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Preface 

 
This book contains the work ofnumerous scholars in the fields of food quality evaluation, food 
products, balanced diet, altering lifestyle, food management, and so on. Each chapter 
focusesonspecificgoals,variouscontributingfactors,resultsandevidence-based measures. 
Changing lifestyles have had an impact on the health of the general populace in recentdecades. 
The current research assesses the importance of numerous elements linked to nutritious diets, 
food quality, dietary habits, modernization, and environmental factors 
impactinghumanhealth.ThesurveyswereundertakeninseveralstatesofIndiato 
understandpeople'sdietaryhabitswithregardtoeducation,economicstatus,social standing,and so 
on,in order to analyze their foodpreferences andhealthissues related with it. 
A survey was also done to evaluatethe quality of themostcommonlyused fooditems, such 
asVerkaMilkproducts,ColdDrinks&Juices,andsoon,in ordertoensurethesafetyof the products 
for consumption. 
Case studies of industries were also conducted in order to better understand the techniques 
used to ensure the food quality of its products. 
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Abstract 
Food analysis is necessary to ascertain product quality, carry out regulatory enforcement, 
verifyconformitywithnationalandinternationalfoodstandards,contractspecifications and satisfy 
nutrient labeling requirements. Nutritional value, which is a component of food quality, is 
determined by how well-balanced a meal or diet is in terms of essential elements including 
carbohydrates, fats, proteins, minerals, and vitamins in relation to the nutrient requirementsof 
consumers.In order to ensurethe safety, health andwell-beingof people withrelation 
tofood,newtechniquesandtechnologiesmustfocuson physical,biological and chemical agents or 
their mixtures. Quality control (QC) is a proactive technique used to 
identifyandcorrectdefectsinfinishedproducts.Findingandremovingtheoriginsof 
qualityproblemswillensurethattheclient'sexpectationsareregularlyaddressed. 
Accreditedproductcertificationisthemosteffectivetechniquetoverifyandconvey 
productquality.In ordertodeliverhigh-quality productsandservices,qualityassurance 
(QA)standardsarefrequentlyused.WhileQCfocusesonidentifyingandcorrecting 
mistakescommittedbefore,duringoraftertheproductdevelopmentprocess,QAattempts 
todelivergoodsandservicesthataredefect-freeorthatarerightthefirsttimewithlittleto 
norework.Theauthorshaveattemptedtoassemblein thischaptersomepointsofviewon the state of 
food quality and assurance today, from farm to fork. 

 
Keywords:Foodquality,Foodsafety,nutritionalvalue,qualitycontrol,qualityassurance. 
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1. INTRODUCTION 

Comparedtoshelterandclothing,foodisahuman'smostfundamentalnecessity.Itmeets the body's 
needs for development, upkeep, restoration, and reproduction. Foods with vital 
nutrientsincluding carbohydrates,lipids, proteins,vitaminsandminerals can be foundin 
bothplant-andanimal-basedsources.Followingconsumption,foodtypicallypasses through a 
number of metabolic processes that ultimately result in the creation of energy, maintenance of 
life and/or encouragement of growth. 

Inthemodernfoodeconomy,foodqualityisamajorconcern[1].Inrecentyears, consumers' worries 
about leading healthierlives and protecting the environment havechangedboth their food 
purchasingintents and theirperceptions offood quality. Because 
theirpurchasingdecisionsarebasedontheseframes,understandinghowcustomers perceive the 
quality of food is extremely important [2]. To ensure that consumers consume 
safefooditemsandprotectedfromtherisksassociatedwithcontaminatedmeals,itis crucial to 
control food quality [3]. Labelling is unquestionably one of the tools that enables 
consumerstomakeaninformeddecision[4,5].Numerousstudiesviewlabellingasaway 
tocommunicateproductqualitiesrelatedtotheenvironmentandhealthinaggregate [6,7,8]. It also 
lowers the likelihood that purchasers would deal with dishonest vendors andend up with 
subpar items. 

 NutritionalAnalysisofFood 

Food analysis is required in order to determine product quality, conduct regulatory 
enforcement, verification of compliance with national and international food standards, 
contract specifications and nutrient labelling requirements. 
Size, consistency, appearance, freshness, hygienic practices, flavor, safety, and maturity are 
among the crucial food quality factors. The food products are then categorized based on the 
proportion of requirements met. As a result, buyers may distinguish between products with 
similarclassificationsbasedon quality andcost.Duetothecategorization code'slegibility on food 
packaging, it is easily recognized and accessible to consumers. This also applies to food 
production, animal feed and raw & processed foods [9]. 

 
Globalhumanexistencewassignificantlyimpactedbytheearlyshutdownbroughtonby the 
coronavirus disease 2019 (COVID-19). People had been confined to their homes for a 
considerableamountoftimeduetothemeasuresimplementedin themajorityofstates, along with the 
closure of many businesses, including restaurants. There is no doubt that the COVID-19 
problem hastened, consumers’ demands for safer and more reasonably priced 

mealsastheybecamemoreconcernedabouttheirhealth[10,11,12].Researchfindings 
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havedescribedhowsuchnon-intrusiveandpotentanalyticalapproachescanbeemployed for quick 
andprecisemeasurements of quality parametersin various circumstances [13]. 

 
A variety ofviewpoints on the current development of food quality and quality 
assurancehavebeen presentedin thischapter.Whilewe donot claimin thistextto cover all 
elements toguaranteefoodquality,ourgoalistodrawattentiontothefactorsandinformation which, 
in our opinion, is most crucial. 

 
 FoodSafety 

Thegrowthofnewwaysoffoodcontrolandsafetyhasbeenrecognizedasnecessaryby the European 
Food Safety Authority (EFSA) which has recorded the current huge hazard around the globe. 
Undeniably a crucial element in achieving such aims is the methodology development level. 
The development of new techniques and tools must concentrate on 
physical,biologicalandchemicalagentsortheircombinationsinordertoensurethe 
security,healthandwellbeingofpeoplewithregardtofoods.Becauseofthenumerous laws and 
guidelines that have been issued by the authorities, quick, accurate and sensitive techniques of 
detection are recommended for food risk management[14]. 

 

 

 
Foodqualityandfoodsafetycanoccasionallybeusedinterchangeably.Foodsafetyrefers to all risks, 
whether they are acute or chronic, that could cause food to be harmful to the 
consumer'shealth.Itcannotbenegotiated.Alladditional characteristicsthataffecta product's value 
to the consumer are included in quality. 

