, 
radionuclides and organic contaminants (Hornyak, Moore, Tibbals, & Dutta, 2008).

Metal Oxide Nanoparticles as Powerful Nano-Adsorbents

Application of metal oxide nano particles (MONPs) is widespread because of their novel properties 
(Kharissova et al., 2013) such as monodisperse nature, purity, shape, size and crystalline structure. 
MONPs can be easily synthesized and chemically modified (Makarov et al., 2014). While both chemical 
and physical processes are commonly used to synthesis MONPs with predefined (tunable) character-
istics (Diaz et al., 2015), these techniques are normally expensive and hazardous to living organisms 
and the environment (Gan, Ng, Huang, & Li, 2012). Indeed many of the old wet chemical methods of 
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MONPs synthesis involved harmful materials (Joo & Zhao, 2016). Furthermore, dry methods like UV 
irradiation, lithography and aerosol are also not considered eco-friendly. Therefore, green synthesis of 
biocompatible, clean, non-toxic and eco-friendly MONPs has been proposed both intracellularly and 
extracellularly (Sharma, Yngard, & Lin, 2009). These green synthesized MO nano-adsorbents be able 
to be effortlessly regenerated by altering solution pH (Y. C. Sharma, Srivastava, Singh, Kaul, & Weng, 
2009) and although some authors have reported reduced adsorption capacity after regeneration in some 
circumstances (Deliyanni, Bakoyannakis, Zouboulis, & Matis, 2003), their overall adsorption capabil-
ity was generally preserved following numerous regeneration cycles (Hu, Chen, & Lo, 2006). Thus, in 
general, the great adsorption capacity, easy separation, low cost and renewal capacity have made metal 
based nano adsorbents and attractive and economically viable technology for water purification (Qu et 
al., 2013).

Green Synthesis of Metal Oxide Nanoparticles

For some time only prokaryotes were tested for the ability to bio-reduce or bio-sorb metal ions and con-
vert toxic metals to non-toxic metal salts. Other biosynthetic approaches, including microbial synthesis 
of NPs, have been conducted at the interface between nanotechnology and microbiology. For example, 
biosynthesis of energy-efficient, low-cost, and non-toxic metallic NPs by viruses, fungi, bacteria, yeasts 
and actinomycetes have all been reported by researchers (Iravani, 2011). However, because of some 
limitation in growth and safety amongst microorganisms, plants are considered to be the safest organism 
for the biosynthesis of MONPs (Herlekar et al., 2014; Mittal et al., 2013). Recently, different eukaryotic 
plants have been recognized as possessing reducing and stabilizing potential enabling them to transform 
inorganic metal ions into metal NPs. Such mediated plants extract synthesis is now more feasible than 
ever before and is gaining more popularity due to perceived benefits of lower costs, shorter production 
times and volumes and being a sustainable source of phototrophs.

Plant Extracts Mediated Synthesis of Metal Nanoparticles

Plants contain a complex variety of different metabolites like proteins, enzymes and other reducing agents 
(Narayanan & Sakthivel, 2010, 2011). Thus, the production of numerous MONPs via plant extracts is an 
easy process, where NP shape and size can be regulated through the judicious use of different pH and 
temperature (Makarov et al., 2014). This approach uses extracts of various plant parts and multiple salts/
acids of metals (like copper, gold, iron, platinum, silver, zinc and many others) for MONPs synthesis 
(Sougata Ghosh et al., 2012; Park, 2014; Rai & Yadav, 2013).

FTIR has shown that plant metabolites all reduce metal ions to NPs (Shankar, Rai, Ahmad, & Sas-
try, 2004, 2005). However, different plants have different concentrations of active compounds, which 
influences NPs morphology since hexagons, triangles, pentagons, spheres, cubes, nanowires, ellipsoids 
and nanorods can all be formed by a variety of plants extracts (Makarov et al., 2014; Rauwel, Küünal, 
Ferdov, & Rauwel, 2015). Table 2 summarizes the MNPs size and morphology synthesized by different 
plants extracts.

Metal Ion Reduction and Role of Plant Compounds (Metabolites)

There are three main phases in the synthesis of MNPs by plant extracts 1) Reduction, 2) Growth and 
3) Stabilization (Figure 3). During the reduction phase, metal ions reduction occurs with consequential 
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nucleation of reduced metal atoms. In the second growth stage, NPs in close proximity agglomerate 
and overall NP size increases. This is the direct creation of NPs by a heterogeneous nucleation and 
growth process leading to metal ion reduction (aka Ostwald ripening), supplemented by boom in the 
thermodynamic stability of NPs. Finally, in the stabilization phase, reactions slow and an equilibrium 

Table 2. Morphology and size of MNPs synthesized by different plants extracts

Plant Name Botanical Name Metal Morphology Size (nm) Reference

Rose geranium Elargonium 
Graveolens Gold decahedral icosahedral 

shaped 20–40 (Shankar, Ahmad, & Sastry, 
2003)

Lemon grass Cymbopogon 
Flexuosus Gold Nano spheres & Nano 

triangles 0.05–18 (Shankar et al., 2005)

Neem (Indian lilac) Azadirachta Indica Gold triangles and hexagons 50–100 (Shankar et al., 2004)

Neem (Indian lilac) Azadirachta indica Silver polydispersity spherical 5–25 (Shankar et al., 2004)

Aloe vera Aloe barbadensis In2O3 cubic 5–50 (Maensiri et al., 2008)

Figure 3. Insides into nanoparticle synthesis (M+ metal ion)
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is established which determines the final NPs form (Si & Mandal, 2007). The duration of the growth 
phase in part determines the final aggregate form (i.e. nanohexahedrons, nanoprisms, nanotubes and 
various other irregularly shaped nanoparticles) (Glusker, Katz, & Bock, 1999). Whereas, the termination 
phase is dependent upon the plant extract type because here NPs acquire the most energetically favorable 
conformation (Kim et al., 2010).

Among various metabolites, the terpenoid content of plants is most commonly linked with NPs 
production because these are the most typical organic polymers manufactured by plants from 5-carbon 
isoprene units acting as strong antioxidants (Shankar et al., 2003). Thus terpeniods have been cited as 
being responsible for the transformation of Zn+ to nZn using Aloe vera extract (Ali et al., 2016). It has 
been reported that the main terpenoid, Eugenol, present in cinnamon extracts (Cinnamomum zeylanisum) 
played a key part in the bioreduction of both silver and gold ions (Sathishkumar et al., 2009). FTIR 
spectroscopy revealed that proton dissociation from Eugenol’s hydroxyl group resulted in the formation 
of resonance structures which facilitated oxidation and as an outcome the active reduction of metal ions 
resulted in NPs synthesis (Sathishkumar et al., 2009; Singh, Talat, Singh, & Srivastava, 2010).

Flavonoids are another big cluster of polyphenolic compounds ubiquitous in many plants. NPs are 
formed by the flavonoids via a combination of chelation (by carbonyl groups π-electrons) and metal ion 
reduction (by flavonoid functional groups). Transformation of flavonoids from enol-form transformed 
to keto-form also discharge reactive hydrogen atoms that may reduce the metal ions (Singh et al., 2010). 
For instance, Ocimum basilicum (sweet basil) extracts containing rosmarinic and luteolin acid were 
transformed from the enol- to the keto- form for reduction of Ag ions (Ahmad et al., 2010) (Figure 4). 
Reactive hydrogen is released from luteolin when the enol form is formed which further converts of 

Figure 4. Reduction of Ag ions by transformation of the enol- to the keto- form
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Ag+ ion to Ag metal (Figure 4 a and b). The keto form of the rosemarinic acid again liberates the reac-
tive hydrogen to make an unstable intermediate enol form of the same acid. However, this structure is 
unstable because it contains two hydroxyl group on a single carbon atom and returns back to its keto 
form (Figure 4 c and d) (Ahmad et al., 2010).

Sugars including monosaccharides like glucose (which contain aldehyde groups) can also perform 
as reducing agents. They comprise a keto-group (fructose), which transforms ketone to an aldehyde 
and exhibits antioxidant ability. The reducing ability of both di- and poly-saccharides is reliant on the 
monosaccharide components. Like the disaccharides, lactose and maltose also have also some reducing 
ability, because their monomers have an open chain form.

However, there are also some sugars like sucrose, which have no reducing ability because the fructose 
and glucose monomers are joined in such a manner that an open chain is not accessible. Glucose is a 
strong reducing agent than the fructose, due to the inherit antioxidant prospective of the fructose. When 
the aldehyde group in sugar is oxidized in to a carboxylic acid group this leads to the reduction of metal 
ions (Panigrahi, Kundu, Ghosh, Nath, & Pal, 2004).

Moreover, FTIR spectroscopy has shown that amino acids and carbonyl groups of the aspartic and 
glutamic acid’s core chain or side chains from proteins are associated with the NPs (Glusker et al., 1999; 
Zayed, Eisa, & Shabaka, 2012) as they bind with metal ions to reduce them further. Different studies 
have revealed that amino acids like arginine, cysteine and lysine all bind strongly with the silver ions 
(Tan, Lee, & Wang, 2010). Furthermore, natural α-amino acids such as tryptophan are also a very strong 
reducing agent for gold ions (Glusker et al., 1999).

Physical Factors Affecting Metal Nanoparticles Formation Through Plant Extracts

Several researches revealed that shape, yield and size of MNPs is mainly dependent upon the pH of the 
reaction mixture since pH changes result in the alteration of natural phytochemical charges which are 
present in an extract thereby affecting their capability to bind and subsequently reduce both metal anions 
and cations (Gan & Li, 2012). Thus, at highly acidic pH, MNP aggregation is more dominant than either 
reduction or nucleation of reduced atoms, and this is why most gold NPs are synthesized at pH values 
which are alkaline, whereas NPs do not synthesize at acidic pHs (Ghodake, Deshpande, Lee, & Jin, 2010). 
Elevated temperatures result in increased reaction rates, increased NP synthesis (Das, Gogoi, & Bora, 
2011; Lukman, Gong, Marjo, Roessner, & Harris, 2011) and increased nucleation rates (Das et al., 2011). 
For example, nAg derived from Alfalfa plants (M. sativa) and lemon verbena (Aloysia citrodora) only 
formed at temperatures above 30 °C (Lukman et al., 2011). The electrochemical potential of the ion of 
interest also plays a critical role in the reduction process, since if the electrochemical potential for metal 
ion reduction is too high, plants extracts may not effectively reduce metal ions (Haverkamp & Marshall, 
2008). Agglomeration of reduced metal atoms to NPs is also dependent upon the reaction time so that 
the faster NPs formation is the more uniform and smaller the NPs formed are (Makarov et al., 2014).

1.  Zinc Oxide (ZnO) Nanoparticle

Zinc oxide nanoparticles (nZnO) are commonly used in textiles, industrial coatings, personal care 
products (sunscreens and cosmetics), antibacterial agents, dye-sensitized solar cells and electronic and 
optical materials. They are also effective as fertilizers to improve Zn insufficiency in soils (Amutha et 
al., 2016; Wang et al., 2013). The relative exposure pathways, commercial applications and use in the 
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water/wastewater treatment process are implausible to lead to direct release in to environment, although 
other uses such as fertilizer applications may lead to their direct discharge to the soil (Milani et al., 2012). 
Around 550 tons or nZnO is being used annually in cosmetics, paints and coatings, plastics/polymers 
(Mitrano, Motellier, Clavaguera, & Nowack, 2015). The amount of nZnO released to the environment 
(Lide, 2005; Majedi, Kelly, & Lee, 2014) is dependent upon the temperature and organic acid content 
(Joo & Zhao, 2016). ZnO is a very stable non-toxic material. It effectively removes As in the pH range 
5.8-6.8 (Singh et al., 2013). nZnOs improve hydrophilicity and compaction of nanocomposite membrane 
and decrease membrane fouling when used as nano fillers in MMMs fabrication (Alhoshan, Alam, Dass, 
& Al-Homaidi, 2013). Moreover, Zn-Cl2-activated carbon (Namasivayam & Sangeetha, 2004), Zn-Al 
hydroxides (Cheng et al., 2009) and zinc oxide (Luo et al., 2015) showed good phosphate adsorption 
abilities. However, up to now, anionic pollutant adsorption by nZnO has not been reported.

2.  Magnesium Oxide (MgO) Nanoparticles

Magnesium oxide (MgO) is a multipurpose oxide material with a low dielectric constant and refrac-
tive index, large band gap and good thermodynamic stability with various applications in ceramics, 
catalysis, toxic waste remediation, as an additive in paint, refractory, antibacterial properties, and also 
as a superconducting material (Shah & Qurashi, 2009; W. Wang, Qiao, Chen, Tan, & Li, 2009). To date, 
removal of anionic pollutants using nMgO has scarcely been reported (Sathyamoorthy, Mageshwari, 
Mali, Priyadharshini, & Patil, 2013). However, use of both nanoscale and ultrafine MgO particles is 
a favorable technique for the adsorption of toxic chemical agents. Hence, it is significant to focus the 
current research effort on the preparation of nMgO for the removal of anionic pollutants (Ramanujam 
& Sundrarajan, 2014).

Until now, nMgO were almost exclusively produced by dehydration of Mg(OH)2 or by decomposi-
tion of various Mg salts using hydrothermal (Kumari, Li, Vannoy, Leblanc, & Wang, 2009), flame spray 
pyrolysis (Yi, Wenzhong, Yitai, Li, & Zhiwen, 1996), thermal evaporation (Yang, Sha, Wang, Wang, 
& Yang, 2006), chemical vapor deposition (Hao, Meng, Ye, Zhang, & Zhang, 2005), sol–gel (Phuoc, 
Howard, Martello, Soong, & Chyu, 2008) and also surfactant techniques (Ouraipryvan, Sreethawong, 
& Chavadej, 2009). However, these synthesis methods are costly and require complex processes, so-
phisticated instruments, and the use of environmentally toxic chemicals and hazardous organic solvents 
which do not simply biodegrade in the environment. Therefore, evolving a bio-synthetic process for 
synthesizing nMgO under slight reaction conditions is a stimulating research goal (Mageshwari, Mali, 
Sathyamoorthy, & Patil, 2013; Moorthy, Ashok, Rao, & Viswanathan, 2015).

a. Green Materials Used for ZnO and MgO Nanoparticles Synthesis

While a variety of physicochemical methods are engaged in NPs fabrication, ”green” synthesis us-
ing eco-friendly and non-toxic biological methods is attaining popularity (Mittal et al., 2013). These, 
safer alternate biological synthetic approaches can result in NPs with distinctive properties and allow 
for precise shape and controlled structure formation (Geetha, Kavitha, & Ramesh, 2015).

Several studies have been conducted for nZnO synthesis through plant extracts. Crystalline nZnO (72.5 
nm) were produced by Physalis alkekengi L. and transmission electron microscope images confirmed that 
the produced NPs were poly dispersed (Qu, Yuan, Wang, & Shao, 2011). nZnO are similar to nTiO2 in 
that they show high UV absorption efficiency and also photocatalytic efficiency through the release of 
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hydrogen peroxide (Dhakras, 2011). Another study showed that hexagonal nZnO from a Sedum alfredii 
Hance plant extract (Zn-hyper-accumulator) were agglomerated, but single nZnO were pseudospherical 
with an average size (53.7 nm) (Jiao Qu et al., 2011). Highly spherical and stable nZnO (25 to 40 nm) 
were also synthesized by zinc nitrate and aloe barbadensis miller leaf extracts (Kharissova et al., 2013). 
At aloe leaf extract concentrations greater than 25% (w/v) more than 95% NP transformation occurred 
yielding poly dispersed NPs. However, by changing the concentrations of the leaf extract in solution the 
particle size could be varied (Sangeetha, Rajeshwari, & Venckatesh, 2011).

Some plants have already been successfully used for the green synthesis of both nZnO and nMgO. 
Table 3 lists green synthesized nZnO and nMgO according to their respective size distribution. The table 
indicates few studies report biosynthesis of nMgO probably because of its less redox potential compared 
to other metals, however these studies shows the potential of biosynthesis of nMgO using plant extracts.