 Foodquality 
 

Sinceitis a dynamic conceptinfluencedby both objective and subjective factors, food 
qualityisahighlybroadandcomplicatedtermthathaschangedquiteswiftlyoverthepast 
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few years and is predicted to continue. Food quality can be viewed as the culmination of all 
efforts made by all parties involved in the food chain to avoid production, 
storage,distribution,marketing,anddifficultieswithfoodtraceabilityandsafety.Thisisbecause 
foodqualityinvolvestheaccumulation ofeffortsoveralongperiodoftime[15].The 
conceptoffoodqualityshouldalwaystakespecificfactorslikeafood'snutritionalvalue 
intoaccount.Awell-balancedratioofthevitalnutrientssuchascarbohydrates,fats, proteins, 
minerals and vitamins in meals or diets related to the nutrient requirements of consumers, is 
measured as nutritional value as well as a part of food quality. However, the massive rise in 
the prevalence of chronic diseases worldwide has prompted a change in the way 
thatnutritionisthoughtof,takingintoaccounttheuniquetraitswhicharedetermined 
byanindividual’sgenotypeanddailyroutine[16].Morethan85%ofthese"early" fatalities,which 

affect 15million people aged30-69 eachyear,take placein low- and middle-income nations. The 
leading cause of death worldwide (17.9 million fatalitiesannually) is cardiovascular disease, 
which is followed by cancer (9.0 million), respiratory illnesses (3.9 million) and diabetes (1.6 
million). Tobacco smoking, along with lack of 
exercise,excessivealcoholconsumptionandunrestricteddietarychoicesincreasetherisk of dying 
from one of these illnesses [17]. 

Advantagesofqualityisenhancedreliability.Byensuringthatproductsorservicesmeet the required 
quality standards,businesses can increase the reliability oftheir offerings, leading to increased 
customer trust and loyalty. 

 
 QualityControlintheFoodIndustry 
 

Thefoodsectorworkswithproductsthatarequitesensitive.Itisessentialforparticipants in the food 
sector to uphold quality standards and criteria and this is one of the fundamental justifications 
for doing so. The reputation of the brand could be damaged by even a minor instance where 
product quality has been compromised. Therefore, it's possible that the company'searningswill 
plummet.Asaresult,brandssellingfoodgoodsmustadopt adequate quality control procedures 
seriously. 

Quality control (QC) is a reactive process that seeks to find and fix flaws in final goods. To 
ensure that theneeds ofthe client are consistently met,it can be accomplishedby locating 
andeliminatingthesourcesofqualityissues.Usually,theaccountabilityforitfallswithin the quality 
management inspection component. 

Themajority offood assurance schemes functionas product certification programmes and use 
routine independent inspections to ensure that participants are adhering to the program's 
requirements.Thescopeofensuredfoodprogrammesincludesbothprimaryfood production and the 
procedures that apply tothe whole of the foodchain up to retail sales. 
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2. Objectives 
To protect consumers from tainted,unsafe, wrongly marked or polluted 
food.To support economic growth by preserving consumer faith in the food 
system. 
Toestablishastrongregulatoryframeworkforbothdomesticandinternationalfoodtrade. 

 ImportanceofQualityControl 
A few reasonswhy brandsdealingin fooditemsmustnotignore quality control havebeen identified: 

 
 ReducedProductionCost 

 
Companies in the food sector can drastically cut their production costs by using effective 
inspectionandcontrolmeasuresin theoperationsandprocesses.Productionexpensesare also driven 
up by wastages and subpar goods. The production cost is greatly reduced when waste and 
themanufacture of subpar goods are controlled throughquality control. 

 SuperiorGoodwill 
 

Quality control helps the company's reputation by creating goods of higher quality 
andmeetingclientneeds.As aresult, thebrandgains asolid reputation andgains strongword- of-
mouth marketing on both offline and online platforms. A reputable company can readily 
raisecapitalfromthemarket.Acompany'sprospectsofsurvivinginthefiercely competitive market 
are likewise great when it has improved goodwill. 

 PriceFacilitation 
 

Companies in the food business can guarantee the production of uniform goods of the same 
qualitybyimplementingqualitycontrolprocedures.Thisconsiderablyfacilitatestheissue 
offoodproductpricefixing.Theconcern overcommodities'pricingfluctuatingcontinually is also 
removed. 

 ExpandSales 
 

By ensuring the manufacture of high-quality goods, quality control plays a crucial role in 
luring more consumers to the product and boosting sales. It is highly advantageous in 
preservingthecurrentdemandforthecompany'sproductsaswellasgeneratingnew 
demand.Additionally, with theincreasedusage of social media, itismoreimportant than ever 
forbrands to stay alert.Thebrandimage couldbeimpactedby anyunfavorable feedback from 
customers. 
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 NewProductionMethods 

Quality control makes sure that goods are produced at acceptable rates and to the desired 
standards.Italsoensuresbetterproduction techniquesanddesignsby providingtechnical and 
engineering data for the product and manufacturing processes. 

 Increasedmorale 

An efficientquality control system isvery helpfulin raisingstaffmorale.Employeesare 
moreinclinedandmotivatedtoworktowardsthegoalsofthefirmwhen they begin to believe that 
they are employed by a company that produces good, high-quality products. 
Additionally,theseworkersaremorelikelytoadheretotheorganization'scriteriafor quality control 
in their work. 

 Qualityattributes 
 

Aspect of appearance- Itis a visual appeal assessedby thesense of sight using criteria like: 

a) Size and shape wholesomeness:It is clearly visible to the eye. Deviceslike a screen,scale, 
micrometer etc. are used for precision and standards, though. 
b) Damage,defectsandextraneousmaterial:Defectsresultfromthepresenceof undesirable 
materials. One type of defect is insect damage or injury caused by bruising, crushing etc. 
c) Presenceofforeignmaterial:Evenifit'ssafe,extraneousmaterialshouldn'tbeeaten. 
d) Deformed fruit and vegetable shapes caused by the environment or a genetic component 
and/ or other processed foods caused by a processing error. Color, gloss, transparency, 
turbidity etc. are all considered tobe spectral.The spectral dispersion of light is responsible 
forcolorandgloss.Viscosity,gelflowandspreadareallexamplesofconsistency. Viscosity is one of 
the most important qualities of foods including ketchups, juices, creams, 
jamsandothers.Viscosity measurementsreveal theuniformity ofthefinishedproductas well as the 
quality control measures used on the raw materials and throughout processing to get the 
intended outcome. 

 Kinestheticaspect 
 

It is evaluated by the sense of touch, specifically through the mouth and hands such as 
softness, chewiness, stickiness etc. The way that food's structural elements are arranged in 
micro ormacro structures as well as the way that these structures are manifested on the 
outsideareknownaskinestheticcharacteristicsortexture.Itcontainsaspectsoffoodthat 
thetongue,palate,orteethmayfeel.Thevarietyoftextureiswideandaqualityflaw occurs when the 
texture differs from what is intended. 
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Forinstance-Firm apples, softmangoes and plums,juicy sweet corn and crisp potato chipsare 
all expected for good quality. 

 
 
 

 Flavorcomponent 
 

It is evaluated using the senses of smell and taste. It encompasses the senses of taste such as 
sweet,sour,salty&bitteraswellasthesensationofoff-flavorlikeenzymatic, 
physiological,chemical,contaminatedandovercooked.Consumersusetheirsensesof smell and 
taste to assess flavor qualities. 

Foodcanbepreservedwithdesiredflavorby- 
 

a) Avoidinglossofflavorduringheattreatment,handling,transitandstorage. 
b) Preventingthegrowthofunfavorableflavor.Forexample- Metallictasteandoxidative rancidity 
of canned goods. 
c) Creating and retaining flavor as in the roasting of coffee beans, bread baking, wine 
agingetc. 
d) Reintroducingnaturalflavorsthatarelostduringprocessingbyfortifyingfood. 

 
Systems for Product Certification and Food Quality Assurance on Marketing 
Aspects 

The best way to validate and communicate product quality is through accredited product 
certification. The use of quality assurance (QA) standards is regarded as a tried-and-true 
methodofprovidinghigh-qualitygoodsandservices[18].Strictersafetyrequirementsand a much 
higher number of quality assurance programs have been introduced on both an 
internationalandEuropeanUnion(EU)levelasaresultofthegrowingendeavorto 
guaranteehigherfoodsafetyandquality[19].Beyondthebenefitthatthesequality assurance 
programs provide to consumers, "quality" has come to be recognized as a critical 
componentofmarketing,givingcompaniesafantasticopportunitytostandoutinthe market and add 
value to their goods [20]. Production standards are established by theassurance scheme and 
vary amongst the schemes, often addressing food safety 
andtraceability,animalwelfareandenvironmentalprotection.Membersofacertainscheme 
mayusethescheme'smarkontheirgoodsormakeaspecificclaimtoinformconsumers that the 
product hasbeen producedin accordance with these requirements [21]. 

The proprietor of the scheme is the owner of the "Q Mark" for food products. After being 
judged tobein compliance with all of the scheme standardsby the certification body (CB), the 
producer whointends tousethismarkon his product has toacquire formal clearance from the 
scheme owner for the use of the mark. As reliable certification becomes more and 
moreimportanttointernationaltrade,organizationsliketheInternationalAccreditation 
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Forum (IAF) and International Laboratory Accreditation Cooperation (ILAC) continuously 
seek to maintain a high standard. Without the additional legitimacy of recognized 
certifications, this cannot be accomplished. The standards for several widely used product 
certificationprogramsinthefoodindustryhaveincreaseddramatically[21].Nowadays, there are 
more conventional-plus food products on themarket that convey a certain quality that also 
applies to comparable organic items. Therefore, these items can be thought of as goods that 
fall between conventional and organic goods. Given this similarity in certain characteristics, 
conventional plus goods can face competition from organic ones depending 
upontheinterestofthecustomers[22].Thegoalistocreateparticularcertification schemes and 
certification methods for foodstuffs in line with EN ISO/IEC 17065:2012 in 
contrasttoexistingcertification schemesinotherproductionsectors,whichoftenjust 
validatethattheproductconformstotherequirements.Theplanmustbeableto demonstrate how, if 
at all, the plan's requirements go above the required minimum by law.The National 
Accreditation Board for Certification Bodies (NBCB) grants accreditation to 
CertificationBodiesbasedonassessmentoftheircompetenceinaccordancewiththe 
Board'scriteriaandinaccordancewithInternationalStandardsandGuidelines.The approval of the 
certifying organizations by the scheme owner is conditional upon NBCB 
accreditation.Theseprogramsaredesignedtoenablethevalidationandcommunicationof a specific 
product's qualitative features thatin some way constitute a competitive advantageon 
themarket.They are optional product certification programs.In other words,ifyou 
believeyourproducthasafeaturethatsetsitapartfromsimilaritemsonthemarketand you want 
people to know that it has been independently verified.Then these certification procedures 
whichinclude developing requirements,validating, certifying, 
communicatingandmonitoringmustbe adopted.The certification markis attached to the product 
and directly communicates the quality to the customer. With expansion comes the necessity to 
upholdstandardsforqualityandotherfactors,regardlessofchangesinconsumerdemand 
orforanyothercause.Allofthisrequirescooperationbetweenmachinesandhumans, whichis known 
as artificialintelligence,becauseneithera personnora computer can doit on their own. 

Artificialintelligenceisprimarilyusedinthefoodsectorsinceitcanactbothlikearobot and like a 
person at the same time. By considering all the variables, including raw material quality, 
environmental temperature, fermentation, and bacterial development in the product while 
acquiring the final goods, artificial intelligence may help produce the finest results. 
However,manyindustriesandprocessesarestillnotfullyutilizingAI'sbenefits.Once 
fullyembraced,itwillsurelyhelpusachievethegoaloffullyautomatedmanufacturing that can be 
run with a single click [23]. 
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 HowdoesQualityAssuranceoutperformQualityControlineffectiveness? 
 

 Quality 
 

According to the simplest definition, quality is the culmination of a product's attributes 
thatarecrucialindetermininghowmuchaclientwillacceptit.Qualityshouldbefocusedon 
thepresentandfutureneedsoftheclient,accordingtoSirEdwardsDeming.Asaresult,it is possibleto 
define quality as thelevel of goodness that consumers orcustomers’mark. 

 
2.5.2QualityControl 

 
Implementingqualitycontrolisonemethodforraisingthestandardofthefinalproduct.It is a set of 
operational methods and procedures used to meet quality standards. It includes 
correctiontoolswithareactivefocus.Theinstrumentsforqualitycontrolassistin identifying flaws in 
the goods or services and in taking the appropriate corrective action to offer high-quality 
goods or services. 

 QualityAssurance 
 

Quality assurance is crucial for a higher-performing system. In order to give consumers 
enough trust that a product or service will meet quality standards, quality assurance is a 
planned and systematic activity that is conducted. It is a mechanism put into place by an 
organization that guarantees external parties that the data generated is of recognized and 
verified quality and satisfies end user needs. Documentation of the process, the procedures,the 
capabilities and their monitoring are crucial to this assurance. 

 

Image source: https://www.creaform3d.com/blog/pun5th75ef_wp/wp-
content/uploads/imagerie-QC-vs-QA-vs-QS.jpg 

 Whichcomesfirst,QualityAssuranceorQualityControl? 

http://www.creaform3d.com/blog/pun5th75ef_wp/wp-
http://www.creaform3d.com/blog/pun5th75ef_wp/wp-
http://www.creaform3d.com/blog/pun5th75ef_wp/wp-
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Assuring the quality of any good or service is more effective than other methods. Product- 
focused activities include quality control and process-focused activities include quality 
assurance. Quality product production cannot be achieved without ensuring process quality. 
The term "quality assurance" refers to a comprehensive strategy that can be carried out by a 
manager,aclient,orevenathird-partyreviewer.Itdescribesthemethodutilizedto 
producedeliverables.QC,ontheotherhand,isexclusivelyconcernedwiththedelivery itself and 
requires technical expertise to perform. While QA aims to provide items andservicesthat 
aredefect-free, orthat areright the first time withlittle tono rework, QC focuses on discovering 
and fixing errors made during or after the product developmentprocess to manage the system's 
total quality, however, quality control and quality assuranceare equally crucial, and both must 
be put into practice to meet the institution's quality objectives. 
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Abstract 

Microalgae have higher pigment concentrations than many plant and floral species. In 
comparison to traditional sourceslikemeat,poultry, and dairy products, proteins derived from 
microalgae have full Essential AminoAcids (EAA) profiles and a higher proteincontent. The 
nutraceutical products are recognized for their health benefits both in terms of prevention and 
treatment of diseases. The rapidly growing population and ever-increasing 
burdenoflifestylediseaseshasnecessitatedthesearchforaffordablenutraceuticalswhich are easily 
accessible. Microalgae present a potential solution to easy accessibility,affordability and 
excessive demand.Through thischapter, wewill give abrief overviewof 
thenutraceuticals,differentnutraceuticalcompoundsavailablethroughmicroalgaeand their 
beneficial effects. 