Plant extracts having elevated concentrations of proteins, alkaloids, amino acids, enzymes, polysac-
charides and alcoholic compounds (Kesharwani, Yoon, Hwang, & Rai, 2009) are more likely to facilitate 
the rapid bio- metal ions reduction to MNPs and promote their successive growth and stabilization. Thus 
a successful green synthesis needs plants containing high phenol levels. For instance, banana and aca-
cia plants are renowned for their elevated secondary metabolites content which makes them promising 
candidates for green synthesis of MONPs (Bankar, Joshi, Kumar, & Zinjarde, 2010).

b. Acacia

Acacia is a monophyletic genus of flowering plants in the Fabaceae family, commonly known as 
thorn trees. Acacia occurs in a variety of open, tropical to subtropical parts of the world. Out of the 
1350 existing species worldwide, in terms of geographical species distribution, 163 are considered to 
be common or widespread species) of which 9 are native to Australasia (Maslin & McDonald, 2004). 
Secondary metabolites reported in various Acacia species include amines, simple alkaloids, terpenes, 
flavonoids, phenolic substances and polysaccharides (gums) (Seigler, 2003). Gum acacia (GA), is a bio-
polymer polysaccharide derived from the branches and stems of the Acacia senegal tree (Boland et al., 
2006). Acacia has been extensively used in the preparation of metallic NPs were it acts as stabilizing and 
reducing agent and is popular because of its biocompatibility and non-toxicity (Bajpai & Kumari, 2015; 
Dong, Zhang, Cai, & Cao, 2014). Two species of Acacia, Acacia pycnantha (Golden Wattle) and Acacia 
dealbata (Silver Wattle) are a favorable plant candidate for NP green synthesis due to their widespread 
availability, abundance and high bioreduction potential as inferred from their high phenolic content.

CURRENT WASTEWATER TREATMENT METHODS

In order to control anionic derived eutrophication and conserve the natural aquatic environment, ef-
ficient techniques for the elimination of anionic nutrient pollutants from water bodies is of significant 
global importance. Current methodologies for water treatment fall in to many different categories (Fig-
ure 5) (Gupta, Ali, Saleh, Nayak, & Agarwal, 2012). Despite widespread adoption all of these current 
methods have some limitations, including poor efficacy, sensitive operational conditions and release 
of a secondary sludge which requires additional costly final disposal (Bhatnagar & Sillanpää, 2011). 
These drawbacks, combined with the need to develop further cost effective approaches for recuperating 
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Table 3. Green materials previously used for nZnO and nMgO synthesis

Green Materials Morphology Size (nm) Reference

nZnO

Ocimum tenuiflorum leaf extract Hexagonal 11-25 (Raut, Thorat, & Thakre, 2015)

Murraya koenigii Hexagonal and spherical 12 (Elumalai, Velmurugan, et al., 2015a)

Moringa oleifera Spherical and granular 16–20 (Elumalai, Velmurugan, et al., 2015c)

Azadirachta indica leaf extract Spherical shape 20 to 45 (Elumalai & Velmurugan, 2015)

Hibiscus subdariffa leaf extract Spherical 12-46 (Bala et al., 2015)

Olea europea leaf extract Crystalline 18-30 (Awwad, Albiss, & Ahmad, 2014)

Tamarindus indica leaf extract
Spherical 19

(Elumalai, Velmurugan, et al., 2015b)
Hexagonal 37

Solanum nigrum Hexagonal (wurtzite) 20 and 30 (Ramesh, Anbuvannan, & Viruthagiri, 2015)

Aloe Barbadensis Miller leaf extract Poly dispersed 25 to 40 (Sangeetha et al., 2011)

Parthenium hysterophorus L.
Spherical 27 ± 5

(Rajiv, Rajeshwari, & Venckatesh, 2013)
Hexagonal 84 ± 2

Vitex trifolia leaf extract Spherical shape 28 (Elumalai, Velmurugan, Ravi, Kathiravan, & 
Adaikala Raj, 2015)

Hibiscus rosa-sinensis Crystalline 30-35 (Devi & Gayathri, 2014)

Zingiber officinale (ginger) Spherical 30-50 (Raj & E, 2015)

Sargassum Muticum (s.muticum) aqueous 
extract (Brown marine macro algae) Hexagonal structures 30-57 (Azizi, Ahmad, Namvar, & Mohamad, 2014)

Eichhornia crassipes leaf extract Spherical shape 32 (Vanathi et al., 2014)

Aloe extract Spherical 40 (Gunalan, Sivaraj, & Rajendran, 2012)

Ocimum basilicum l. Var. Purpurascens 
benth.-lamiaceae leaf extract Hexagonal (wurtzite) 50 (Abdul Salam, Sivaraj, & Venckatesh, 2014)

Nephelium Lappaceum leaf & peel extract Hexagonal 50 (Yuvakkumar et al., 2014)

Citrus aurantifolia extracts Spherical shape 50-200 (Ain Samat & Md Nor, 2013)

Cassiafistula plant extract Sponge 5–15 (Suresh et al., 2015)

Sedum alfredii Hexagonal (wurtzite) & 
Pseudo-spherical 53.7 (Jiao Qu et al., 2011)

Sedum alfredii hance leaf extract Hexagonal (wurtzite) 53.7 (Jiao Qu et al., 2011)

Physalis alkekengi Crystalline 72.5 (J. Qu et al., 2011)

Physalis alkekengi leaf extract Polydispersity 72.5 (J. Qu et al., 2011)

Camellia sinesis Crystalline 85.3 (R. K. Shah, Boruah, & Parween, 2015)

Cassia Auriculata(tanners cassia) Spherical 100 (P.Ramesh, A.Rajendran, & 
M.Meenakshisundaram, 2014)

nMgO

Aloe vera gel MgO (Fe3+ decorated) Spherical 12–22 (Anilkumar et al., 2015)

Azadirachta indica Crystalline 25 and 27 (Sankara Rao et al., 2015)

Emblica officinalis Cubic structure 27 (Ramanujam & Sundrarajan, 2014)

Orange Fruit Waste Cubic 29 (Rao, Ashok, Rao, Chakra, & A, 2015)
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contaminants, have led to the improvement of diverse new separation technologies together with nano 
adsorption (Gupta et al., 2012).

Removal of Anionic Pollutants From Wastewater

Removal of anionic pollutants from agro-industrial and domestic wastewaters prior to environmental 
discharge is increasingly important and often enforced legislatively (Naghash & Nezamzadeh-Ejhieh, 
2015; Xu, Deng, Liu, & Peng, 2012). There are numerous conventional and advanced technologies for 
anion removal from wastewater (Ayyasamy et al., 2007; Sullivan, Tyrer, Cheeseman, & Graham, 2010; 
Ungureanu et al., 2015; Jie Xie, Wang, Wu, & Kong, 2014). Among these, the adsorption method is 
favored practically owing to its flexibility, simplicity, cost-effectiveness and easy operation (Ogata et 
al., 2016; Xing Xu, Gao, Jin, & Yue, 2016). Several other approaches have successfully been employed 
for the removal of phosphate, nitrate, chromium and arsenic (Lee, 2011). Some of these methods and 
their removal efficiencies are listed in Table 4.

Figure 5. Classification of wastewater treatment technologies
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Table 4. Approaches employed for the removal of phosphate, nitrate, nitrite and arsenic

Pollutant removal methods from 
different adsorbents

Initial 
concentration 
of pollutant 

(mg L1-)

Adsorbent 
dose (g) pH Temperature 

(K)

Contact 
Time

(hours)

Maximum adsorption capacity 
Qm Reference

(mg g-1) Percentage (%)

Phosphate

La(III)-modified bentonite 5 - 5.5 298.15 1 - 95 (Kuroki et al., 2014)

Red mud/polyaluminum chloride 
composite coagulant 5 0.1475 6.5 298.15 0.16 - 95 (Ni, He, Wang, & 

Luan, 2015)

Fe3O4@SiO2 Core/shell magnetic 
nanoparticles functionalized with 
hydrous lanthanum oxide

2 0.2 7.18 298.15 24 27.8 90 (Lai, Xie, Chi, Gu, & 
D. Wu, 2016)

Nanoscale zerovalent iron particles 
supported on Spondias Purpurea seed 
waste

150 0.05 6 298.15 5 - 86 (Arshadi et al., 2015)

Natural and surface modified coir pith 50 2 3 303.15 12 50 82 (Krishnan & Haridas, 
2008)

Coal fly ash 500 0.2 7 298.15 - - 77 (Jie Xie et al., 2014)

Fly ash was modified by sulfuric acid 60 1 7 298.15 1 - 75 (Xu, Deng, Liu, & 
Peng, 2010)

Hybrid sorbent zeolite and lanthanum 
Hydroxide 100 0.1 8 298.15 24 - 72 (Xie, Wang, Fang, Li, 

& Wu, 2014)

Fly ash 100 0.5 10.9 298.15 6 - 68 (Lu, Bai, Zhu, & 
Shan, 2009)

Steel slag through magnetic separation 22.8 2 5.2 298.15 2 - 62 (Xiong et al., 2008)

Hybrid fibrous exchanger containing 
hydrated ferric oxide nanoparticles 5 0.05 8.5 294.15 24 162 - (You et al., 2016)

Amorphous Zirconium oxide 
nanoparticles 10 0.1 6.2 298.15 8 99 - (Su, Cui, Li, Gao, & 

Shang, 2013)

Activated aluminum Oxide and 
lanthanum oxide 5 1 5 298.15 - 86.8 - (Jie Xie, Lin, Li, Wu, 

& Kong, 2015)

Chitosan-polymer composites 10 0.1 5 298.15 0.6 74.85 - (Rajeswari, Amalraj, 
& Pius, 2015)

Green synthesized novel hybrid sorbent 
of zeolite/lanthanum Hydroxide 100 0.1 6-7 298.15 5 71.94 - (Xie et al., 2014)

Modified chitosan beads 20 0.2 4 288.15 0.83 60.6 - (Liu & Zhang, 2015)

Nanostructured iron(III)–copper(II) 
binary oxides 5.2 0.2 5 298.15 2 39.8 - (Li, Gao, Zhang, & 

Zhang, 2014)

Magnetic polymer particles (PAM/oleic 
acid/Fe3O4)

900 0.5 3 298.0 - 37.82 - (Lin, Chen, Chen, & 
Chiou, 2013)

Mesoporous ZrO2 30 0.6 2.82 298.15 5 29.7 - (Liu, Sun, Yin, & Hu, 
2008)

Zirconium oxide-based nanocomposite 10 0.5 7 298.15 6 21.3 - (Chen et al., 2015)

Arsenic

Nanocomposites of graphene oxide 
hydrated zirconium oxide 50 0.1 6.2 298.15 8 99.01 - (Su et al., 2013)

ZVI reduced graphite-oxide composites 3-8 0.4 7 298.15 4 As III 35.83 
As V 29.04 - (Wang et al., 2014)

Cupric oxide nanoparticles 100 2 9.3 298.15 0.5 As III 26.9 
As V 22.9 - (Martinson & Reddy, 

2009)

Forager Sponge-loaded 
superparamagnetic iron oxide 
nanoparticles

100 0.3 m mol 
g-1 3.8 296.15 1 As III 0.43* 

As V 0.91* - (Morillo, Perez, & 
Valiente, 2015)

Nano-iron/oyster shell composites 1.8 0.3 6.8 293.15 24 - As III 97 (Fan et al., 2015)

continued on following page
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Pollutant removal methods from 
different adsorbents

Initial 
concentration 
of pollutant 

(mg L1-)

Adsorbent 
dose (g) pH Temperature 

(K)

Contact 
Time

(hours)

Maximum adsorption capacity 
Qm Reference

(mg g-1) Percentage (%)

Arsenate

Zinc oxide nanoparticles acetate 
functionalized 2 0.025 6.8 298.15 1 - 99 (Singh et al., 2013)

Biochar supported zero-valent iron 
nanocomposite 100 0.04 6.8 293.15 24 - 97

(Wang, Gao, Li, 
Creamer, & He, 

2016)

Superporous p(3-acrylamidopropyl) 
trimethyl ammonium Chloride cryogels 400 0.3 9.3 298.15 0.5 - 95

(Sahiner, Demirci, 
Sahiner, Yilmaz, & 
Al-Lohedan, 2015)

Amorphous zirconium oxide 
nanoparticles 100 0.01 7 298.15 1 124.5 - (Cui, Li, Gao, & 

Shang, 2012)

Nitrate

Iron nanoparticles produced by arc 
discharge 5 1.33 2 298.15 24 - 96

(Kassaee, Motamedi, 
Mikhak, & 

Rahnemaie, 2011)

Zero-valent iron NPs supported on high 
surface area nanographenes 50 0.005 7 298.15 5 - 91

(Salam, Fageeh, Al-
Thabaiti, & Obaid, 

2015)

Sugar beet pulp loaded with Zr(IV) - - 6 298.15 24 63 - (Hassan, Kassem, & 
Abd El-Kader, 2010)

Activated carbon with impregnated 
almond shell 10–50 - 6.2 293.15 2 16–17 -

(Rezaee, Godini, 
Dehestani, & 

Khavanin, 2008)

Iron NPs by green tea & eucalyptus 
leaves extracts 20 1 8.45 298.15 2 13.06 & 9.6 -

(Wang, Lin, Chen, 
Megharaj, & Naidu, 

2014)

ZnCl2 treated coconut granular activated 
carbon 5–200 - 5.5 298.15 2 10.2 - (Bhatnagar et al., 

2008)

Wheat straw charcoal 0–25 - - 288.15 0.16 1.10 - (Mishra & Patel, 
2009)

Carbon nanotubes - - <5 298.15 1 25 * - (Khani & M. Mirzaei, 
2008)

Bamboo charcoal - - 2-4 303 - 1.04×10−1 * -
(Ohe, Nagae, 

Nakamura, & Baba, 
2003)

Chitosan coated zeolite 10–3100 - - 277.15-293.15 72 0.6–0.74 * - (Arora et al., 2010)

Chromium (VI)

Diatomic supported magnetite NPs - 0.5 2-2.5 298.15 2 - 99 (Yuan et al., 2010)

Guar Gum-nano ZnO composite 25 1 7 298.15 0.83 - 96 (Khan, Nazir, Ali, & 
Kumar, 2013)

MnFe2O4 NPs 50-100 5 2 298.0 0.16 - 90 (Hu, Lo, & Chen, 
2007)

ZnO NPs under UV light irradiation 20 1 7 298.15 2 - 80 (Siboni, Samadi, 
Yang, & Lee, 2011)

Hematite NPs 1 0.6 7 298.15 8 - 47 (Xiao, Sun, Zhang, & 
Li, 2015)

Magnetite NPs 20 0.1 3.8 303.15 3 - 42
(Wang, Jin, Chen, 

Megharaj, & Naidu, 
2014)

CuO NPs 25 0.001 4 298.15 24 245 -
(Nogueira, Giroto, 
Neto, & Ribeiro, 

2016)

Table 4. Continued

continued on following page
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Color Legend:

• Physical WWTT
• Biological WWTT
• Chemical WWTT

CONCLUSION

A review of the current relevant literature shows that more research is required to overcome the drawbacks 
of existing water treatment technologies and to introduce more environmental friendly, lower cost, ef-
ficient and green nano-adsorbents. Furthermore, synthetic polymers have been employed by researches 
around the world to fabricate nanocomposite membrane for heavy metals removal. However, there are 
few investigations on using biopolymers for membrane fabrication and its subsequent use for anionic 
pollutant adsorption. Moreover, characterization of these nano adsorbents before and after application 
will also reveal further in depth adsorption mechanisms which will support further enhancement of 
removal efficiencies and lowering manufacturing costs.
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ABSTRACT

Fuel cell has become an emerging renewable energy device with potential to meet energy demand by 
portable and transport applications with zero-emission, easy operation, and compact design. The chap-
ter provides an insight into design and development of membranes for PEMFCs and recent progresses 
made in membranes so far. Although majority of research has focused on fluorinated and non-fluorinated 
membranes, these polymeric membranes have showed deteriorated properties at elevated temperature 
(>80oC) and lower relative humidity (30%). Considering the major issues with polymeric membranes, 
the authors have reviewed inorganic-organic nanocomposite membranes showing improved physical and 
electrochemical properties at elevated temperature and lower relative humidity. Recently, metal-organic 
framework (MOF), a novel and unique material, has attracted tremendous attention due to their enhanced 
proton conductivity, easy functionality, and stability. MOFs have also exhibited excellent compatibility 
with different polymeric materials that are also discussed in this chapter.
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INTRODUCTION

Energy is among one of the necessities of human being. Heavy energy consumption worldwide, rapid 
depletion of available fossil fuels and their high polluting nature led to extensive research in the area of 
alternative sources of energy for achieving a clean and sustainable environment. At present scenario, 
it is hard to meet the total world energy demand only by one of the environmentally clean energy gen-
eration technologies. However, it could be possible to meet certain fraction of energy demand through 
rapidly developing energy conversion/storage technologies. One such class is the energy consumption 
by stationary, mobile and portable electronic devices, whose typical power requirement range is 0.5 W 
to 1000 kW, which is 10-20% of total world energy consumption (Carter et al., 2013). Addressing their 
power demand through new and renewable sources can reduce demand on the large stationary power 
generation systems. In last few decades, fuel cell, which utilizes large range of hydrocarbon fuels, has 
emerged as a potential candidate to fulfill the energy demand of portable applications largely. Perfor-
mance of fuel cells depends on the judicious design and selection of effective and robust materials like 
solid proton exchange membranes (PEMs), electro-catalysts and bipolar plates.