Keywords:Nutraceutical,Phytochemicals,Microalgae,Spirulina,Chlorella. 

Introduction 

Hippocrates(460–370BC)correctlysaid,“Letfoodbeyourmedicineandmedicinebe your food.” 

The combination of the words “nutrition” and “pharmaceutics” referred to as Nutraceutics is 

the term used for the products which can be a potentially therapeutic due to their nutritional 
effects. The term was coined Dr. Stephen De Felice, Chairman of the Foundation for 
Innovation in Medicine in 1989. The term defined differently in different 
countries;however,itisgenerallyusedfortheproductsisolatedfromfoodsthatare 
generallymarketedasproductsofphysiologicalimportanceand/orprotectiveagents 
againstchronicdiseases.Thenutraceuticalsarereferreddifferentlyindifferentcountries and 
industries, the other terminologies are “designer foods,” “functional foods,” “dietary 

supplements,” “medical foods,” “pharmafoods” and “phytochemicals” [1]. 
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The belief in nutraceuticals is rising, firstly because the regular consumption of a greatnumber 
of synthetic drugs used in chronic conditionsis known to cause serious side effects and 
secondlybecause people aroundthe word don’t haveaccess to perfectly balanced foodsin terms 

of fiber, carbohydrate, protein, and the right amounts of vitamins and minerals to 
maintaingoodhealth.Thenutritionalimbalancehasbeenassociatedwithmanydiseases 
likecardiovascular(CVDs),cancer,diabetes,obesityandmanysuchdiseases. Nutraceuticals can 
provide an easy and affordable solution to these conditions in terms of 
preventivedietaswellastreatment.Nutraceuticalshavereceivedconsiderableattention and interest 
from patients and medical fraternity because of their presumed safety, effective results and 
affordability [2]. 

General classification of nutraceuticals is done on the basis of natural food source i.e. it is 
obtained from plants, animals, minerals, or microbial sources, chemical nature they are 
phenols, amino-acids, carbohydrates, fatty acids, minerals etc. and pharmacological actionlike 
they are effective against Alzheimer’s, cancer, diabetes etc. Nutraceuticals can also be 

categorized as traditional nutraceuticals, which includes natural food like lycopene in 
tomatoes,resveratrol in grapes andanother categoryisnontraditionalnutraceuticals which are 
further subdivided into fortified food and recombinant food. Fortified food are artificial 
foodspreparedbyaddingbioactivecomponentsbyofphysicalmixinglikeorangejuice with calcium 
or through artificial breeding of plants or animals.Examples of recombinant food are bread, 
alcohol, fermented starch, yogurt, cheese, vinegar etc. [3]. 

Therearenumerouspathologicalconditionswherenutraceuticalshavegiveneffective results. 
However, when we talk about plant of animal-based nutraceuticals, we confront an 
enormouslimitation.Theglobal populationisgrowingexponentially andispredictedto reach 9.5 
billion by 2050. To meet the global food demand of food and nutrition we will require a 
twofold increase. This will thus put pressure on agriculture and animal rearing and 
willrequireescalationofagriculturalarea.Thispressureinturnwillaffecttheproduction of 
nutraceutics derived from flora and fauna. 

1. Introduction 

Microalgaeormicrophytesareunicellularmicroscopicalgaeinvisibletothenakedeye. Theirnatural 
habitatincludesfreshwaterandmarinesystems.Microalgaecan survive 
throughawiderangeofpH,salinity,temperature,lightintensitiesconditionsinreservoirs or deserts. 

They adapt to available resources and can grow alone or in symbiosis with other organisms. 

Microalgae are capable of photosynthesis, consume CO2and are credited with 
productionofapproximately50%oftheatmosphericoxygen.Thesurvivabilityof 
microalgaeishighunderextremeconditions.Microalgaeusesunlightinvery efficientway 
ascomparedtothehigherplants.Thebiodiversityofmicroalgaeisexuberantwith estimated 2 lakh to 
8 lakh species in many different genera. Microalgae research is gaining importance and 
weightage as they are being looked upon as future of food security and 
nutraceuticals.Asmicroalgaecanbeculturedinnon-arablelandandbrakishwaters,hence 
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their nurturing does not affect the volume of agricultural land. Microalgae are in use since 
ancient civilizations such as the Aztecs in Mexico used cultures of Arthrospira (Spirulina) 
maxima, a Cyanophyceae, formaking“Tecuitlatl”a typeof cake.Chadnativesused the 

samemicroalgaeforpreparationoffoodstuffs. InChinaNostocflagelliforme hasbeen used for food 
for more than 2000 years. Microbiologist Beijerinck was pioneer of scientific studies on 
microalgae, he succeeded in growing pure cultures of Chlorella vulgaris(1890). 
Microalgaehaverecentlyattractedconsiderablescientificandindustrialattention worldwide,dueto 
theirextensive application potential in diversefieldslike renewable energy, biopharmaceutical, 
and nutraceutical industries. The fast renewability makes 
microalgaesustainableandeconomicalsourcesofbiofuels,bioactivemedicinalproducts 
andfoodingredients.Furthertheextractionofnutrientsfrommicroalgaeisalsoeasy and cost 
effective.[4, 5] 

2. Nutraceuticalsfromalgae 

 PhenolicandVolatilecompounds 

Phenoliccompoundsareprotectivecompoundsormetabolitesproducedinresponseto 
stress.Phenolicphytochemicalsdemonstratehighbiologicalactivity;theyareprovedto have to 
have activities such as antioxidant, anti-inflammatory, and antimicrobial. 

The microalgae species are known to have total phenolic content similar or higher thanpopular 
sources such as kale, shallols, cashew, apple and strawberries. Heptadecane and 
tetradecaneavailableinSipirulinaareknown forgoodantibacterial capacity,itisalso known to 
have antimicrobial activity by virtue of compounds like β-cycb, α and β-ionone. Preclinical 
and epidemiological studies have revealed that phenolics retard carcinogenic progress, onset 
of diabetes and prevents cardiovascular and neurodegenerative diseases[6,7,8]. 

 Phytosterols 

Phytosterols arebelieved to be related to many healthbenefits. The activity of phytosterols,on 
human organs is related to their ability to replace cholesterol in membranes, thus attenuating 
high cholesterol diet effect. Promising quantity of sterols were found inmicroalgae strains, 
Dunaliella tertiolecta and D. salina.Sterols because of their bioactivity have ability to reduce 
LDL cholesterol. Sterols also show antibacterial, antiviral andantifungal 
properties.Phytosterolspreventassembly ofcholesterol esterintochylomicrons by preventing 
esterification of cholesterol. Sterols exhibit anticarcinogenic activity. Studies have proved 
their protective affects against colon, prostate and breast cancer. Nervous disorders such as 
Alzheimer’s disease, autoimmune encephalomyelitis, amyotrophic lateral sclerosis are also 

known to be ameliorated by sterols. With a little manipulations of growth 
mediummicroalgaecanproduceawiderangeofsterolcompounds,brassicasterol, 
sitosterol,andstigmasterol.Sterolproduceyieldedbymicroalgaeisevenbetterthen 



18 
 

rapeseedplants.Theproduceisestimatedintherangeof678–6035kgha-1y-1of phytosterol [9,10,11]. 

 Pigments 

Pigments derived from microalgae are categorized into chlorophylls a, b, and c, phycobili 
pigments, and carotenoids. From the bunch of algal pigments Carotenoids are believed to 
providephotoprotectiontothecellsthroughantioxidativeactivity.Therecentresearch shows that 
the health effects of pigments are however much wider, for example lutein, zeaxanthin,andβ-
carotene,cryptoxanthinandα-carotene,fucoxanthinfrombrownalgae and diatoms show anti-
cancer activities. Antioxidant, anti-inflammatory, and anticancer properties have also been 
demonstrated by Phycobilin pigments. 

One of the popular microalgae Spirulina yields good quantity of c-phycocyanin, which is 
already inducted as food and is commercially produced in different parts of the world. 
Spirulinaconstitute30%ofthetotalbiomassproductionofmicroalgaeworldwide. Dunaliella salina 
and Haematococcus pluvialis are rich sources of powerful antioxidant and anti-inflammatory 
agent effective in controlling protein degradation, macular degeneration, 
rheumatoidarthritis,cardiovasculardiseases,neurodegenerativediseasessuchas Parkinson’s, and 

cancers. Though there is a long list of pigment producing microaglae and 
theirhealthbenefitsthecommercialization ofthese(exceptforthosementionedabove)is still 
questionable. Spirulina is recommended for diet of astronauts because of excellent and 
compact food [12,13, 14, 15]. 

 Polyunsaturatedfattyacids 

Aarachidonicacid(AA),linolenicacid,eicosapentaenoicacid(EPA),docosapentaenoic 
acid(DPA),anddocosahexaenoicacid(DHA)areessentialforhuman animalnutrition. 
Thesearepolyunsaturatedasthey havemorethan onedoublebondin theirstructureand have carbon 
chain of 18 or more carbons. PUFA are well known for their preventive or ameliorating 
activity against asthma, arrhythmias, atherosclerosis, rheumatoid arthritis,manic-depressive 
illness, chronic obstructive pulmonary diseases, of cystic fibrosis, prevent relapsesin patients 
with Crohn’s disease. PUFA are also helpfulin improvingbone health and brain functions in 

children. Microalgae are rich source of PUFAs. Phaeodactylum tricornutum, Monodus 
subterraneus, Porphyridium cruentum, Chaetoceros calcitrans and Nannochloropsis spp are 
prominent producers of PUFAs. The prominent Microalgae producing DHA are 
Crypthecodinium cohnii, Isochrysis galbana, and Pavlova salina. Linolenic, and oleic acids 
are produced in good amount by Dunaliella salina. Spirulina platensisprovidesγ-
linolenicacid,lauric,palmitoleic,andoleicacidsandDHAinvery good yield [16,17,18]. 

 VitaminsandMinerals 
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In many ways, vitamins and minerals are originators of dietary supplement category. The 
nutritional market is expanding leaps and bounds where multivitamins and minerals remainthe 
most widely accepted and used supplements as enormous health benefits are usually attached 
to consumption of vitamins and minerals. Microalgae are excellent sources of 
vitaminssuchasvitaminA,B1,B2,B6,B12,CandEandmineralssuchaspotassium, iron, 
magnesium, calcium and iodine. Chlorella is an excellent source of minerals, dietary 
fibers,andvitaminsincludingvitaminB12withgoodbioaviabilitiy.55.2μg/gdryweight of α-
tocopherol and 51.3μg/g dry weight γ-tocopherol were extracted from Porphyridium 
cruentum. 

Minerals may exist in elemental form like zinc, calcium, magnesium, sodium, iron, sulfur, 
copper etc. or they may existin combined form with other compounds. Minerals areimportant 
nutraceuticals required for the optimum health and physiological functions.Minerals can only 
be taken from external sources as minerals, being elements, cannot be synthesized 
biochemically by living organisms.Microalgae have the ability to accumulate trace elements, 
but very few studies have been conducted on the mineral content of 
microalgae.Appreciablequantitiesofzinc,phosphorus,sodium,iron,potassium, manganese, 
magnesium, and calcium have been extracted from D. tertiolecta, Isochrisis galbana, 
Tetraselmis suecica, C. vulgaris, Sochrisis galbana, S. platensis, and Chlorella stigmatophora 
[19, 20, 21, 22, 23]. 

 ProteinsandAminoacids 

Foodproteinsarewidelyusedinformulatedfoodsastheyaresafetoconsumeandhave high nutritional 
value. The effectiveness of nutraceutical products in preventing diseases depends on 
preserving the bioavailability of the active ingredients this presents challenge in oral 
administration of nutraceuticals. Lot of research has been dedicated to study functional 
proteins.The gel forming property of proteinsand polymer-based particulate systemshas been 
exploited for GRAS (generally recognized as safe) biocompatible carriers for oral 
administration of sensitivenutraceuticalsin awidevariety of foods.Severalmicroalgal strains 
such as Chlorella, Spirulina, Scenedesmus, Dunaliella, Micractinium, Oscillatoria, 
Chlamydomonas, and Euglena contain proteins of high quality. Cyanobacteria such as S. 
platensis and Porphyridium spp. contain phycobiliproteins, a group of proteins involved in 
photosynthesis. The essential amino acids, such as lysine, leucine, isoleucine, and valine 
contribute to the high quality of microalgal proteins. Many species of microalgae possess 
protein up to 70% dry weight and are nutritionally similar to proteins like egg and soybean. 
Generally inactive bioactive peptides on hydrolysis exert hormone like activity on 
physiological processes. Properties attached to bioactive peptides are 
cholesterolamelioration,immunityimprovement,antimicrobial,anticancer,antioxidant,atheroscle
rosis and hypertension controlling effects. Proteins purified from C. vulgaris, 
Chlorella,S.platensis,Naviculaincerta,Pavlovalutheri,P.lutheri,Chlamydomonassp. 
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andN.incertahavetestedpositiveforcombatingdifferentdiseasesincluding carcinogenesis and 
hepatotoxicity [17,19,20, 21,24,25]. 