Ion-exchange membrane (IEM), separating the electrodes, is the one of the major components of 
a fuel cell device. IEM plays a crucial role in enhancing the efficiency of the device based on its ion-
transport properties. Typical IEM comprises of organic polymers matrix with acid functionalities such 
as carboxylic, sulfonic and phosphonic groups that dissociate when solvated with water which leads to 
transport of protons via vehicular (molecular diffusion) or Grotthuss mechanism (structure diffusion) 
(Strathmann et al., 2004). An ideal IEM should exhibit high proton conductivity, low electronic con-
ductivity, less fuel crossover, cost-effective and high stability.

In past few decades, role of membrane in low temperature fuel cell such as polymer electrolyte 
membrane fuel cell (PEMFC) is a matter of debate among scientists due to deteriorating performance of 
device in terms of lower power density and its limited range of operation. To date, Nafion, developed by 
DuPont, USA in 1960, globally used as a PEM due to its homogeneous structure, high proton conductivity 
and remarkable stability. Unfortunately, Nafion is highly expensive ($ 200/m2) and exhibits poor perfor-
mance at lower humidity (30%) and high temperature (>80oC) (Robert et al., 2011). Moreover, Nafion 
is very prone to fuel crossover (10-7 cm2/s) and demonstrated dimensional instability. To address these 
issues, lost of efforts are being made to design and develop several polymeric membranes to overcome 
the complexities associated with Nafion.

In this direction, much emphasis has been also made to focus on inorganic-organic composite ion-
exchange membranes synthesized by blending inorganic ion-exchangers like heteropoly acids (HPAs), 
zirconium phosphates (ZrP), inorganic metal oxides, carbon nanotubes (CNTs), graphene oxides (GO) 
into polymer matrix (PVA, PVDF, PEEK, PS) to enhance the properties of composite membrane (Na-
garale et al., 2010). Recently, metal-organic frameworks (MOFs), a unique class of inorganic-organic 
co-ordination polymer, have also attracted tremendous attention due to their enhanced proton conduc-
tivity, easy functionality, and excellent structural stability (Yeo et al., 2014). These MOFs have also 
exhibited excellent compatibility with different polymers that make them a potential candidate as fuel 
cell membrane material. Herein, our aim is to brief recent progresses made in room temperature fuel 
cell membranes suitable for portable applications and address the current challenges.
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FUEL CELL: GENERAL BACKGROUND

Fuel cell, an electrochemical energy conversion device, converting the chemical energy of molecules 
directly into electricity, is one of the most demanding and attractive alternate sources of renewable energy 
due to its modular features, compactness, high efficiency (60%), easy operation and eco-friendliness 
(Energy et al., 2000). Figure 1 schematically shows a classification of fuel cells based on operating 
temperature, charged carrier, type of fuels and oxidants. Details of fuel cells and their role are in Table 1.

PEMFC, also called proton exchange membrane fuel cells, delivers high power density with advantages 
of light weight and volume. PEMFC, operating at 50-80oC, mainly comprises of a solid electrolyte and 
electro-catalysts for anodic oxidation and cathodic reduction (Kraytsberg et al., 2014). Alkaline fuel cells 
(AFCs) use a solution of potassium hydroxide in water as the electrolyte and non-precious metals as a 
catalyst for anode and cathode. AFCs are closely related to conventional PEM fuel cells, which operate 
in the temperature range of 80-120oC except that they use an alkaline membrane instead of a polymeric 

Figure 1. Broad classification of fuel cell on the basis of their operating temperature and charge carrier

Table 1. Types of fuel cells based on their power output and electrolyte

Fuel Cell Temperature (oC) Power Output Electrolyte

PEMFC 50-80 1 W- 500 kW Polymer

AFC 80-120 10-200 KW Aqueous alkaline solution

PAFC 100-250 <10 MW Molten phosphoric acid

MCFC 500-650 100 MW Molten alkaline carbonate

SOFC 800-1000 250 W-100 MW Ceramics

(Hayre et al., 2016)
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membrane (Pan et al., 2017). Phosphoric acid fuel cell (PAFC) is a type of fuel cell that uses liquid 
phosphoric acid as an electrolytic medium and porous carbon electrodes imbedded with nanoparticles 
of platinum catalyst in temperature range of 100-250oC (Eapen et al., 2016). Molten carbonate fuel cells 
(MCFCs) are high-temperature (500-650°C) fuel cells that use molten carbonate salt mixture, suspended 
in chemically inert ceramic lithium aluminum oxide matrix, as an electrolyte and non-precious metals 
catalysts at the anode and cathode (Cassir et al., 2016). Solid oxide fuel cell (SOFC) operates at a very 
high temperature in the range of 800-1000°C and utilizes ceramic materials as solid electrolyte and non-
precious metal catalysts as electro-catalyst for fuel oxidation and oxidant reduction (Zhu et al., 2003).

Amongst several types of fuel cells as discussed above, PEMFC is the most researched and investigated 
type of fuel cell. However, PEMFC has problems associated with storage and handling of H2 fuel which 
has very low energy density (4.8 Whcm−3) compared to other fuels (see Table 2) (Zelenay et al., 2004). 
Moreover, cost and availability of the hydrogen is a major issue for the technologists. Contrary to this, 
direct methanol fuel cell (DMFC), a subcategory of PEMFC, uses aqueous methanol directly as fuel, 
has the potential to fulfill energy demand by portable applications. However, DMFC is envisioned not 
to be apt for powering large vehicles and for stationary applications. DMFC is clean, environmentally 
friendly and potentially economical energy resource with very high gravimetric energy density (1600 
Whkg−1) compared to conventional lithium ion batteries (200 Whkg−1) and zero refueling time (Wee et 
al., 2007). DMFC has high power density as well as better fuel cell efficiency (45−60%) compared to IC 
engines and lower emission compared to PEMFCs (Kamarudin et al., 2009). A PEMFC/DMFC single 
cell is a two-compartment electrochemical cell (Figure 2) where the fuel hydrogen/methanol is fed to the 
anode side and the oxygen, as oxidant, is supplied at the cathode side of DMFC (Kraytsberg et al., 2014).

Considering the major issue related to room temperature fuel cells, it can be observed that the electro-
catalyst and proton conducting membrane itself contributes about 40% to the total fuel cell cost. In addi-
tion, the PEMFC technologies also face many technological challenges under real conditions and need 
significant efforts in converting fuel cell technology a commercially viable technology worldwide. In the 

Figure 2. Schematic of single cell DMFC
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book chapter, we have highlighted the recent advances made in membranes suitable for room temperature 
fuel cell for portable applications. The most advantageous aspect a fuel cell device is its compactness that 
can be easily integrated in various power devices for portable, stationary and transportation applications 
(Steel et al., 2001). In order to increase the power output the single cell device can be stacked by con-
necting them in series to achieve a power range from mW to MW as per requirements. Figure 3 depicts 
the multiple fuel cell applications for portable to stationary devices of varied power range.

FUEL CELL MEMBRANE

Proton exchange membrane (PEM), a core component of room temperature fuel cell (PEMFC/DMFC), 
is usually a solid electrolyte that allows selective transport of protons from anode to cathode. A broad 
classification of conventional PEMs based on material types is shown in Figure 4.

PEM mainly comprises of a polymeric matrix and fixed ionic functional groups. The polymeric ma-
trix provides mechanical, chemical and thermal strength to the membrane and fixed functional groups 
impart the ion exchange ability to the membrane. Nafion series (Nafion-117, 112, and 115), sulfonated 
poly ether ether ketone (SPEEK), sulfonated poly(benzimidazole) (s-PBI), sulfonated poly(ether sul-

Table 2. Different types of fuels and their energy density

Fuel Energy density (Whcm−3)

Hydrogen, liquid 2.7

Hydrogen, gas 0.5

Methanol 4.8

Ethanol 6.3

Ethylene 5.9

(Zelenay et al., 2004)

Figure 3. Applications of fuel cell devices
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fone) (s-PES) membranes are most commonly used polymeric membrane (Lee et al., 2009). DuPont’s 
Nafion is the most commonly used membrane for DMFC and has excellent properties, but suffers a few 
disadvantages such as high cost, $200 m−2, high methanol crossover (> 10−6 cm−2s−1) and poor proton 
conductivity at elevated temperatures (above 80oC) (Dimitrova et al., 2002). These disadvantages are also 
common problems with other widely used polymeric membranes that led to developments of composite 
membranes for DMFC. Therefore, synthesis of inorganic-organic composite membranes have gained 
major attention because it possess excellent properties of inorganic ion exchanger (high surface area, 
porosity, excellent thermal stability, IEC, high water holding capacity) and organic part (chemically 
stable, high mechanical strength, easy functionalization (Ruffmann et al., 2003).

Polymeric Membrane

Typical polymeric membrane comprises of polymers with acid functionalities such as carboxylic, sulfonic 
and phosphonic groups which dissociate when solvated with water which leads to transport of protons 
via vehicular (molecular diffusion) or Grotthuss mechanism (structure diffusion) (Kim et al., 2015). The 
commercially available membranes for room temperature fuel cells are Nafion, Dow, Flemion, Aciplex 
and Hyflon. All these membranes are having fixed sulfonic groups with varied degree of polymerization 
as indicated in the membrane’s structure in Figure 5. Among all these membranes, Nafion is best suited 
for room temperature fuel cells due to its best performance at optimum fuel cell conditions.

State of the Art: Nafion

To date Nafion, developed by DuPont in 1960, being globally used in fuel cell. Nafion is a chemically 
stabilized copolymer of perfluorosulfonic acid (PFSA) and poly (tetrafluroethylene) (PTFE) in acidic 

Figure 4. Classification of proton exchange membrane (PEM) for fuel cell
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(H+) form [4]. The hydrophobic PTFE support provides mechanical strength to the membrane having 
fixed negatively charged sulfonic groups (-SO3

-H+), which are highly hydrophilic in nature, imparts ion-
selective moieties to Nafion membrane as shown in Figure 6. The key characteristic of Nafion membrane 
is its homogeneous structure resulting into excellent ion-transport properties. So far, Nafion has shown 
the most promising performance over room temperature fuel cell conditions and it is the most studied 
membrane due to its unique structure, shape and morphology as shown in Figure 7 and Figure 8. Slade 
et al., 2002 have reported the details of many Nafion series membranes (Nafion-117, 115, 112). This 
series of membranes shows very high proton conductivity in the range of 0.08−0.1 Scm−1. However, 
high methanol crossover (10−7 cm2s−1) and cost are main drawbacks of the Nafion series membranes 
for DMFC application. The comparative details of Nafion series membranes are provided in Table 3.

Similar PFSA polymers are Flemion (Asahi Glass), Aciplex (Asahi Chemicals), Dow and Solvay 
membranes have same structure like Nafion and their physical and electrochemical properties are listed 
in Table 4.

Figure 5. Chemical structure of perflourinated polymer electrolyte membranes for fuel cell (Rikukawa, 
2000)

Figure 6. Struture of the state-of-the-art Nafion
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Figure 7. Microstructure and morphology of the state-of-the-art Nafion (a) close to surface and (b) in 
the middle (Chen et al., 2006)

Figure 8. (a) Illustration of porous framework in Nafion and (b) view of cluster network model (Smitha 
et al., 2005)
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Development of Alternative Polymeric Membrane

Keeping in view the problem associated with the Nafion, many efforts are being made to overcome the 
complexities with Nafion. So far various types of membranes are used in PEMFC but none of them has 
demonstrated promising performance than Nafion. Some of the well-studied polymeric membranes are 
SPEEK, s-PBI, s-PES, s-PSU, PEG-sPPSU etc.

Bauer et al., (2000) reported SPEEK membrane for DMFC synthesized by sulfonation of PEEK 
polymer. SPEEK, structure shown in Figure 9, has very high IEC (2−3 meqg−1), tensile strength and 
thermal stability. However, it has low proton conductivity 0.057 Scm−1 compared to Nafion-117 and 
is also very expensive. Wainright et al., (1995) reported s-PBI membrane with good properties at high 
temperature (>100oC) and low humidity (~30%). However, poor proton conductivity (0.46 mScm−1 at 

Table 3. Comparison of membrane properties with Nafion

Property Nafion-112 Nafion-115 Nagion-117

EW (equivalent weight) 1100 1100 1100

Ion-exchange capacity (IEC), 
meq/g 0.91 0.91 0.91

Thickness (µm) 50 125 175

Proton conductivity (S/cm) 0.06-0.07 0.08-0.09 0.1

Diffusion coefficient (cm2/s) 7.8 ×10-7 11.8×10-7 12.8×10-7

(Coutanceau et al., 2006).

Table 4. Comparison of membrane properties with commercially available perfluorosulfonic acid (PFSA) 
membranes

Membrane Equivalent Weight) Ion-Exchange Capacity (IEC), 
meq/g Thickness (µm) Proton Conductivity (S/

cm)

Aciplex 1000-1200 0.83-1.00 25-100 0.1

Flemion 1000 1 50-150 0.09-0.1

DoW 800 1.25 125 0.1-0.2

(Kim et al., 2015).

Figure 9. Chemical structures of SPEEK (Bauer et al., 2000)
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room temperature). Methanol crossover (of the order of 10−9 cm2s−1) was found to be much lower than 
Nafion-117. Figure 10 illustrates the chemical structure of s-PBI. Lufrano et al., (2000) used s-PSU 
membrane (see Figure 11) for DMFC applications. The synthesized membrane showed very high IEC 
(1.68−2.33 meqg−1) and good proton conductivity (0.01 Scm−1) at room temperature. However, methanol 
crossover was very high. Zhao et al., (2013) have reported the sulfonated polyethersulfone (SPES), as 
shown in Figure 12, was synthesized through a feasible way by introducing sulfonic groups onto amino-
substituted PES. The water contact angles of the modified PES membranes decreased from 84° to 68°, 
and the water fluxes had a dramatic increase from 162 to 1912 mL/m2 mmHg h when the blended amount 
of SPES increased from 0 to 2 wt.%. Feng et al., (2017) has studied the effect of PEG doping on the 
membrane formation and properties of sulfonated polyphenylenesulfone (s-PPSU) membranes (Poly-

Figure 10. Chemical structures of s-PBI (Wainright et al., 1995)

Figure 11. Chemical structures of s-PSU (Lufrano et al., 2000)

Figure 12. Chemical structures of s-PES (Zhao et al., 2013)
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ethylene (PEG) - polyphenylenesulfone (s-PPSU)). It was observed that addition of PEG leads to more 
prominent change in s-PPSU than in PPSU alone and also the addition of PEG suppresses formation of 
macro-voids in membranes. The modified surface of the membrane with enhanced proton conductivity 
and good stability can be directly used in fuel cell applications. Figure 13 shows the chemical structures 
of PEG and s-PPSU.

Inorganic-Organic Nanocomposite Membrane

Inorganic-organic nanocomposite membranes comprising of stable polymeric support doped with sub-
micron to nano-sized inorganic ion-exchangers. These inorganic ion-exchangers with high surface area, 
porosity and excellent thermal stability endow improved surface and ion-transport properties. To-date, 
many work has been reported on inorganic-organic composite membranes by doping the inorganic ion-
exchangers such zirconium phosphate, hygroscopic metal oxides, zeolites, Heteropoly acids (HPAs), 
CNT/MWCNT/graphene, metal-organic framework (MOFs) onto polymeric matrix.

Inorganic Ion-Exchanger

Handful of literatures is available on inorganic ion-exchangers in the preparation of inorganic-organic 
composite membranes for room temperature fuel cell applications.

Heteropoly Acids (HPAs)

Among various types of HPAs known, phosphotungstic acid (PWA) has gained much interest in recent 
times due to its high proton conductivity (0.1 Scm−1) and good oxygen affinity. Mioc et al., 1997 described 
the various types of HPAs and reported very high proton conductivity (0.02−0.1 Scm−1) ascribed to high 
bronsted acidity and thereof higher acidic sites and good IEC (0.2−1.5 meqg−1). Izumi et al., 1999 used 
tetra ethyl orthosilicate (TEOS) derived silica to immobilize the PWA. The PWA clusters, incorporated 
with inorganic silica framework did not dissociate and showed high proton conductivity 0.02 Scm−1 at 
25oC. Ramani et al., 2005 used cations (Cs+, Tl+, NH4

+) for effiecient immobilization of PWA. Tang et 
al., 2010 (Figure 14) synthesized PWA based inorganic membrane for DMFC applications and reported 
proton conductivity 0.01−0.08 Scm−1 at room temperature and 0.06−0.08 Scm−1 at 70−100oC. This 
was mainly due to easy availability of acid sites for proton conduction. Moreover, the PWA has self-
humidifying properties as shown in Fig. 14 indicating its potential to be used at elevated temperatures.