3 Conclusion 

It would be appropriate to say that microalgae are amazing organism which can grow in 
diverse conditions. Many compounds of highnutraceuticals are available from microalgaestill 
remain vastly unexplored. There is need for research in processes of isolation, identification, 
and growth optimization of new and locally available microalgal strains. Microalgae have 
been included in many nutritional studies worldwide, and more nutritional 
benefitsarelikelytobediscoveredwithincreasedhumanuse.Microalgaeifexploredto full potential 
may be able to overcome challenges of food and nutritional security,and 
wemayseerevolutionarychangesintheenergy,pharmaceutical,cosmetics,andfood industries in 
the coming years. 
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Abstract: Globally, neurodegenerative diseases cause a significant degree of disability and distress.
Brain-derived neurotrophic factor (BDNF), primarily found in the brain, has a substantial role
in the development and maintenance of various nerve roles and is associated with the family of
neurotrophins, including neuronal growth factor (NGF), neurotrophin-3 (NT-3) and neurotrophin-4/5
(NT-4/5). BDNF has affinity with tropomyosin receptor kinase B (TrKB), which is found in the brain
in large amounts and is expressed in several cells. Several studies have shown that decrease in BDNF
causes an imbalance in neuronal functioning and survival. Moreover, BDNF has several important
roles, such as improving synaptic plasticity and contributing to long-lasting memory formation.
BDNF has been linked to the pathology of the most common neurodegenerative disorders, such as
Alzheimer’s and Parkinson’s disease. This review aims to describe recent efforts to understand the
connection between the level of BDNF and neurodegenerative diseases. Several studies have shown
that a high level of BDNF is associated with a lower risk for developing a neurodegenerative disease.

Keywords: brain-derived neurotrophic factor; tropomyosin receptor kinase B; neurodegenerative
disorders; Alzheimer’s disease; Parkinson’s disease

1. Introduction

In the central nervous system, brain-derived neurotrophic factor (BDNF) is a signifi-
cant neurotrophic factor with a major role in neuronal cell differentiation, maturation [1],
and survival [2]. BDNF also has a neuroprotective effect in several pathological condi-
tions, including cerebral ischemia, glutamatergic stimulation, decreased blood glucose,
and neurotoxicity [3]. It promotes and regulates neurogenesis [4] in several regions in the
central nervous system, such as the cerebral cortex, olfactory system, mesencephalon, basal
forebrain, hippocampus, hypothalamus, spinal cord, and the brainstem [1]. Low levels of
BDNF protein have been shown to have a role in the development of neurodegenerative
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disorders, such as Parkinson’s disease (PD) [5], multiple sclerosis (MS) [6], and Hunting-
ton’s disease [7]. Additionally, BDNF plays a major role in energy homeostasis along with a
neuroprotective effect, and has been shown to be able to restrain calorie intake and decrease
body weight via peripheral or intracerebroventricular (ICV) administration [8].

BNDF can also be found in the peripheral tissues as it can cross the blood-brain barrier;
this peripheral circulating BDNF is not derived from the brain, but can be synthesized
in several tissues including the liver, lung, muscles, spleen, and the vascular smooth
muscles. Most of the peripheral BDNF is stored inside the platelets while the remaining
amount circulates in the plasma. It has been suggested that the level of peripheral BDNF is
correlated and regulated by the level of CNS BDNF [9].

According to modern estimates, neurological diseases are major contributors to dis-
ability and morbidity, and the percentage of disease occurrence is predicted to be higher in
the future [10,11]. The absence of adequate therapy means that such diseases create consid-
erable problems worldwide. The lack of adequate therapy is partially due to insufficient
awareness or knowledge about the causes of most neurological disorders. Many diseases
related to the central nervous system are closely connected to various environmental stim-
uli, such as stress [12]. Challenging events create severe risks for people with such diseases,
particularly those who are more susceptible to the effects of the disease. A high level of
stress sometimes has beneficial effects, such as increased attention and memory. However,
stress can have harmful effects on the brain when disquieting actions become part of the
daily life of an individual [13]. Various studies have shown that strain is related to metabolic
problems, increased risk of heart disease, damage to endocrine functions, fluctuations in
mood, and impairment of mental abilities. Stress also leads to greater risk of development
of manic and neurologic disorders [13]. Persistent strain causes activation of microglia
and increases the secretion of cytokines and pro-inflammatory mediators, leading to the
migration of various immune cells into brain tissue, thus creating a suitable environment
for the development of numerous brain diseases. In response to sustained stress, brain
cells secrete several anti-inflammatory mediators, growth factors, and neurotrophic factors
that can help neuronal survival [14]. BDNF has been suggested to be an important factor
in various pathological conditions and is a candidate biomarker in therapies of various
neuronal diseases [15]. In blood, BDNF levels significantly change in response to current
treatments; therefore, it is difficult to completely understand the processes that support
alteration in BDNF levels in the diseased state [15], and that reduce BDNF in the CNS and
blood [16]. In summary, BDNF has a significant role in the pathology of many neurological
diseases, with inflammation of neurons serving as a primary trigger for the development
of brain pathologies [16,17].

2. BDNF Expression

BDNF is the fourth member of the neurotrophin family that consists of four structurally
related factors which also include neuronal growth factors (NGF), neurotrophin 3 (NT-3)
and neurotrophin 4 (NT-4). The gene that encodes BDNF includes 3′ region exons that
contain the code of the pro-BDNF proteins, and, in the 5′ region, a promoter region that
terminates in the 5′-exon which influences gene expression [16,17]. The gene consists of
five exons with the coding region found entirely on exon V; the other four exons have
the promotor region on their 5′ flanking region, and, at the 3′ end, contain a splice donor.
Exon V has a splice acceptor on the 5′ region and on the 3′ end it has two polyadenylation
sites. Therefore, each one of the four exons can have alternative splicing with exon V
with the adenylation sites able to produce eight different transcripts of the BDNF [18].
Several experiments have shown that the 5′ region in the four exons has different responses
according to various neuronal activities, as both hippocampal and cortical activities can
regulate the transcripts that contain exon III [19]. It is thought that the structure of the
BDNF gene is related to the stage of development, the type of tissue and the function of
the BDNF protein in cellular localization. Despite the similarity of the BDNF gene across
different species, there are certain structural differences that are dependent on the specific
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function of BDNF in that organism [20]. The gene expression of BDNF is regulated at a high
level by a wide range of external and internal factors, such as the level of stress, degree of
exercise and activity, brain injury, and food [21]. The level of BDNF expression was found
to be very low during fetal development but to increase significantly after birth followed
by another decline in expression in adulthood. BDNF is expressed throughout the entire
brain with the highest levels found in hippocampal and cerebellar regions [22,23].