Figure 13. Chemical structures of (a) PEG and (b) s-PPSU (Feng et al., 2017)
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Acid Salts of Tetravalent Metals

Recently, many progresses are made on fast proton conductors (acid salts of tetravalent metals [M (IV).
HPO4.nH2O) where, M is the tetravalent metal (Zr, Ti, Sn)) comprising of structurally bound hydroxyl 
protons which hold water molecules even at very high temperatures indicating great potential for this type 
of inorganic ion exchanger for solid-state proton conduction. Among these, ZrP has very high thermal 
stability as well as very high IEC (6.64 meqg−1)(Alberti et al., 1983). Only a few research papers have 
reported on ZrP based ion-exchange membranes for DMFCs and PEMFCs. Alberti et al., (2000) and 
Clearfield et al., (1988) reported a very high IEC (4−8 meqg−1) for ZrP, but low transport number (< 
0.85) and proton conductivity (10−2−10−3 Scm−1).

Metal Oxides

Silica (SiO2), titania (TiO2), zirconia (ZrO2) are most coomonly used metal oxides ion-exchangers for 
proton conduction applications. Li et al., (2002) have reported very high IEC (1−2 meqg−1) for silica 
with very poor proton conductivity in the range of 10−4 to 10−5 Scm−1. Relatively low proton conductivity 
was due to poor mobility of the protons in the lattices of silica frameworks.

Figure 14. (a) Small angle XRD pattern (in inset HRTEM micrograph) (b) N2 adsorption/desorption 
isotherm (c) and (d) proposed proton conduction pathways for self-assembled HPW/meso-silica mem-
brane and mixed HPW/meso-silica membrane respectively. (Tang et al., 2010)
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Modified Carbons (CNT, Graphene)

Organic modifiers carbons such as graphene oxide (GO), carbon nanotubes (CNTs), multiwalled CNTs 
(MWCNT) have attracted great interest due their unique structure and surface properties with a two-
dimensional (2D) layered material with epoxy, hydroxyl, and carboxyl groups on the surface and edge 
which provide active sites for hydrogen bonding and thereby facile proton conduction can be achieved 
as reported by Yang et al., (2015). It was observed that the presence of these oxygen-containing func-
tional groups facilitate the hydration of GO and helps to hold more water molecules and thus improve 
the proton conductivity. Owing to this feature and also large surface area, as well as intrinsic stability 
and fuel crossover barrier, GO is one of the best nano-fillers to be used in PEMFCs (Chien et al., 2013; 
Bayer et al., 2014; Lue et al., 2015). Recently, Hatakeyama et al., (2014) found that the monolayer GO 
sheet exhibited a proton conductivity as high as 10-2 S/cm which is much higher than bulk GO (10-4 S/
cm) or acidulated GO (10-5 S/cm). Cele et al., (2010) have synthesized nanofibers of CNT, as shown in 
Figure 15, and demonstrated enhanced proton conductivity in the range of 10-4 S/cm higher as compared 
to pristine CNT.

Figure 15. Morphology for (a) pCNTs, (b) oCNTs and (c) fCNTs (Cele et al., 2010)
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Zeolites

Zeolites, class of porous frameworks with AFI structure, are widely used ion-exchangers in fuel cell 
applications due to their unique structure, high surface area (200−300 m2g−1) and small pore size (1−2 
nm). Mckeen et al., (2008) reported proton conductivity (10−5-10−6 Scm−1) with lower water uptake 
showing right potential for fuel cell applications. Relatively lower ion transport was due to the rigid 
network structure.

Metal-Organic Frameworks (MOFs)

Metal organic frameworks (MOFs), unique class of porous and crystalline materials, are 3D porous 
structures made of metal ions or clusters of ions linked together by organic molecules. MOFs are consid-
ered promising solid porous materials as they possess tunable pore size, higher pore volume and surface 
area having ability to accommodate guest molecules into their pores [6]. In recent advances of MOFs, 
the proton-conducting MOFs are targeted as novel candidates for solid proton conductors in fuel cells 
as they possess hydrophilic open channels responsible for proton conductivity. Recently, Ramaswamy 
et al., (2014) have reported an excellent review on several proton conducting MOFs developed so far 
having proton conductivity in the order of magnitude 10-3-10-6 Scm-1 lower than conventional and highly 
studied Nafion-117 (0.1 Scm-1). Ramaswamy et al., (2015) also reported the most performant proton 
conducting MOF, Mg2(H2O)4(H6L)∙H2O [PCMOF-10], that conducts proton under both high humidity 
and anhydrous conditions. The single crystal structure of PCMOF-10 has been illustared in Figure 16. 
The proton conductivity measured at 70oC under 95% relative humidity equals to 3.55×10-2 Scm-1. A 
three dimensional proton conducting metal−organic framework (PCMOF-5) reported by Taylor et al. 
[49] conducts protons above 10−3 S/cm at 60 °C and 98% relative humidity as shown in Figure 17. PC-
MOF-5 with free phosphonic acidic sites shows high humidity stability under fully hydrated conditions 
and therefore well suitable for fuel cell applications.

Polymeric Support

Several organic polymers have been used as membrane supporting materials. Selection of the polymers 
is done on the basis of their cost, stability and density. Different polymeric matrices like PVDF, PTFE, 
poly(propylene) (PP), poly(ether sulfone) (PES), PVA have been used, however the polymeric materials 
of high tensile strength and good methanol resistance are preferred.

Poly(tetrafluoroethylene) (PTFE)

In an excellent review on PEMs, Peighambardoust et al., (2010) listed the various DMFC membranes 
(including Nafion-117) which use PTFE support and described the physical and chemical properties 
of PTFE. It has very high mechanical strength in the range of 20−30 MPa and low density 2.2 gcm−3.

Poly(Ether Ether Ketone) (PEEK)

Ahmad el al., (2010) used PEEK as a polymeric membrane material for the synthesis of sulfonated 
poly(ether ether ketone) (SPEEK) membrane and reported very high mechanical strength (90−100 MPa). 
Additionally, the density of PEEK (1.32 gcm−3) is also lower compared to PTFE polymer.
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Poly(Benzimidazole) (PBI)

Wycisk et al., (2006) used PBI based membrane for DMFC application. The reported mechanical strength 
of 160 MPa was very high compared to PTFE and PEEK. Moreover, its density is also low (1.3 gcm−3).

PVDF

Liu et al., (2011) reported a review on PVDF polymers which have mechanical strength in the range of 
50−80 MPa and density of 1.78 gcm−3. The PVDF membranes are also used in pervaporation processes 
like dehydration of ethanol. PVDF’s methanol selectivity is very low (20% for methanol and 80% for 
water).

PVA

Maiti et al., (2011) reported a rigorous review on the PVA based membranes for DMFC showing the 
merits of PVA in comparison to other polymers. PVA is preferred due to its biodegradable nature, high 
mechanical strength (80−100 MPa) with low density of 1.19−1.31 gcm−3. Additionally it is easy in film 

Figure 16. (a) Single crystal structure for PCMOF10 and (b) Hydrogen bonding network between lattice 
water molecule and intralayer oxygen atoms (Ramaswamy et al., 2015)
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forming, very economical and highly methanol resistant. Unfortunately, PVA is highly water soluble and 
therefore must be crosslinked to make it water resistant before applying to fuel cell. Figure 18 below de-
picts various routes for PVA crosslinking. Recently the synthesis of inorganic-organic hybrid membrane 
has gained major attention due to the excellent combined properties of inorganic ion exchanger (high 
thermal stability, excellent water holding capacity at higher temperatures) and organic support (chemi-
cally stable, high mechanical strength). Amongst various inorganic-organic composite membranes, the 
Nafion-117 based inorganic-organic composite membranes have gained tremendous attention for DMFC 
application. The most widely studied Nafion-117 based membranes are as follows.

NAFION BASED NANOCOMPOSITE MEMBRANE

To improve the fuel cell performance at elevated temperature (>80oC) and lower humidity (30%), 
Nafion membrane was modified using submicron to nanosized inorganic ion-exchangers as dopants 
to improve the Nafion’s properties. Mechanism for the proton conduction through pristine Nafion and 
modified Nafion is illustrated in Figure 19. In this direction, Cele et al., (2010) reported synthesis of 
carbon nanotubes (CNTs) doped Nafion composite membranes (Nafion-MWCNT) via melt-blending 
at 250°C using three different types of CNTs i.e. pure CNTs, (pCNTs), oxidized CNTs (oCNTs) and 
amine functionalized CNTs (fCNTs). It is assumed that upon doping of nano-CNTs in the nano-pores 
of Nafion, unique structure and high surface area of the CNT endows more proton transport channels 

Figure 17. Proton conductivity as a function of temperature for PCMOF-5 measured at 90% and 98% 
RH (Taylor et al., 2013)
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Figure 18. Cross linked PVA matrix (Maiti et al., 2011)

Figure 19. Illustration for vehicular and hopping mechanism for proton conduction in (a) pristine mem-
branes and (b) composite membranes (Kim et al., 2015)
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and holds water molecules quite tightly. It was also reported by Alberti et al., (2000) that doping of the 
colloidal dispersion of inorganic nano-particles into a polymeric solution allows the inorganic nano-
particles to disperse properly in the porous polymeric membrane and facilitates active sites for proton 
conduction. Chen et al., (2008) showed that Nafion-ZrP composite membrane synthesized by in situ 
method had a better DMFC performance than composite membranes synthesized by direct impregna-
tion method. These membranes showed reduced methanol crossover but low proton conductivity (10−3 
Scm−1). Smitha et al., (2005) synthesized Nafion-ZrP based composite membrane and reported good 
IEC. However, proton conductivity (2-3 mScm−1) was very low due to doped ZrP particles. Interest-
ingly the doped ZrP improved the thermal stability of membrane and reduced the methanol crossover 
but the tensile strength and the oxidative stability was a lower compared to Nafion-117. Nagarale et al., 
(2004) have reviewed the synthesized Nafion-silica and Nafion-titania membranes which were highly 
thermally stable with low methanol crossover and proton conductivity of 23−24 mScm−1. Tricoli et al., 
(2003) have reported detailed synthesis and characterization of Nafion-zeolite membrane that showed 
very low value of proton conductivity 1.8−5.1 mScm−1. Lufrano et al., (2013) have reviewed the PWA 
based Nafion membrane (Nafion-PWA) for DMFC and reported low value of IEC (0.7−0.8 meqg−1) 
compared to pristine Nafion-117 (0.9 meqg−1). Reported proton conductivity was in the range of 5−14 
mScm−1. Nafion-PWA membrane possesses better conductivity compared to other Nafion based mem-
branes due to higher acid sites in PWA. Cho et al., (2005) and Alwin et al., (2011) doped PVDF in 
the pores of Nafion-117 i.e. Nafion-PVDF and reported the membrane conductivity of 2.5 mScm−1 at 
room temperature and 4 mScm−1 at 100oC. Methanol crossover of the doped membrane was lower than 
Nafion-117. Many works have been also reported on PVA based membranes for DMFC (Nafion-PVA). 
However, in most of the cases, DMFC performance was poor mainly due to lower proton conductivity of 
the composite membrane. A detailed review on PVA based membranes, reported by Maiti et al., (2011) 
who compared the properties with the Nafion-117. Methanol permeability value was in the range 10−7 
to 10−8 cm2s−1 which is an order of magnitude lower than the Nafion-117. Sahu et al., (2008) reported 
the proton conductivity 0.033 Scm−1 at 100oC for PVA-Nafion, was much lower compared to pristine 
Nafion-117 proton conductivity at 90oC (0.1 Scm−1). Deluca et al., (2006) used PVA as a polymeric 
support to hold Nafion nanoparticles but measured low value of the proton conductivity in the range 
of 0.9-5 mScm−1, however, the reported methanol crossover (3.1−6.5×10−7 cm2s−1) was much lower as 
shown in Figure 20.

MOF-Nafion Based Nanocomposite Membrane

In past few years, significant progresses have been made in MOF-polymer composite membranes for 
molecular separation and gas storage (Yeo et al., 2014). Contrary to this, very little is known on proton 
conducting MOF−polymer composite membranes for fuel cell applications. Moreover, there are only 
few structure related properties of MOFs that recommend them MOFs as suitable materials for proton 
conduction. MOFs possess both the lattice water as well as structurally bound water that can retain water 
even at high temperature. Compared to the classic inorganic proton conductors, MOFs can be easily 
embedded into polymers. Importantly, MOFs have better proton conductivity than zeolites, mesoporous 
silica, mofified carbons. This makes MOFs promising as solid proton conducting materials in proton 
conducting membrane based fuel cell device. Researchers have also tried to make thin films of pristine 
MOFs but failed mainly due to the complexities associated with the formation of highly flexible as well 
as mechanically and thermally stable thin films. Therefore, the best alternative was to use MOF as a 
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dopant for composite membrane formation. However, the MOF dispersion onto the polymer solution and 
the MOF−matrix compatibility are some of the critical issues working with MOF−polymer composite 
membranes (Zhu et al., 2014). Yang et al., (2015) have fabricated Nafion based composite membrane 
modified by a ZIF-8@GO types of MOF. The ZIF-8@GO/Nafion hybrid membrane exhibits proton 
conductivity 0.28 S/cm at 120oC and 40% RH (Figure 21), resulting from a synergetic effect of zeolitic-
imidazole framework (ZIF-8) and graphene oxide (GO). Based on the literature on polymeric membranes, 
inorganic ion-exchanges and composite membranes, we have summarized the proton conductivities of the 
different proton exchange membranes (PEMs) measured at different temperatures as shown in Table 5.

Figure 20. Selectivity (open bars) and proton conductivity (solid bars) of Nafion® 117 and Nafion®/
PVA blend membranes (Deluca et al., 2006)

Figure 21. (a) Temperature-dependent proton conductivity plots of different ZIF-8@GO loadings (b) water 
uptake for recast Nafion and ZIF-8@GO/Nafion-1 under 60 and 120oC at 40% RH (Yang et al., 2015)
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NON-NAFION BASED NANOCOMPOSITE MEMBRANE

Considering very high cost of Nafion based composite membrane mainly due to PTFE support, researcher 
moved to non-Nafion based inorganic-organic composite membranes and compared their properties with 
the conventional membranes. SPEEK doped with sulfonated GO based composite membranes (SPEEK- 
sulfonated graphene oxide (sGO)) for PEMFC was synthesized by Kumar et al., (2014). SGO/SPEEK 
composite membrane showed a very good conductivity of 0.055 S cm−1 at 80 °C and 30% RH higher 
than pristine SPEEK indicating their suitability for fuel cell operating under similar conditions. Chen et 
al., (2010) synthesized PVDF-PWA nanofiber for fuel cell applications. The PWA particles were mixed 
with the PVDF powder followed by electro-spinning for fibrous membrane structure. Very low value 
of the IEC (0.22 meqg−1) and proton conductivity (0.4 mScm−1) was reported as shown in Figure 22 
however, methanol crossover was not reported which is one of key issues with DMFCs. Xu et al., (2004) 
used PWA-PVA membrane for DMFC application. Very low values of IEC (0.2−0.7 meqg−1) and proton 
conductivity (10−4 Scm−1) were reported. At the same time, very low methanol crossover, in the range of 
10−7-10−9 cm2s−1, was also measured. The reduced methanol crossover ascribed to the PVA polymeric 
matrix that has very poor affinity for methanol molecules. Pandey et al., (2014) have synthesized PVA-
Si-PWA based composite membrane for room temperature operated DMFC as illustrated in Figure 
23. Composite membrane was synthesized by dispersing sub-micron to nano sized silica immobilized 

Table 5. Proton conductivity of the different proton exchange membranes (PEMs) and inorganic ion-
exchangers measured at different temperatures.

Proton Exchange Membrane Proton Conductivity, Scm−1 References

Polymeric Membrane

1. Nafion-115 0.074 (20oC), 0.0078 (80oC) Ahmad el al., 2010

2. SPEEK 0.057 (25oC) Bauer et al., 2000

3. Nafion-117 0.017 (70oC), 0.027 (80oC), 0.03 (90oC) Slade et al., 2002

4. s-PBI 0.0046 (25oC) Wainright et al., 1995

5. s-PSU 0.01 (25oC) Lufrano et al., 2000

6. Nafion-112 0.08 (25oC) Coutanceau et al., 2006

Nanocomposite Membrane

1. Nafion-Silica 0.023−0.024 (40oC) Nagarale et al., 2004

2. Nafion-ZrP 0.001 (40oC) Chen et al., 2008

3. Nafion-PVDF 0.0025 (25oC) Cho et al., 2005; Alwin et al., 2011

4. Nafion-PVA 0.001−0.01 (25oC) Sahu et al., 2008; 
Maiti et al., 2011

5. Nafion-PWA 0.005−0.014 Lufrano et al., 2013

Inorganic Ion-Exchanger

1. PWA 0.01−0.08 (25oC) Tang et al., 2010

2. Silica 10−3−10−5 (25oC) Li et al., 2002

3. Zeolite 10−3−10−6 (25oC) Mckeen et al., 2008

4. ZrP 0.024−0.06 (25oC) Clearfield et al., 1988

*Table 6 at last of chapter summarizes the abbreviations.
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phosphotungstic acid (Si-PWA) nanofillers into cross-linked poly(vinyl alcohol) (PVA). Synthesized 
membrane showed good water uptake of 35% with methanol uptake (8.4%) and thereof reduced methanol 
permeability (1.6 × 10−7 cm2s−1) compared to Nafion-117. Proton conductivity increased from 7.04 mS 
cm−1 to 10.5 mS cm−1 with increase in temperature from 30 °C to 50 °C. The synthesized composite 
membrane also exhibited excellent mechanical and thermal stability compared to Nafion-117. Among 

Figure 22. Proton conductivity of PVDF-PWA based nanofiber membranes (Chen et al., 2010)

Figure 23. Synthesis process for Si-PWA doped PVA membrane (Pandey et al., 2014)
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various classes of available inorganic fillers, carbon nanotubes (CNTs), a cylindrical graphene tubes 
comprising of multiple layers of graphene, have drawn considerable attention due to their unique struc-
ture, active sites for proton conduction, high aspect ratios of 100–1000, high specific surface area, light 
weight, and remarkable mechanical properties. Because of these amazing properties, CNTs have been 
widely investigated as candidate for low to high temperature operating fuel cell materials. Recently Cui 
et al., (2015) reported the incorporation of silica-coated CNTs as novel dopant into the SPEEK (SPEEK/ 
SiO2@CNT) for DMFC applications. The SiO2@CNT loading of 5 wt.% showed decline in methanol 
crossover compared to pristine membrane without compromising proton conductivity which remained 
above 10-2 S cm-1 at room temperature. Figure 24 shows the water uptake and swelling ratio and Nyquist 
plots of the SPEEK/SiO2@CNTs composite membranes with different SiO2@CNTs contents. Auimviri-
yavat et al., (2011) reported ferrierite zeolite, a version of zeolitic structure, as inorganic nano-dopant 
in SPEEK. The composite membrane displayed improved proton conductivity with reduced methanol 
permeability, and high selectivity (ratio of proton conductivity and methanol crossover) of 7.148 ×10-3 
Scm-1. Lee et al., (2016) have studied the preparation of ZrP doped SPEEK composite membranes using 
a electron beam irradiation approach for fuel cell applications. Water uptake and IEC of the cross-linked 
SPEEK/ZrP hybrid membranes were higher than SPEEK and showed increasing trend with increase in 
ZrP particles loading content. Furthermore, under high temperature (120°C) and low humidity conditions 
(35%), the cross-linked SPEEK/ZrP hybrid membrane displayed a higher proton conductivity (1.41 × 
10−3 S/cm) compared with the cross-linked SPEEK membrane (1.13 × 10−4 S/cm). Qian et al., (2012) 
reported synthesis of sulfonated polybenzimidazole/zirconium phosphate (sPBI/ZrP) composite mem-
branes using solution-casting approach. It was observed that due to the addition of ZrP, the conductivity 
of sPBI-ZrP composite membrane increased to 0.08 Scm-1 at 180oC indicating that sPBI/ZrP composite 
membranes are promising polymer electrolyte for high temperature PEMFCs applications.

Figure 24. (a) Water uptake-swelling ratio and (b) Nyquist plots for SPEEK/SiO2@CNTs membranes 
with different SiO2@CNTs loadings (Cui et al., 2015)
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MOF Doped Nanocomposite Membrane

As stated above, the MOF-polymer composites have proven them as good proton conducting membrane 
materials for fuel cell applications from low to intermediate temperature operation. So far very limited 
work has been reported on Nafion-MOF doped composite membrane which is discussed already. Here 
we have summarized below the proton conducting MOF-polymer composite membrane developed 
so far for fuel cell applications. Liang et al., (2013) reported a MOF−polymer composite membrane 
(PVP-MOF) using poly(vinylpyrrolidone) (PVP) as support and {[Ca(D-Hpmpc)(H2O)2].2HO0.5}n MOF 
as filer and studied the proton conductivity at low relative humidity (53% RH). The improved proton 
conductivity (2.8×10−5 Scm−1) of the composite membrane as compared with the pristine MOF (6.9×10−6 
Scm−1) is due to the high hydrophilic nature of PVP polymer under same humidified conditions. Wu et 
al., (2013) synthesized a sulfonated poly(2,6−dimethyl−1,4−phenylene oxide) (SPPO) supported Fe−
MIL−101−NH2 MOF composite membrane (SPPO-MOF). The proton conductivity values measured 
at room temperature was 0.1 Scm−1) and 0.25 Scm−1 at 90 °C, comparable to Nafion. The much higher 
proton conductivity of the composite membrane could be also attributed to the SPPO matrix which itself 
is highly proton conducting organic polymer causing very high cost of composite membrane. Erkartal et 
al., (2016) demonstrated unique ternary composite membrane consisting of poly(vinyl alcohol) (PVA), 
poly (2-acrylamido-2-methylpropane sulfonic acid) (PAMPS), zeolitic imidazolate framework-8 (ZIF-8), 
prepared by physical blending and casting methods as shown in Figure 25. The reported proton conduc-
tivity of the composite under fully hydrated state is 0.134 Scm−1 measured at 80oC which is attributed 
to the doped ZIF-8 particles in PVA and PAMPS.

Figure 25. Route for the preparation of the PVA-PAMPS-MOF based composite membranes (Erkartal 
et al., 2016)
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APPLICATION OF FUEL CELL MEMBRANE

Based on structure and properties of proton conducting membranes, they are utilized in many energy 
devices for portable and transport applications such as PEMFCs, DMFCs, redox flow batteries (RFBs), 
PEM electrolysis, microbial fuel cells (MFCs) and super-capacitors which are discussed below in detail.

PEMFC and DMFC

So far most of the nanocomposite membranes are being used in room temperature fuel cell (PEMFC) due 
to their high power output and efficiency. However the cost of hydrogen as a fuel and other components 
(platinum based catalysts) of PEMFCs are very high that led to development of other possible applica-
tions for fuel cell membrane. In this section, we have summarized the performance of Nafion-117 and 
other successfully developed membranes in single cell PEMFC and DMFC under different operating 
conditions.

Pulido et al., (2017) have reviewed recent developments in the titania (TiO2) doped nanocomposite 
membranes for PEMFC. They have reported doping of nanosized titania onto polymeric matrix such as 
Nafion, SPEEK, PTFE, SPES, sulfonted polystyrene ethylene butylene polystyrene (SPSEBS). It was 
noticed that doping of TiO2 reduced H2 crossover significantly with improvement in proton conductivity. 
Figure 26 shows the comparative PEMFC performance for TiO2 doped composite membranes.

Performance of DMFC with Nafion-117 has been reported by Neburchilov et al., (2007) and maximum 
reported current density for Nafion-117 was 50 mAcm−2 measured at 80oC and 1 M of methanol concen-
tration. However, high methanol concentration deterioration the DMFC performance (i.e. OCV) due to 
high methanol crossover. Additionally the loss in the proton conductivity above 80oC also resulted into 

Figure 26. Power density for single cell PEMFC by different TiO2 doped polymeric nanocomposite 
membranes (Pulido et al., 2017)
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poor DMFC performance. Therefore, for good performance of the DMFC with Nafion-117 membrane, 
operating temperature is limited to 80oC. For Nafion-ZrP membranes in DMFC application (Arbizzani 
et al., 2010) the reported maximum power density was 80 mWcm−2 at 0.5 V and 90oC. Very low OCV 
(0.6 V) was measured at 0.5 M methanol feed concentration due to high methanol crossover for Nafion-
ZrP composite membrane. OCV increased from 0.549 V to 0.575 V with increase in temperature from 
70 to 90oC. Reported maximum current density was 650 mAcm−2 and 120 mAcm−2 respectively for the 
Nafion-silica membrane (Jung et al., 2002). For Nafion-PWA, very high value of OCV 0.935 V and cur-
rent density 82 mAcm−2 has been reported by Amirinejad et al., (2011) for the Nafion-PWA membrane 
and the performance was better compared to pristine Nafion-117 at the similar conditions. Maximum 
power density of 83 mWcm−2 and OCV 0.8 V is reported for the PVDF-Nafion-117 composite membrane 
(Cho et al., 2005). The performance was found to be better than pristine Nafion-117 membrane due to 
lower methanol crossover. Maximum current density of 60 mAcm−2 was measured at room temperature 
for the PVA-Nafion-117 membrane as shown in Figure 27. However a very low value of power density 
about 8 mWcm−2 and OCV (0.6 V) was obtained (Deluca et al., 2006).

Vanadium Redox Flow Battery (VRFB)

VRFB is one of the promising technologies for large-scale renewable energy storage. Design of ion-
exchange membrane (IEM) with desired properties like low-cost, mechanically chemically stable, low 
vanadium ion permeability and high proton conductivity is one of the major challenges. Considering 
high cost of fuel cell stacks, in recent past many efforts have been also made in flow batteries for energy 
storage. High energy density and good cyclic stability.

Figure 27. Power (open) and polarization (solid) curve of Nafion®/PVA (20 wt% PVA) blend membrane 
at 2, 4, 8, 16 M methanol concentrations. (Deluca et al., 2006)
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Pandey et al., (2016) reported performance of Si-PWA/PVA based nanocomposite membrane in 
VRFB and compared the performance with Nafion-115. Vanadium ion permeability (0.69 × 10−7 cm 
min−1) of membrane was significantly lower than Nafion-115 with lower OCV decay. Single-cell VRB 
with membrane exhibited lower voltage during charge and higher during discharge with excellent cy-
clic durability compared Nafion-115. Figure 28 indicates the charge-discharge curve for Si-PWA/PVA 
composite membrane.

On the other hand, Seepana et al., (2017) synthesized novel PTFE-ZrP membrane using a simple 
brush coating method. Single-cell VRFB with membrane showed 80% energy efficiency below and very 
high columbic efficiency (95%) with little contamination of electrolyte due to cross mixing.

Microbial Fuel Cell (MFC)

MFC is a bio-electrochemical system for generation of hydrogen and electricity by action microorgan-
isms. MFCs use PEMs for proton conduction and separating the bio-anode and cathode. Presently, MFCs 
are being used in wastewater treatments.

Chae et al., (2014) fabricated nanofiber-reinforced (NFR) composite PEM based on SPEEK and 
tested in MECs. TheNFR-PEM into MECs improved H2 production with an overall h efficiency 86.4% 
higher compared to 77.2% for Nafion. The higher proton selectivity of NFR-PEM reduced anodic pH 
decrease harmful for anode bacteria, by facilitating selective proton transfer rather than other competing 
cations, which led to overall improved hydrogen gas yield in the MEC as the NFR-PEM was installed.

Recently, Park et al., (2017) have also reported sulfonated poly(arylene ether sulfone) (SPAES)/
polyimide nanofiber (PIN) based PEM for MFC. Hydrogen production efficiency of MFC increased by 
32.4% compared to Nafion-211 with high hydrogen purity (90.3%) than for Nafion-211 (61.8%) which 
suggests that the novel membrane has good potential for MFCs, particularly when protons and other 
competing cations are present altogether in electrolytic solution.

Figure 28. (a) OCV decay and (b) charge–discharge curves of single cell VRFB with Si-PWA/PVA and 
Nafion-115 membrane (Pandey et al., 2016)
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PEM Electrolysis

Electrolysis is a well know electro-chemical process for production hydrogen by electrolysis of water. 
In electrolysis process, the proton conducting membrane plays a key role in improving process yield. 
Many solid acids, novel conducting materials, as discussed above, are potential candidates as proton 
conducting electrolytes in PEM electrlysis. As per US patent (US 9437895 B2) by Huang et al., (2014), 
it is reported that H2-Cl2 proton exchange membrane based fuel cell electrolyzer using a PEM membrane, 
was successfully developed for cogeneration of electricity and HCL indicating huge potential of PEM 
in electrolysis process for production of useful chemicals.

Supercapacitors

Other than VRFBs, supercapacitor is also an emerging device for large energy storage due to their high 
specific capacitance (400-500 F/g) and excellent durability under real conditions. In supercapacitors, 
the PEM acts as separator as reported by Szubzda et al., (2017) who used low-energy plasma modifica-
tion of PI and PP based nonwoven fabrics for supercapacitors. On using membrane as the separator the 
results showed improving trend in wettability of separators by the electrolyte that reduces the internal 
resistance of the supercapacitor and increasing the specific power of device.

CHALLENGES FOR THE NEXT GENERATION FUEL CELL MEMBRANES

Fuel cell technologies have shown tremendous potential to reduce massive load on conventional fossil 
fuels and boosting contribution of renewable energy to total world energy production that is far behind 
from fossil fuel contribution (88%). However, the cost of fuel cell has to be reduced significantly be-
cause in the year 2017 the cost of PEMFC is $30/kW where PEM cost includes $17/m2 and $14/KW 
for MEA as per recent report by Department of Energy (DOE), USA. This could be only possible by 
efficient design and developments of PEMs and electro-catalysts for fuel cells. Based on the requisite 
membrane properties and issues, we have identified the key challenges and targets for researchers for 
room temperature fuel cell membranes. Figure 29 illustrates the key properties of the state-of-the-art 
Nafion membrane and current challenges for the membranes under developments. In order to achieve 
the targets following steps should be taken into consideration.

1.  Proper selection of thermo-stable base polymeric materials with low cost
2.  Selection of highly proton conducting dopants.
3.  Adopting novel and advanced synthesis methodology such as UV-grafting, infiltration, blending/

recasting, electro-spinning, electron beam irradiation etc.
4.  Precise control over the size, shape and composition of dopants.
5.  Optimized thickness of the membrane with good flexibility
6.  Understanding role of membrane’s structure-properties relationship
7.  Efficient design of MEA to reduce the interfacial resistance
8.  Optimum water content per molecule of ionic group to facilitate fast proton conduction
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CONCLUSION AND RECOMMENDATIONS

Present book chapter critically reviews the recent developments and advances in fuel cell membranes 
for portable and transport applications. Although, state-of-the-art Nafion has demonstrated excellent 
proton conductivity and stability in low temperature fuel cell however, deteriorated properties at high 
temperature and lower humidity, fuel crossover and high cost are the technical barriers for worldwide 
commercialization. On the other hand, the inorganic-organic nanocomposite membranes have shown good 
potential as alternative to Nafion as they exhibit good stability, minimal fuel crossover and cost-effective. 
Unfortunately, achieving the proton conductivity of nanocomposite membrane comparable to Nafon 
has been a challenge among researchers. In this direction, recently MOF-polymer based nanocomposite 
membranes have also emerged as replacement of Nafion for room temperature fuel cells.

It is noteworthy that the novel synthetic routes have also great role in modifying the structure and 
morphology of the membrane that leads to improve the surface and ion-transport properties. Therefore, 
it is a challenge to have judicious selection of membrane materials, synthesis methodology to have best 
optimized membrane properties for fuel cell operation. In fact, a precise control over synthesis processing 
parameters also results into optimized membrane properties and thus enhanced performance. Precisely 
understanding the structure-property relations play a crucial role in solving the problem.

Lastly, the proton conducting membrane being the heart of fuel cell device, any quantum leap, in-
novation and improvements in the design and development will be huge economic reformations in 
fuel cell technology. Unfortunately, until date due to lack of efficient and effective design of fuel cell 
components, the prevalence of fuel cell technology, for clean and an environment friendly application, 
among us is still a long way to go.