BDNF gene translation produces a proneurotrophin (pro-BDNF) [24]. Subsequently,
the pro-BDNF protein is cleaved by endoproteases in the cytoplasm to produce the mature
BDNF or by plasmin or matrix metalloproteinases (MMP) which occur in the extracellular
matrix [25]. Then, the mature and pro-BDNF are secreted and are bound to the p75
neurotrophin receptor (p75NTR) triggering an apoptosis cascade [26]. On the opposite
side, cleaved mature BDNF binds to the tyrosine kinase B (TrkB) receptor which is of
higher affinity. Binding to the receptor triggers various signaling cascades that include the
Ras-mitogen-activated protein kinase (MAPK), the phosphatidylinositol-3-kinase (PI3K),
and the phospholipase Cγ (PLC-γ) pathway [27]. These pathways increase the influx of
Ca2+ which leads to activation of transcription factors by phosphorylation and increased
BDNF gene expression (Figure 1) [27].
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terminate the apoptosis that is caused by inflammatory mediators (dashed lines), achieved by
inhibiting the glycogen synthase kinase 3-beta (GSK-3β). The second pathway is activation of
mTOR-dependent translation through the (PI3K) pathway, resulting in the transcription of BDNF
mRNA. Additionally, the induction of Akt and Erk downstream enhances gene regulation through
the NF-κB and CREB transcription factors. The third pathway is regulated by several factors such
as zinc, epidermal growth factor, glucocorticoids, and the so called neurotrophic pathway, which is
considered to be independent for BDNF as it can transactivate the TrkB and has a role in its signaling.
This figure is adapted after modification from open access [10].

Although pro-BDNF can activate the apoptosis pathway, it is not known if it is secreted
by neuronal cells under normal circumstances because the concentration of the pro-BDNF
is less than that of mature BDNF [10]. This has been demonstrated in animal research which
showed that the mature BDNF concentration was ten times more than the concentration
of pro-BDNF [28]. This raises the issue of whether pro-BDNF is an effective factor for
signaling. BDNF function is widespread in multiple regions within the brain [21]. The
function of BDNF includes participation in neuronal plasticity, the survival of neuronal
cells, the synthesis of new synapses, the branching of dendritic cells, and the adjustment of
neurotransmitter activity between excitation and inhibition [29]. The activity of BDNF is
seen during all developmental stages and within different age groups [30].

These observations suggest that BDNF and pro-BDNF have opposite biological activity;
thus, post-transitional control and how pro-BDNF is processed can have an important
influence on the biological activity of BDNF [31]. A significant change in the BDNF function
could be achieved by the process of adding a pro-domain to the gene of BDNF. This pro-
domain has a role in the folding of the BDNF protein [32]. Genetic polymorphism in the
pro-domain that arises from a valine to methionine substitution in the 66 codons (Val66Met)
results in a change in memory function and affects the BDNF secretion process [33]. This
suggests that the pro-domain region is the area which contains most of the function in the
gene for BDNF [31]. In transgenic mice where the mutation Val66Met was induced, altered
anxiety behavior was expressed [34] as well as alteration in NMDR-dependent neuronal
plasticity in the hippocampus region [35]. Experiments performed on hippocampal slices
from transgenic mice showed that if mice were injected with BDNF pro-peptide it inhibited
LTD in the hippocampus [36]. BDNF’s role in transmission at synapses requires further
investigation—many pieces of research suggest that it has a significant role in enhancing
the efficacy of synaptic transmission in the hippocampus and the cortex [37,38]. Supporting
evidence has included the administration of K252a, which is a TrK receptor inhibitor, or
TrKB-IgG, which resulted in the prevention of the induction of long-term potentiation in
these areas [39].

3. Pathological Mechanism of Action

BDNF and NT-4/5 can bind to the TrkB receptor, in contrast to NGF, which can bind
to several receptors, such as Trk A, C subtypes, and NT-3 [40]. TrkB occurs in two similar
forms: a full-length type, abbreviated to Gp145 TrkB, with a molecular weight of 145 kDa,
and a truncated form, abbreviated as Gp95 TrkB, with a molecular weight of 95 kDa. The
truncated form differs from the full length form in that it lacks the tyrosine kinase domain
and shows lower affinity to the nerve growth factor receptor (LNGFR); it is denoted p75
NTR [41]. LNGFR is involved in processes that are pro- and anti-trophic, such as neuron
growth and death. BDNF and gp145TrkB have broad expression in brain cells; BDNF
receptors are also found in the spinal cord, specifically the gray matter neurons [42].

3.1. Activation of TrkB

The signaling of neurotrophin has a significant role in maintaining the survival and
proliferation of cells, the reduction of neural precursors, and axon and dendrite growth via
TrkB receptors [43]. The NTRK2 gene encodes for neurotrophic tyrosine kinase in human
beings [43,44]. TrkB has extracellular domains with multiple glycosylation sites and a
transmembrane area with an intracellular domain that has Trk activity. Once activated, G
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proteins, such as Ras and MAP kinase, regulate the PI3-kinase and phospholipase-C-γ (PLC-
γ) pathways [45]. Signal activation is faster than deactivation; activation needs two minutes,
while the deactivation requires around thirty minutes in the spinal cord. Trk signals are
regulated by various mediators [40,43]. Nonetheless, other small G protein messengers
have a significant role in BDNF signaling, such as Ras, Rap-1, and Cdc-42-Ra [2].

3.2. Secondary Messengers Activation

The Trk receptor family (which includes TrkA-C) and LNGFR regulate the function of
the different types of neurotrophins. The pre-synaptic p75 NTR plays a role in regulating
the binding to the Trk receptor, ERK activation by Ras, neurite protuberance and activation
of terminal kinase (JNK), which causes apoptosis in different neuronal cells [2]. BDNF
signaling activates various secondary messengers in the spinal cord, including via ERK
signaling, the proto-oncogene c-fos, and neurons that produce nitric oxide [2,46].

3.3. Signaling Cascade in BDNF

Tyrosine residue activation by BDNF leads to the stimulation of pathways that affect
neural plasticity, neurogenesis, cell survival, and resistance to stress, which shows the
pro-survival function of Trk receptors. BDNF signaling results in the activation of several
transcription factors, such as CREB and the CREB-binding protein (CBP), which modulate
gene expression that encodes several proteins which participate in different neuronal
functions, such as the plasticity of neurons, neuron response to stress, and survival of
neurons [43,47,48].

3.4. Ras/MAPK/ERK Pathway

Activation of the TrkB receptor by BDNF leads to dimerization of the receptor and
phosphorylation of tyrosine residues; this creates a site for the src-homology domain which
contains the Shc adaptor protein and phospholipase C(PLC). The Shc binds to both the
receptor and the protein Grb2 through the nucleotide releasing factor SOS. This leads to
activation of RAS [49].

Ras activation stimulates the Ras/MAPK-ERK pathway, PI3-K pathway, and PLC
pathway. MAPK/ERK is essential for the formation and survival of neurons by activating
several genes responsible for the survival of the neurons and inhibition of apoptosis [50].
Research concerning immature neuronal cells showed that activation of the RAS protein
via BDNF protected the neurons from MK801-induced apoptosis [51]. In diseases such as
schizophrenia, very low levels of ERK signaling proteins in the prefrontal cortex have been
observed [52].