Figure 29. Key properties of state-of-the-art Nafion-117 and current challenges for the membranes 
under development
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APPENDIX

Table 6. List of abbreviations

AFC Alkaline membrane fuel cell

CNTs Carbon nanotubes

DMFC Direct methanol fuel cell

GO Graphene oxide

HPA Heteropoly acid

IEC Ion exchange capacity

IEM Ion-exchange membrane

IMCs-HPW Imidazole microcapsules loaded with phosphotungstic acid

MCFC Molten carbonate fuel cell

MEA Membrane electrode assembly

MMT Montmorillonite

OCV Open circuit voltage

PAFC Phosphoric acid fuel cell

PBI Poly(benzimidazole)

PEM Proton exchange membrane

PEMFC Polymer electrolyte membrane fuel cell

PES Poly(ether sulfone)

PI Poly(imide)

PP Poly(propylene)

PSA Particle size analyzer

PSSA poly(styrene sulfonic acid)

PSU Poly(sulfone)

PTFE Poly(tetrafluoroethylene)

PVA Poly(vinyl alcohol)

PVDF Poly(vinylidene fluoride)

PWA Phosphotungstic acid

SEM Scanning electron microscopy

sGO sulfonated graphene oxide

Si-PWA Silica immobilized phosphotungstic acid

SOFC Solid oxide fuel cell

SPEEK Sulfonated poly(ether ether ketone)

TEM Transmission electron microscopy

TEOS Tetraethoxyorthosilicate

TGA Thermo gravimetric analysis

TNTs Titanium nanotubes

XRD X-ray diffraction

ZrP Zirconium phosphate
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ABSTRACT

Human exposure to nanoparticles has been dramatically increased in the past 25 years as a result of the 
rapidly developing field of nanotechnology. Many have recognized the importance of identifying potential 
effects on human health associated with the manufacture and use of these important technology. Many 
questions remain unanswered regarding the short- and long-term effect, systemic toxicity, and carcino-
genicity. Engineered nanoparticles can be taken up by the human body via inhalation, ingestion, dermal 
uptake, and injection. They can reach the bloodstream and ultimately affect multiple body organs such 
as liver and spleen or even transcend the blood-brain barrier. Because of the huge diversity of materi-
als used and the wide range in size of nanoparticles, these effects will vary a lot. Local and systemic 
adverse effects consist of primarily inflammatory reactions. Other observed effects include generation 
of reactive oxygen species and subsequent oxidative stress, disruption of proteins, DNA, mitochondria 
and membrane structures, as well as changes in cell signaling pathways.

INTRODUCTION

Human being has been exposed to nanoparticles (NP) throughout its evolution via inhalation of ultrafine 
particles (UFP) produced by fires, volcanic action and other natural phenomena. This exposure has been 
dramatically increased in the past 25 years as a result of the tremendous development of nanotechnology, 
which has produced large numbers of synthetic nano-sized particles. With nanomaterials (NM) becoming 
an integral part of the economy and a relevant component of consumer products, many have recognized 
the importance of prospectively identifying the human health and environmental risks associated with 
the manufacture and use of these materials. As NM based products enter the market, there is an urgent 
need of advanced researches in order to prevent dramatic consequences of any health issues caused by 
nanotechnology-driven products. Entire populations are at high risk for NM exposure due to the wide 
availability of these new products and many questions remain unanswered regarding the short- and long-

Toxicocinetic and Mechanisms 
of Action of Nanoparticles

Abderrezak Khelfi
National Center of Toxicology, Algeria

 EBSCOhost - printed on 2/14/2023 11:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



345

Toxicocinetic and Mechanisms of Action of Nanoparticles
 

term effects of NM on several living organisms. These synthetic particles can be taken up by different 
routes such as inhalation, ingestion, dermal uptake and injection (Jain, 2017).

Inhalational toxicity is to be expected, given the known effects of inhaled fine particulate matter. It 
has been proposed that dermal exposure will be the most relevant route of exposure, but there is con-
siderably less literature regarding dermal effects and absorption (Curtis, Greenberg, Kester, Phillips, & 
Krieger, 2006). The ability of NP to penetrate beyond the epidermal and/or dermal layers is important to 
consider, along with their subsequent bioaccumulation and systemic effects. Data on NP toxicity often 
conflict when comparing in vitro and in vivo studies and less defined still are the potential effects of 
nanoproducts on fetal development and the environment.

There are still many unanswered questions about the fate of engineered NP in human being. They 
can reach the bloodstream and ultimately affect multiple organs. Biodistribution, movement through 
tissues, phagocytosis, opsonization and endocytosis of NP are all likely to have an impact on potential 
toxicity. Because of the huge diversity of materials used and the wide range in size of NP, these effects 
vary a lot. The main concern is about smaller particles that can easily enter cells. The interaction of 
NP with biological systems is affected by other factors such as shape, chemical composition, surface 
chemistry, surface charge and aggregation state. These parameters can modify cellular uptake, protein 
binding, translocation from portal of entry to the target site and the possibility of causing tissue injury.

One of the most important fact about NP is their remarkable surface reactivity, a characteristic that 
may result in toxicity effects. Evidence from the literature states that our understanding of NP proper-
ties is incomplete and toxicity as well as biodistribution to specific targets occur for NP with particular 
characteristics. Some NP exhibit the ability to translocate into different type of cells and organs such as 
liver, spleen, kidneys, etc or even transcend the blood-brain barrier (BBB).

Local and systemic adverse effects consist usually of inflammatory reactions. Some deleterious 
effects, including inflammatory reactions and pulmonary tissue injury, have been demonstrated follow-
ing inhalational exposure to nano-sized TiO2. These inflammatory reactions may result in fibrosis and 
granulomatous reactions.

Other observed pathological effects include generation of reactive oxygen species (ROS) and subse-
quent oxidative stress, disruption of proteins, DNA, mitochondria and membrane structures as well as 
changes in cell signaling pathways such as calcium and cytokine pathways.

To date, we have barely scratched the lessons to learn and to comprehend the effects of these tiny 
molecules on cells, tissues and whole organisms. It is clear that additional studies using human sub-
jects must be undertaken in order to adequately predict short and long-term effects of NP. This chapter 
focuses on the current knowledge of nanotoxicity, highlights areas where new information is available 
and suggests directions for additional and future research. The results of early cytotoxicity studies are 
reviewed by mechanism pathways.

TOXICOCINETIC OF NANOPARTICLES

Absorption

NP can enter human body and penetrate some important organs such as lungs, intestine and skin. Their 
penetration depends mainly on two parameters; size and surface characteristics. These parameters usually 
modify protein binding, cellular uptake, translocation from portal of entry to the target site.
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It is known that natural barriers such as skin and intestinal epithelium can be bypassed by NP through 
injection while other barriers such as BBB and placenta tissue are very selective. As shown in Figure 
1 the conceivable paths of uptake and transport of NP are multiple. Absorption efficiency are greatly 
depending on how NP penetrate the body. The effectiveness of the absorption is different with uptake 
through the skin as the least effective and injection administration as the most effective route. Although 
research is still ongoing, most of research studies on dermal absorption of NP confirm that skin can-
not be penetrated by particles even when they are in the nanoscale range. According to some studies, 
neither TiO2 NP nor quantum dots (QD) are able to reach bloodstream, even if TiO2 NP were found 
in the stratum corneum (Beer, 2016). However, NP may arrive to bloodstream if the skin is impaired 
by wounds, sunburn or skin diseases. In addition, other conditions such as stretching of the skin and 
follicular openings may influence barrier function of the skin. Overall, there is currently no consensus 
about the ability of NP to be absorbed through the skin.

Pulmonary system is usually the most exposed to NP. Following penetration, NP can penetrate through 
different tissue compartments of lungs and eventually reach the capillaries and circulating cells and 
constituents. Depending on size, NP are deposited more or less deep in the respiratory tract (Figure 2). 
Usually, particles with a diameter >10 μm are deposited in the upper respiratory tract, particles between 
2 and 10 μm can reach trachea, bronchi and bronchioles, and particles <1 μm can reach the alveoli. NP 
that reach the alveoli are mainly cleared by alveolar macrophages. Besides the size, the charge of NP is 
important as positively charged particles are more efficiently absorbed than negatively charged or neutral 
NP (Zhao & Castranova, 2011). If the particles persist they are able to access the pulmonary interstitium 
either through diffusion or, more likely, transcytosis through the alveolar epithelium. Thereafter, NP can 

Figure 1. Toxicocinetic of nanoparticles
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cross the endothelium of the capillary, enter the bloodstream and translocate to different organs. Another 
way can be done as inhaled NP may be cleared from the lungs via the mucociliary escalator and reach 
the gastrointestinal tract (GIT).

NP that are introduced into GIT are absorbed by intestine exchanges and more precisely through 
a process called persorption by paracellular translocation in the epithelial cell layer. It is thought that 
tight junctions in the mucosa allow NP to be transported through the epithelium and translocate into 
sub-epithelial regions either through lymph tracts or veins.

Distribution

Once NP has entered bloodstream they will be distributed to various tissues by partitioning and dif-
fusion processes. They may translocate to several organs including liver, bone marrow, spleen, heart, 
kidneys, brain and lymph nodes, where they may be deposited. Translocation and biodistribution are 
very dependent on the specific properties of NP as they influence the way NP interact with cells, body 
fluids and proteins. A general rule is that smaller NP have a greater biodistribution compared to larger 
NP. Binding of some NP to proteins can influence the biokinetic of distribution and interaction with 
organs. For example, if these proteins promote cellular uptake of some NP in specific organs or immune 
cells the biodistribution of these particles might be limited. In one study, a series of NIR fluorescent NP 
were varied in different parameters such as chemical composition, size, shape and surface charge in rat 
models after lung instillation (Choi et al., 2010). The obtained data suggested that NP with hydrodynamic 

Figure 2. Penetration of NP by respiratory route

 EBSCOhost - printed on 2/14/2023 11:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



348

Toxicocinetic and Mechanisms of Action of Nanoparticles
 

diameter <34 nm and non-cationic surface charge NP translocate rapidly from the lung to mediastinal 
lymph nodes. NP of hydrodynamic diameter <6 nm can traffic rapidly from the lungs to lymph nodes 
and bloodstream with subsequent clearance by the kidneys.

A biokinetic study was performed to determine the influence of particle size on the tissue distribu-
tion of spherical-shaped gold NP in rat model (De Jong et al., 2008). For all tested gold NP, the largest 
part was demonstrated to be present in liver and spleen. A clear difference was observed between the 
distribution of 10 nm particles and larger particles. The 10 nm particles were present in various organ 
systems including blood, liver, spleen, kidney, heart, lung, thymus, testis and brain whereas the larger 
particles were only detected in blood, liver and spleen. These results demonstrate that tissue distribution 
of gold NM depends on size with the smallest NP showing the most widespread organ distribution. They 
may also leak out of capillaries and get into the interstitium.

Smaller particles apparently circulate for longer time and in some cases can cross the BBB to lodge in 
the brain. In fact, before getting to some organs, organic and inorganic NP have to bypass some biologi-
cal barriers. Rajagopalan et al. (1996) demonstrated that fullerenes derivatives have the high degree of 
protein binding in bloodstream and the high volume of distribution probably resulting from the bypass of 
several biological barriers and high distribution into tissues (Rajagopalan, Wudl, Schinazi, & Boudinot, 
1996). Non-organic NP may also cross biological barriers. For example, Gold NP administered orally 
were widely distributed to various body areas including the brain to an extent inversely proportional to 
size (Hillyer & Albrecht, 2001).

At the target site, NP may trigger toxic processes leading to tissue injury. They may also enter cells 
of target organs and remain sequestered into cells for some time before moving to other organs or being 
excreted. Depending on the chemical composition, NP may remain unchanged, become modified or 
even metabolized.

One of the most important biokinetic behaviors of NP are cellular endocytosis and transcytosis. 
Intracellular uptake is affected mainly by surface charges. Cationic NP interact with negatively charged 
cell membrane components, contributing to increased cellular uptake of these particles compared to 
anionic once. However, interaction of NP with cell membrane components can disrupt its integrity, 
contributing to overall toxicity.

Most of the cellular uptake of NP occur via active transport mechanisms into the cell. Various mecha-
nisms of internalization have been demonstrated including clathrin-coated pits, caveolae, receptor-mediated 
endocytosis, phargocytosis and pinocytosis. These cellular uptake mechanisms are greatly dependent 
on NP size and surface coating. Overall, large NP are mainly taken up via phagocytosis by mainly 
macrophages. Smaller particles are primarily processed by endocytic pathways. Caveolae are plentiful 
in pulmonary capillaries and type I pneumocytes but are sparse in capillaries of the brain (Figure 3).

Because of phagocytosis process, the reticuloendothelial system (e.g., liver and spleen) is the primary 
site of deposition for several NP by Kupffer cells within liver and macrophages within spleen sinusoids. 
Opsonization is the process that contributes to the uptake of NP by the liver and several other tissues.

In some cases, surface coating allow NP to bind to specific receptors on cell surface and increase 
their uptake. This process is used for drug delivery by targeting receptors that are exclusively expressed 
at the surface of specific cells.

As mentioned before, NP undergo transcytosis across respiratory epithelium into the interstitium. 
Albumin and lecithin, two components of alveolar lining fluid, may facilitate this process. Within the 
interstitium, NP may cause local effects or gain access to the circulatory system directly or via lym-
phatic tracts, providing an alternative systemic access. Another potential mechanism for extrapulmonary 
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diffusion is uptake by nerves in respiratory epithelium with subsequent spread to the CNS via axonal 
translocation. Several data suggest that some NP like UFP, manganese containing NP can move from 
olfactory nerve endings in the nose to the brain (Figure 2) (Oberdorster et al., 2004; Rao et al., 2003). 
Thus, there are two possible pathways for NP to reach the brain. The first pathway is mediated though 
the uptake of NP by sensory nerve endings present in the airway epithelia. The other pathway is NP 
bypass of the BBB via systemic circulation.

The BBB is a specialized system that protects the brain from different xenobiotics. Owing to their 
special properties, some NP have the capacity to bypass the BBB either by passive diffusion or by carrier-
mediated endocytosis and to accumulate in different regions of the brain. NP may produce potential 
toxicity effects on neural cells and influence brain physiology leading to severe side effects. They may 
not be easily eliminated from the brain, which results in the extension of their toxic effects. The limited 
self-regenerative ability of neurons represents a susceptibility factor that increases the harmful effects 
of some NP on the brain. All these properties suggest that more cautions are needed in industrial ap-
plications of NP containing products.

Another important barrier to NP is skin. It’s a physical barrier where the epidermis, which contains 
mostly dead skin cells, plays an important role in the elimination of NP. However, some NP, such as QD, 
have shown undesirable uptake by skin cells. This nonselective uptake is an important consideration 
for NP as they could potentially result in cytotoxic and immunogenic effects in the skin. Intracellular 

Figure 3: Mechanisms of action of nanoparticles
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uptake of NP may be a mechanism by which NP localize to the avascular epidermis and thus escape the 
clearance by macrophages. Though the systemic toxicity may be reduced by such behavior, increased 
epidermal accumulation of NP and a prolonged period of exposure with the possibility of changes in 
skin conditions, could result in further local adverse effects or even systemic effects.

Another possibility of biological barrier bypass is the transfer of NP to the fetus. Chu et al. (2010) 
have shown that QD may be transferred from female mice to their fetuses across the placental barrier 
(Chu et al., 2010). This transfer was size and dose dependant as smaller QD were more easily transferred 
than larger QD and the number of QD transferred increases with increasing dosage. Surface modifica-
tion by capping with an inorganic silica shell or organic PEG reduced QD transfer. These observations 
suggest that the clinical utility of QD could be limited in pregnant women.

Another study has shown that silica and TiO2 NP with diameters of 70 and 35 nm, respectively, can 
cause pregnancy abnormalities when administered into pregnant mice (Yamashita et al., 2011). These 
NP were found in the placenta, fetal liver and fetal brain. The results showed also that the treated mice 
had smaller uteri as well as smaller fetuses than untreated controls. According to authors, these devel-
opmental effects are linked to changes in structure and function of the placenta, which were surprisingly 
abolished when the surfaces of the silica NP were modified with carboxyl and amine groups. In another 
study, mice exposure to TiO2 NP resulted in an altered expression of genes related to the development 
and function of the CNS of newborn animals. The genes expression associated to oxidative stress and 
apoptosis were changed in the brain of new born mice in early age and induced inflammation and changes 
in neurotransmitter production in later stages (Shimizu et al., 2009). C60, as a highly lipophilic molecule 
has also been shown to cross placenta barrier in rats (Tsuchiya, Oguri, Yamakoshi, & Miyata, 1996). The 
results suggested a potential fetotoxic ability of fullerenes with harmful developmental effects (Tsuchiya 
et al., 1996). Finally, an experimental showed that fluorescently labeled porous silicon NP injected to 
pregnant mice were found deep in brain tissues (80% of cortical depth) of embryos (Yuryev et al., 2016).

Metabolism and Dissolution

NP metabolism has not been very well investigated and understood. According to the available data, NP 
are predominantly found not to be metabolized, but this process seems to be dependent on the chemi-
cal composition of the considered NP. For example, QD seem to have a very long half-life in the body 
(several weeks or month). In contrast, nanoscaled liposomes are likely to be much easier degraded and 
metabolized, particularly if they are able to fuse with cell membrane components.

As a general rule, non-metabolized NP might be less excreted and, therefore, accumulate in the body. 
This might especially be a problem for chronic exposure or repeated administration of nanomedicines 
or when an interaction with DNA occurs which could result in carcinogenesis.

Dissolution is a key factor in NP transformation in biological systems. In some cases, it may result 
in toxic effects. For example, some of toxic effects of NP consisting of ZnO, CuO or Ag have been at-
tributed to the released metal ions (Figure 3) (Beer, Foldbjerg, Hayashi, Sutherland, & Autrup, 2012; 
Mortimer, Kasemets, & Kahru, 2010). The dissolution of NP can occur inside cells usually by the acidic 
environment of endosomes and lysosomes that are thought to contribute significantly to the degradation 
of NP and to the release of toxic metal ions (Xia et al., 2008). The important parameters for NP dissolu-
tion are size, roughness, coating and aggregation state of NP.
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Excretion and Clearance

After being metabolized or dissolved, NP derived compounds might be available for subsequent excre-
tion. The two major routes for excretion are through feces and urine (Figure 1). Biodegradable NM are 
more easily excreted by the body and does no longer pose a health threat. However, excretion of non-
biodegradable NM might take very long time and extend potential effects of NP on biological components.

For the excretion via urine, the blood is filtered in the kidney through the renal glomerula. NP with 
a size <8 nm can be filtered whereas particles that are larger accumulate in the mononuclear phagocyte 
system (MPS) around the liver, kidney, spleen and lymph nodes (Baeza-Squiban, Boland, Hussain, & 
Marano, 2009). This system is particularly well developed in the liver and the macrophages, called 
Kupffer cells, are responsible for clearance of the biggest part of the particles in human body.

Although there is still a large demand for investigations on the fate of non-biodegradable NP, it seems 
that particles are either rapidly cleared by the kidney or taken up by the mononuclear phagocyte system 
and persist in the body. For example, water-soluble single-walled carbon nanotubes (SWCNT) have 
been shown to be excreted via the renal route, whereas, TiO2 NP accumulate in the liver and spleen for 
several weeks (Baeza-Squiban et al., 2009).

Surface charges seem also to play an important role in NP distribution and excretion in biological 
systems. Positively charged NP are rapidly cleared from the blood and their aggregates accumulate in the 
liver and lung. Neutral NP are less internalized by macrophages of the liver and spleen. Neutral surface 
charges increase, therefore, the half-life of NP in the blood and the availability for uptake by other organs.

MECHANISMS OF ACTION OF NANOPARTICLES

The major toxicological pathways activated by NP in cells include oxidative stress, inflammation and 
genotoxicity. It is know that some engineered NP have also the potential to inhibit cell proliferation and 
decrease cell viability. Also, some NP have the ability to pass the normal phagocytosis defense without 
being detected and thereby get access to, for example, blood and the nervous system.

All these effects are due to the unique properties displayed by materials at the nanoscale, which are 
profoundly dependant on their chemical composition, coating, etc which might interfere with the physi-
ology of the target living cell, leading to unpredictable effects.

From toxicological point of view, recent researches reported that engineered NP may enter into or 
get in contact with living organisms at realistic doses, but do not cause acute toxic effects. However, 
their prolonged interaction with living organisms may ultimately disrupt normal activities and lead to 
malfunction or diseases. The vast majority of studies on nanotoxicity are on short-term effects while 
long-term effects after chronic exposures are mainly unknown.

Oxidative Stress/Generation of Reactive Oxygen Species

Oxidative stress is one of the most frequent biological events associated with NP toxicity. Among all 
mechanisms, it causes the major toxic effect on cells. ROS formation can be produced by the following 
ways:

• ROS formed directly on NP surfaces;
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• Released transition metals from NP that act as catalysts for ROS formation;
• Mitochondrial damages induced by NP by disturbing the balance in the respiratory chain;
• Activation of macrophages and neutrophils by NP leading to the excessive production of ROS.

Table 1 lists outcomes of ROS generation, while Figure 3 shows types of toxicity that NP-mediated 
ROS generation and oxidative stress can produce.

Although the specific mechanisms of action of NP are not completely elucidated, it seems plausible 
that NP surface is the key factor in ROS formation. Additionally, the mechanisms by which NP generate 
ROS, both inside and outside the cell, seem to be specific to the type of NP.

It appears that pro-oxidative organic hydrocarbons such as polycyclic aromatic hydrocarbons and 
quinones as well as transition metals such as copper, vanadium, chromium, cobalt, nickel, titanium and 
iron are likely to participate in most of these reactions.

Several carbon nanotubes (CNT) production processes require a metal catalyst, often transition met-
als, resulting in significant concentrations of metal and metal oxide impurities such as nickel and iron. 
The so-called decorating nickel and iron in CNT products may make up as much as 25% and 40% by 
weight, respectively. Experiments with biological and non-biological systems demonstrated a significant 
potential of non-purified SWCNT to generate ROS and free radicals with subsequent accumulation of 
biomarkers of oxidative stress and cytotoxicity. In fact, some metals are particularly effective as catalysts 
of oxidative stress and inflammatory responses in different biological systems (cells, tissues and biologi-
cal fluids) that can be particularly damaging. Metal ions such as Ag+, Cu+, Fe2+, Ni2+, Mn2+ and Cr5+ can 
be released from NP, producing intracellular ROS via a Fenton-type reaction (Figure 3).

Pumera et al. (2009) correlated the redox behavior of basic amino-acids, arginine and histidine, in 
the presence of nickel and iron residual catalyst impurities within the SWCNT. They showed that both 

Table 1. Outcomes from nanoparticle effects

Experimental NM Effects Possible Pathophysiological Outcomes

Oxidative stress and ROS generation
Lipid, protein and DNA injury 
Apoptosis 
Energy Perturbation (mitochondrial injury)

Inflammation

Oxidative stress 
Tissue infiltration with inflammatory cells 
Fibrosis 
Granulomas

Uptake by reticulo-endothelial system Sequestration and storage in liver, spleen, lymph nodes 
Possible organ enlargement and dysfunction

Protein denaturation and degradation Loss of enzyme activity 
Autoantigenicity

Nuclear uptake DNA damage

Uptake in neuronal tissue Brain and peripheral nervous system injury

Perturbation of phagocytic function
Chronic inflammation 
Fibrosis 
Granulomas

Altered cell cycle regulation Cell cycle arrest

DNA damage and genotoxicity Mutagenesis and carcinogenesis
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nickel and iron participate in the oxidation of arginine, while only the iron component participates in the 
oxidation of histidine (Pumera, Iwai, & Miyahara, 2009). These findings suggest that metallic impurities 
in SWCNT can cause oxidative damage to proteins in biological systems (Martin Pumera & Iwai, 2009).

Oxidative species generated during inflammatory response can interact with transition metals and 
trigger redox-cycling cascades with a remarkable oxidizing potential to deplete endogenous reserves of 
antioxidant agents and induce oxidative damage to macromolecules. It is known that metal based NP 
without any protective coating have the catalytical ability to induce major damage in cells. They can 
generate hydroxyl radicals and hydrogen peroxide. Additionally, some semiconductors, when photoex-
cited, can create electron-hole pairs that can produce ROS (Michalet et al., 2005).

Large quantities of ROS and free radicals in cells impair normal cell physiological redox-regulated 
activities and cause cellular damage by interacting with their components (lipids, proteins and DNA) 
in an uncontrolled way. They may induce lipid peroxidation as well as DNA, RNA and protein oxida-
tion. These effects may cause internal oxidative stress, which gives rise to inflammation, apoptosis and 
genotoxicity. For example, lipid peroxidation has been shown to be the primary cause of fullerene cyto-
toxicity (Sayes et al., 2005). Some studies have shown that nano-sized TiO2 increases lipid peroxidation 
and production of ROS such as superoxide, hydrogen peroxide, hydroxyl radicals and nitric oxide (Gurr, 
Wang, Chen, & Jan, 2005; Kang et al., 2008).

Oxidative stress induction seem to be independent to cell type with some NP. For example, CNT 
have been shown to induce ROS generation in several cell lines including human keratinocytes (Manna 
et al., 2005; Shvedova et al., 2003).

Generation of oxygen radicals has been observed for both inorganic NP, CNT and lipid-based materi-
als (Rodriguez-Yañez, Muñoz, & Albores, 2013; Sarkar, Ghosh, & Sil, 2014; Zhong et al., 2013). This 
was shown also for different types of NP and nanofibers from different origins (C60 fullerenes, TiO2, 
diesel exhaust particulates, etc) (Krug & Wick, 2011).

As mentioned before, the mechanism for free radical production by metal oxide NP involves active 
redox cycling at the surface of the particle as well as various pro-oxidant functional groups present on 
the NP. Other NP induce oxidative stress state via indirect mechanisms such as alteration of mitochon-
drial function. NP that target mitochondria increase electron leakage from the respiratory chain, which 
results in mitochondrial membrane damage and depolarization (loss of transmembrane potential leading 
to mitochondria swelling and apoptosis). This action may also overwhelm antioxidant actions, resulting 
in apoptosis via internal pathway.

Some studies suggest that ROS generation may be due to the metabolism of NP to reactive intermedi-
ates or inflammatory responses involving macrophage release of oxidant radicals (Lowe, Hunter-Ellul, 
& Wilkerson, 2013). In fact, NP that are engulfed by macrophages can increase the oxidative burst by 
these cells resulting in enhanced local oxidative stress.

Finally, many studies are using unrealistic high particle concentrations or purely characterized NP. 
Therefore, definite and especially general conclusions cannot be drawn on ROS generation by NP and 
toxicity effects at this point.

Interaction With Endogenous Molecules

The interactions of NP with cells, body fluids and proteins play an important role in their biological effects 
and ability to distribute throughout the body. Understanding these interactions is important for predicting 
potential toxic effects. NP binding to proteins may generate complexes that are more mobile and able 
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to move in tissue sites that are usually inaccessible. Accelerated protein denaturation or degradation on 
NP surface may lead to structural and/or functional changes including interference in enzyme function.

It is important to note that NP not only interact with macromolecules but also act as adsorbents for 
important nutrients. NP can adsorb large amounts of nutrients from cell media and cause cell starva-
tion because of their very large surface areas. In fact, it has been demonstrated that SWCNT, based on 
their large surface area, decrease micronutrient concentrations of cell culture medium, which is called 
physisorption. Physisorption is a very weak and specific phenomena that influences a wide range of 
nutrients such as amino acids and vitamins (folate) (Guo et al., 2008). It has also been demonstrated that 
SWCNT can adsorb important cofactors of enzymes such as NAD+ by carboxylic chemical groups. This 
can potentially lead to disturbances in cell metabolism and energy transfer (Scipioni, Pumera, Boero, 
Miyahara, & Ohno, 2010).

Additionally, CNT may exert toxicity on cells by phospholipids-NP interactions. This effect may 
arise from the insertion of CNT in lipid bilayer resulting in its alteration and leading to increased diffu-
sion of low weight molecules. Simulation studies suggest that CNT may also produce membrane pores 
through which solvated ions can pass (Peter & Hummer, 2005). Experimental studies using liposomes 
and RAW 264.7 cells confirmed membrane damaging potential of MWCNT as well (Shimizu et al., 
2013). The disruption of plasma membrane has been identified in electron microscopy. These NP bind 
to membrane receptor with collagenous structure (MARCO) and disrupt plasma membrane (Hirano, 
Fujitani, Furuyama, & Kanno, 2012; Hirano, Kanno, & Furuyama, 2008).

In another study, atomic force microscopy was used to show that aqueous solutions of poly(amidoamine) 
dendrimers cause the formation of holes of 15-40 nm diameter in intact lipid bilayers (Mecke et al., 
2004). In contrast, carboxyl-terminated core-shell tectodendrimer clusters do not create holes in the lipid 
membrane but instead show a strong affinity to adsorb to the edges of existing bilayer defects.

Apoptosis

Apoptosis is a relevant mode of cell death in response to some NP in in vitro and in vivo models. 
Poly(ADP)ribose polymerase (PARP) activation was observed in response to MWCNT (Pacurari et al., 
2008). Some studies demonstrated that CNT can also stimulate apoptotic cell death pathways involving 
mitochondria (Figure 3) (Chen et al., 2012; Wang et al., 2012).

The role of necrosis in cell death due to NP exposure has also been suggested. Cell cycle arrest has 
also been demonstrated after incubation with SWCNT (Cui, Tian, Ozkan, Wang, & Gao, 2005).

Complement system may also play an important role in cell death after exposure to some NP. In fact, 
some studies has demonstrated that CNT may bind to several proteins in plasma and cells including 
complement proteins leading to complement system activation (Hamad et al., 2008; Salvador-Morales, 
Basiuk, Basiuk, Green, & Sim, 2008; Carolina Salvador-Morales et al., 2007).

Inflammation

Inflammatory responses to NP are both common and detrimental to human body. They may be restricted 
to the site of exposure or may include systemic immune effects. The effects of NP on immune systems 
may occur in different organs such as lungs, liver, heart and brain. Inflammation is initiated by a number 
of pathways including cell surface receptor engagement by NP and immune cell activation following 
internalization (Figure 3).
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If not bound by endogenous antioxidants or degraded by the action of antioxidative enzymes, free 
radicals produced by NP can also, via oxidative stress, trigger inflammatory reactions. Alternatively, 
the activation of intracellular signaling proteins like NFκB, peroxisome proliferator-activated receptor 
as well as extracellular signaling molecules like cytokines, PDGF and TGF could stimulate downstream 
signaling pathways resulting in oxidative stress, inflammatory response, chemotaxis, fibrosis and cell 
death at the site of NP exposure (Godugu, Singh, & Poduri, 2015). Again, the modification of size, sur-
face charge and surface functionalization groups directs the body’s immune response to NP and provides 
the potential to induce inflammatory reaction.

Different forms of inflammation can be triggered after NP exposure. For example, after instillation 
or inhalation of high doses of CNT or TiO2, fibrosis and bronchial granulomas were observed to form 
in test animals and to strongly affect lung function (Krug & Wick, 2011).

An unusual property of immune response is that some type of CNT are not effectively recognized by 
macrophages. The lack of macrophage recognition is typical of non-functionalized CNT. Their chemical 
modifications are consistently associated with increased recognition by macrophages. Poor engulfment 
of non-functionalized SWCNT by macrophages probably results from this lack of recognition of signals 
on their surfaces.

Different mechanism can be triggered if CNT are internalized inside cells with the induction of sev-
eral stress related genes. The activation of transcription factors like NFκB and AP-1 by these NP lead 
to high production of inflammatory cytokines. Incubation of SWCNT and MWCNT with mesothelial 
cells showed an increase in activation of ERK, JNK and p38 (Pacurari et al., 2008; Pacurari et al., 2008). 
Further, AP-1, NFκB and Akt activation was also observed after incubation of cells with SWCNT (Manna 
et al., 2005; Sato et al., 2005). The activation of NFκB and ROS generation lead usually to the produc-
tion of cytokines. The activation of protein kinases may also lead to the activation of NFκB and could 
account for CNT toxicity (Hirano et al., 2008).

Surface charge of NP is a key a factor playing an important role in cytotoxic and inflammatory ef-
fects of NP, likely via influencing cellular localization or due to variations in tissue receptor sensitivity 
to particle charge leading therefore to changes in cytokine production. For example, carboxylic acid-
coated QD induce the release of the pro-inflammatory cytokines IL-1β, IL-6 and IL-8. Cell viability 
has been shown to be reduced following exposure to these kind of NP (Ryman-Rasmussen, Riviere, & 
Monteiro-Riviere, 2007). Liposomal charged NP may also induce inflammation. Both negatively and 
positively charged liposomes enhance the release of IL-1β from THP-1 cells with no effects in case of 
neutral liposome exposure (Zhong et al., 2013). The charged liposomes did not increase TNF-α release, 
suggesting that they did not activate the NFκB pathway. The large surface with charged groups of some 
NP allows for more interactions with tissue receptors such as those found in the plasma membranes of 
brain microglia or respiratory epithelial cells. As an example, negatively charged airborne NP activate 
the TRPV1 vanilloid receptor found on these cells, which stimulates pro-inflammatory cytokine release 
(Verones & Oortgiesen, 2001).

Another important contributor to inflammation is the binding of serum proteins to NP surface. Once 
bound to NP, different proteins can unfold to reveal epitopes that are normally hidden within the protein 
structure. These NP-protein complexes are recognized by cell-surface receptors such as Mac-1, which 
induce through NFκB the release of pro-inflammatory cytokines (Figure 3). Alternatively, NP can activate 
intracellular inflammasomes following internalization, which leads to the activation of NFκB and the 
production of caspases that cleave pro-IL-1β and pro-IL-8 to functional inflammatory cytokines IL-1β 
and IL-8 (Godugu et al., 2015). Inflammasome activation has been reported for numerous NP including 
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amino-functionalized polystyrenes, silica, Ag NP and CNT (Lunov et al., 2011; Sandberg et al., 2012; 
Sun et al., 2015; Yang, Kim, Kim, & Choi, 2012). Cathepsins released from the endosomal compartment 
seem to be a major contributor to inflammasome activation and may be central to NP-induced cytotox-
icity (Mortimer & Minchin, 2017). A recent study showed that inflammasome activation is dependent 
on size and surface charge with cationic NP demonstrating the greatest propensity to release IL-1β in 
mouse bone marrow dendritic cells and human mononuclear cells (Neumann et al., 2014).

Genotoxicity

One of the most hazardous areas governing regulatory health risk assessment of NP is genotoxicity as 
DNA damage may initiate and promote carcinogenesis.

Genotoxicity potential of NP varies highly among different types of NP and many reports are avail-
able on the negative genotoxic potential of various types of NP (Barnes et al., 2008; He et al., 2009; 
Shinohara, Matsumoto, Endoh, Maru, & Nakanishi, 2009).

Mechanisms of potential genotoxic effects of NP can be diverse and their elucidation can be demand-
ing. Overall, NP can induce genotoxic effects by either direct interaction with genetic material or by 
indirect action through ROS generation or transition metal release from NP core.

In some studies, engineered NP were found to cause DNA damages such as chromosomal fragmenta-
tion, single and double strand breaks, oxidative adducts, structural changes of the DNA (point mutations, 
deletions, duplications, inversion and translocation of chromosome segments), changes in the number 
of chromosomes as well as alterations in gene expression profiles.

NP get inside cells through different mechanisms including passive diffusion, receptor-mediated 
endocytosis and clathrinor caveolin-mediated endocytosis (Figure 3). Internalization through these 
mechanisms often culminates with lysosome compartmentalization. It is known that while biodegrad-
able NM may not interfere with the functional activities of such machinery, non-biodegradable NM can 
dramatically perturb vesicle trafficking and lysosomal fate, resulting in severe cellular dysfunctions. 
Some NM escape the endosomal trafficking and continue their way into the cytoplasm in cell organelles 
and eventually the nucleus, affecting therefore DNA integrity. The most relevant example is SWCNT 
that can cross cell membranes in fibroblasts and enter the nucleus. Nuclear internalization may occur 
through diffusion across the nuclear membrane, transport through the nuclear pores or by accidental 
recruitment during mitosis and meiosis. Several studies report that NP with a diameter between 1 and 10 
nm are able to enter the nuclear pores, while those presenting larger sizes (16-60 nm) can access DNA 
only when the nuclear envelope is disrupted for example during cell division or meiosis.

The molecular mechanisms activated in the nucleus in response to nanodeposits are modification in 
DNA metabolism, DNA structural damages, DNA transcription changes as well as epigenetic modifica-
tion. Disruption of essential nuclear proteins may occur after high nuclear deposition of NP and may 
lead to genotoxic outcomes.

Though SiO2, CNT, Ag NP, ZnO NP and TiO2 NP can all reach the nucleus they do not induce similar 
genotoxic potentials. Depending on the chemical composition different effects can be observed. Size 
dependent entry of SiO2 NP into the nucleus and disturbance of nuclear organization indicates the direct 
effect of these NP on the nucleus (Chen & von Mikecz, 2005). Strong binding of CNT to DNA with 
potential DNA aggregation in a dose-dependent manner was observed, which may explain the altered 
gene expressions upon NP exposure reported in various studies (An, Liu, Ji, & Jin, 2010). Chromosomal 
aberrations, mutagenesis and DNA strand breaks have been reported for Ag NP, CNT, fullerenes and 
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most metal oxide NP both in in vitro and in vivo studies (Magdolenova et al., 2014; Patlolla, Hackett, 
& Tchounwou, 2015; Zhang, Xu, Zheng, Su, & Wang, 2015). TiO2 NP form usually aggregates in-
cluded in large vesicles, which are fused to the nucleus and modifying its form. Subsequent alteration 
of the nucleus shape can impair correct segregation of chromosomes during mitosis (Tino, Ambrosone, 
Marchesano, & Tortiglione, 2014). Of significant interest, cellular internalization of ultra-fine super-
paramagnetic iron-oxide NM (d-USPIONs) was shown to correlate with the induction of genotoxicity 
with large chromosomal damage. The induced chromosomal damage was primarily fragmentation, thus 
indicating a clastogenic mode of action of these materials. Furthermore, d-USPIONs have the potential 
to cause other DNA damage that could lead to the initiation and progression of cancer (Singh, 2009).

According to the phase of cell cycle, nanodeposits in the nucleus affect different processes. Dur-
ing the interphase, NP can interfere with replication of DNA and/or DNA transcription by binding to 
single-strand DNA or by incorporation into DNA duplexes. When cells undergo mitosis NP may disrupt 
chromosome structure by inducing double strand breaks and altering the ability to go through cell divi-
sion. An et al. (2010) demonstrated a direct interaction between CNT and DNA in E. coli (An et al., 
2010). The authors provided evidence that CNT bind to single-stranded DNA and incorporate into DNA 
duplex structures, probably during DNA replication, suggesting that these NP could represent a serious 
hazard for DNA replication processes.

Besides the structural and functional effects of NP on DNA, aneugenic effects with the impairment of 
the machinery responsible for chromosome segregation (mitotic spindle, centrioles and associated proteins 
tubulin polymerization) have also been found to be induced by some NP. In vitro studies demonstrated 
that TiO2 NP can induce multipolar spindle formation and impairment of chromosome alignment and 
segregation (Gonzalez et al., 2010; Huang, Chueh, Lin, Shih, & Chuang, 2009).

Two of the most frequently reported NP-associated toxicities that may lead to dramatic change in 
biological activities are ROS generation and inflammation. NP induced oxidative stress play pivotal role 
in further pathophysiological effects including genotoxicity. For example, SiO2 NP and TiO2 NP that are 
able to generate ROS can introduce DNA mutations leading to purine and pyrimidine lesions, and also 
induce strand breaks in the DNA. QD have been reported to induce free-radical mediated DNA nicking, 
while QD photosensitized TiO2 films were shown to induce free-radical mediated damage to bacteria 
and DNA (Green & Howman, 2005; Lu et al., 2005).

Another source of ROS production is the endogenous disruption of mitochondria that can suffer the 
presence of NP that results from the interruption of the respiratory chain and the release of large amounts 
of ROS. Overproduction of ROS and interruption of energy generation may also cause DNA damage. 
Depletion of endogenous antioxidant system (glutathione and superoxide dismutase) can also underline 
NP genotoxicity (Ambrosi & Pumera, 2010; Barillet et al., 2010; Folkmann et al., 2009; Park et al., 2008).

There are mixed results in the available studies to determine the genotoxicity of fullerenes deriva-
tives. There seems to be low potential for genotoxicity and carcinogenicity based on a limited number of 
studies in lower order organisms such as Drosophila and Salmonella (Babynin, Nuretdinov, Gubskaya, 
& Barabanshchikov, 2002; Zakharenko et al., 1997). In vitro analysis of Salmonella model indicated 
DNA damage by a mechanism related to excessive generation of free radicals (Sera, Tokiwa, & Miyata, 
1996). Studies on mouse embryonic stem cells with MWCNT demonstrated the potential of genotoxicity 
induction and indicated the need of careful examination of this effect (Zhu, Chang, Dai, & Hong, 2007). 
Both in vitro and in vivo tests indicated the positive genotoxicity of MWCNT in type II pneumocytes and 
rat lung epithelial cells exposed to MWCNT. Further, fluorescent in situ hybridization assay evidenced 
clastogenic and aneugenic effects (Muller et al., 2008).
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Dhawan et al. (2006) demonstrated a positive response with strong correlation between the geno-
toxic response and C60 concentration (Dhawan et al., 2006). The genotoxic potential of SWCNT on 
lung fibroblast cells by comet assay and micronucleus test indicated also a positive genotoxic response 
(Kisin et al., 2007).

For inorganic NP, human epidermal cells exposed to ZnO NP demonstrated dose-dependent genotoxic 
effects with significant levels of DNA damage. Additional effects following ZnO NP exposure include 
enhanced lipid peroxidation, glutathione depletion and decreased catalase and superoxide dismutase 
activity (Sharma et al., 2009).

In one study treating the mice with TiO2 NP in drinking water resulted in the significant DNA damage 
(Godugu et al., 2015). Another study demonstrated that exposure to nano-sized TiO2 disturbs cell cycle 
progression and duplicated genome segregation, leading to chromosomal instability and cell transformation 
(Huang et al., 2009). These findings raise concern about potential health hazards associated with TiO2 
NP exposure. Several other studies conducted on murine models have earned TiO2 a group 2B (possible 
human carcinogen) by the International Agency for Research on Cancer, although the carcinogenic risk 
of nano-sized TiO2 in humans has not been exhibited yet (Baan et al., 2006; ”Carbon black, titanium 
dioxide, and talc,” 2010; Dankovic, Kuempel, & Wheeler, 2007).

In contrast, other studies reported the lack of genotoxicity of TiO2 NP (Hackenberg et al., 2011). Epi-
demiological studies on workers that were exposed to TiO2 NP were inconclusive and could not show an 
association between exposure to these particles and an increased cancer risk (Ng, Li, Bay, & Yung, 2010).

As reported here, discordance amongst studies exists surrounding the capability of nano-sized TiO2 
to induce DNA damage and genotoxicity. These inconsistencies may be explained by the use of different 
cell lines, concentrations of TiO2 NP and/or exposure times. Different cell lines have varying thresholds 
for DNA repair and upregulation of antioxidant or other adaptive mechanisms. They likely become 
overwhelmed at differing concentrations and exposure times, which would account for the variations in 
observed DNA damage and genotoxicity.

Cobalt-chromium NP have been shown to damage human fibroblast cells (Bhabra et al., 2009). 
According to Bhabra et al. (2009) the damage is mediated by a novel mechanism involving transmis-
sion of purine nucleotides (such as ATP) and intercellular signaling through connexin gap junctions or 
hemichannels and pannexin channels. The outcome, which includes DNA damage without significant 
cell death is different from that observed in cells subjected to direct exposure to NP.

Finally, coating technology plays an important role in NP ability to induce genotoxic effects. For 
example, coated Ag NP exhibited more severe damage than uncoated NP (Ahamed et al., 2008). PEG-
coated and carboxylic acid-coated QD exhibit nuclear localization, while other QD exhibit localization 
within the cytoplasm. QD coated with biotin have been shown to nick supercoiled DNA in vitro (Green 
& Howman, 2005).

Overall, there is limited information about NP genotoxicity, considering the large amount of differ-
ent types of NP that has been developed. The results are conflicting, often due to limited information 
available on the physicochemical properties of the investigated NP or variations in the experimental 
settings hardly to compare. Due to inconsistencies in the literature, it is difficult to draw conclusions on 
the features of NP that promote genotoxicity. Thus, further attention to improve our understanding of 
the genotoxic potential of engineered NP is needed.
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CONCLUSION

Advances in nanotechnology are behind the introduction of new products. The existing nanotoxicology 
studies have generally lagged behind these advances, but there is plenty of room in the area of nanotoxi-
cology to create new nanotechnological products truly safe.

NP can enter the human body via different routes (skin, respiratory gastrointestinal tract, or paren-
teral administration). They have greater potential to travel through the organism than other materials of 
larger size. The translocation to the blood circulation allows the interaction between NP and biological 
elements. The various interactions and toxic effects of NP with fluids, cells, and tissues depend mainly 
on NP components and need to be considered (Table 2).

The toxic effects following exposure predominantly consist of inflammatory reactions. Tissue damage 
appears to be mediated by ROS generation and subsequent oxidative stress. The cytotoxic, genotoxic, 
and carcinogenic potential of NP is less apparent.

Table 2. Effects of NP on biological components

Nanomaterial Cytotoxicity Mechanism

TiO2

Oxidative stress: ROS generation and glutathione depletion as a result of 
photoactivity and redox properties 
Cell membrane disruption leading to cell death 
Possible DNA damage 
Pulmonary inflammation and lung tissue injuries 
Decrease of cell viability

Zn/ZnO

ROS generation 
Dissolution and release of toxic metals 
Lysosomal damage 
Inflammation

Ag

Dissolution and release of metals that inhibit respiratory enzymes and ATP 
production 
ROS generation 
Cell membrane disruption and transport processes leading to cell death

Au Disruption of protein conformation 
ROS generation

CdSe Dissolution and release of toxic Cd ions

SiO2

ROS generation 
Protein unfolding 
Membrane disruption 
Toxic to fibroblast cells 
Amorphous are more toxic than crystalline SiO2

Fe3O4
ROS generation 
Release of toxic metals 
Induction of cell autophagy

CeO2

ROS generation 
Protein aggregation 
Increased MDA levels 
Decrease in glutathione and α-tocopherol 
Bacterial cytotoxicity 
Adsorption onto bacterial outer membrane 
Decrease of cell viability

continued on following page
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The importance of studying the interactions of NP with biological systems and their resultant con-
sequences on human health has attracted increasing attention over the last years. Understanding of 
the molecular and cellular mechanisms involved in NP toxicity, as well as the availability of sensitive 
methods for studying such interactions, will be of great help in preventing potential toxic effects of NP.

Three principal research directions can be foreseen. First, comparative testing should be done on a 
wide spectrum of cell cultures and organisms in order to have a broader base for comparison. Second, 
studies on the molecular mechanisms of nanotoxicity should be done because only such studies can 
provide detailed information on how these materials act and how to prevent their toxic effects. Third, 
the studies of NP-biological system interaction requires the development of new methods and techniques 
for monitoring NP in all steps of interaction, involving internalization mechanisms, migration within 
the cell and interaction with different organelles, penetration in the nucleus, translocation among tissues 
and organs, and the elimination of the nanoparticle.

Alternate assay methodologies need to be investigated to determine further the cytotoxic potential 
of NP. The application of genomics technologies can shed useful information on the mechanism of 
toxicity. The use of analytical chemistry along with the application of high-throughput biological assay 
procedures can help develop non-toxic NP. This, in conjunction with in silico studies, may be helpful to 
identify NP with desired physicochemical characteristics and biocompatibility.

Nanomaterial Cytotoxicity Mechanism

SWCNT and MWCNT

Frustrated phagocytosis causes chronic tissue inflammation 
ROS generation due to the metal impurities (carbonyl and MDA generation, 
protein thiol reduction, etc) 
Oxidative damage of DNA 
Reduction of antioxidant system (glutathione depletion) 
Skin thickening 
Inflammation, fibrosis, and granuloma in lungs: 
-Granulomatous inflammation due to hydrophobic CNT 
aggregation 
-Interstitial pulmonary fibrosis due to fibroblast‐mediated 
collagen production

Asbestos Inflammation and fibrosis of lungs 
Mesothelioma

Fullerenes ROS generation

Cationic nanospheres and dendrimers Membrane damage, thinning, and leakage 
Damage to endosomal compartment

Co, Ni, and magnetic metallic NP Liberation of toxic cations

Al2O3 ROS generation 
Proinflammatory reaction

Cu/CuO ROS generation 
DNA damage

MoO3 Membrane disruption

Quantum dot Cytotoxic with UV irradiation (ROS and radical generation) 
Membrane, mitochondrion, and Nucleus damage leading to cell death

Table 2. Continued
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Additionally, monitoring of the biodistribution, biotransformation, and excretion of NP is required, 
and long-term effects of exposure to NP must be more assessed. Therefore, strategies to extrapolate acute 
toxicity models for the prediction of chronic effects are thus needed using exposure levels relevant to 
human and environmental exposure.

Finally, scientist from different fields can play an important role in recognizing the hazards of NP so 
that health risks are reduced as the opportunities of nanotechnology are realized.
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