3.5. IRS-1/PI3K/AKT Pathway

Other pathways that participate in the actions of BDNF are insulin receptor activation,
substrate-1 (IRS-1/2), PI-3K, and protein kinase B (Akt). Ras stops apoptosis by PI3K that
activates pkB via deposition of the protein involved in the apoptosis pathway away from
their targets [50]. Thus, the Ras-PI3K-Akt pathway is crucial for the survival of neuronal
cells, and any deactivation of this pathway will reduce neuronal survival [53]. BDNF
can protect hippocampus neurons from the effects of glutamate and norepinephrine via
this pathway. In the hippocampus, BDNF autocrine loops result in low stimulation of
NMDA receptors which means low glutamate effects and excitotoxicity [54]. Evidence
from postmortem studies indicated the relationship between alteration in the Akt and Erk
signaling pathways and schizophrenia; there was a low level of AKT1 mRNA proteins in
the cortex and the hippocampus [55], and there were some genetic variants of the AKT1
gene0020 that have been linked to schizophrenia [56].

3.6. PLC/DAG/IP3 Pathway

The binding of BDNF to the Trk receptor initiates phosphorylation of the PLC-γ protein
that leads to membrane lipids being broken down into inositol 1,4,5 triphosphate (IP3) and
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diacylglycerol (DAG) [57], with the former inducing calcium influx and later activating
protein kinase C which is needed for neurite outgrowth [58,59].

4. Functions of BDNF

BDNF has generally been recognized in humans as a protein compressed from the
BDNF gene. BDNF was initially isolated from the pig [58]. BDNF is the foremost neu-
rotrophic factor that has been discovered [60]. It acts via the protein tyrosine kinase receptor
(TrkB) [61] and is generally associated with aspects of nerve growth [49].

BDNF plays a crucial part in the process of neuro-regeneration [62,63] by preventing
neuronal death particularly in the peripheral nervous system [64]. It helps to promote
the growth of immature neurons and increases the efficiency of adult neurons [65]. Inside
the brain, the role of BDNF is essential for the mediation of synaptic function and the
morphology of the neurons rather than being a survival factor [66,67]. Furthermore,
BDNF plays a significant part in memory function as it has a role in the formation of
memory [29], synaptic plasticity [68], synapse formation [69], synaptic efficacy and neuronal
connectivity [70]. In the striatum, the loss of BDNF signalling results in spinal atrophy,
which is caused by a defect in the GABAergic spiny neuron in the striatum [71]; striatum
GABAergic neurons do not produce BDNF, but they obtain it from the presynaptic neurons
of the cortico-striatal projections [30]. Disruption in the axonal BDNF transport to the
striatum from reduced cortical supply results in the degeneration of striatal neurons, a
pathological feature of Huntington’s disease [72]. BDNF in the periphery exists in the
plasma, platelets, and the serum [73]. The formation of BDNF is generally performed by
vascular endothelial cells and secondary blood mononuclear cells [74]. Observations of
polymeric markers has demonstrated an association of bipolar disorder with BDNF in large
samples, particularly the Neves-Pereira samples [75,76].

Animal studies have shown that neurotrophins are found in high concentrations in
the hippocampus and the hypothalamus, suggesting a significant role of BDNF in learning
and memory [21,77]. The decline observed during aging involves multiple factors that
influence several systems. In the case of learning and memory processes which are severely
reduced with aging, it has been found that these cognitive effects result from impaired
neuronal plasticity, which is altered in normal aging but particularly so in Alzheimer’s
disease. Neurotrophins and their receptors, notably BDNF, are expressed in brain areas
exhibiting a high degree of plasticity (i.e., the hippocampus, cerebral cortex) and are con-
sidered as molecular mediators of functional and morphological synaptic plasticity. The
modification of BDNF and/or the expression of its receptors (TrkB.FL, TrkB.T1 and TrkB.T2)
have been described during normal aging and in Alzheimer’s disease. Interestingly, recent
findings have shown that some physiological or pathologic age-associated changes in the
central nervous system could be offset by administration of exogenous BDNF and/or by
stimulating its receptor expression. These molecules may thus represent a physiological
reserve which could determine physiological or pathological aging. These data suggest
that boosting the expression or activity of these endogenous protective systems may be a
promising therapeutic alternative to enhance healthy aging [21,78,79]. With aging, reduc-
tion in neuronal plasticity in the hippocampus and the hypothalamus leads to impairment
in learning and memory function [80]. BDNF participates in synaptic plasticity and can
protect the neuron from several brain insults [81]. A systematic review and meta-analysis
conducted in 2019 found that patients with Alzheimer’s disease have lower levels of BDNF,
especially during the late stages of the disease [82]. Furthermore, BDNF plays an important
role in learning and memory formation; El Hayek et al. found that during exercise in
male mice, lactate metabolite enhanced hippocampal-dependent learning via the BDNF
pathway [83].

Administration of a single dose of BDNF into the hippocampus resulted in improve-
ment in memory and emotional behaviour in rats [84], while chronic administration of
BDNF was shown to have positive potentiation effect in neurotransmission in the hip-
pocampus region [85]. Moreover, a strong connection between the level of BDNF mRNA in
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the hippocampus and the memory function has been reported in rats [86]. In the hypotha-
lamus, BDNF can participate in a neurohormonal role via the induction of synthesis, and
the release of these hormones [87,88], while the expression of BDNF varies in response to
different physiological stimuli [89].

4.1. BDNF and Aging

Aging is a process that consists of multiple declines in endocrine, cognitive, and
immunological functions. Several factors play a major role in determining the aging
process and the outcome, such as genetic, epigenetic, and environmental factors [90]. In
most cases, there is a decline in cognitive capabilities linked to altered hippocampal and
cortical functions [91]. Moreover, memory is affected significantly by the aging process,
though the degree of memory impairment varies between individuals and the types of
memory involved [92]. Generally, effective cognitive function is associated with optimal
neural plasticity that is markedly decreased with aging [93]. Change in learning function is
not usually associated with neuron loss [94]. The cognitive and learning function changes
have been correlated to decreased BDNF expression and signaling [94]. There is impairment
in BDNF-induced LTP due to changes in receptor function, which has been attributed to
age-related effects.

The administration of Ampakine can induce expression of BDNF, which can revert
changes in the neuronal plasticity function, as observed by some researchers [95]. Ampakine
modulates AMPA receptors that can restore LTP to the basal dendrites, which is shown to
improve memory function in rats [96]. Certain environmental influences can reverse the
decline in hippocampal plasticity and reduced neurogenesis in the dentate gyrus, which
are also linked to a high level of BDNF in the brain [97]. Numerous studies that have
been performed on humans and animals have confirmed that in the aging brain there is a
significant decline in BDNF and TrkB receptor expression [98–100], while spatial learning
tasks have been shown to reverse or normalize receptor levels, as seen in aged Wistar
rats [101]. BDNF system activation has been shown to enhance a healthy aging process,
and the administration of exogenous BDNF may be able to regenerate neurons in certain
neurodegenerative diseases [21].

4.2. The Role of BDNF and Alzheimer’s Disease

There is growing evidence of a relationship between a decreased level of BDNF ex-
pression and AD [102,103]. The pathological characterization of AD is associated with the
accumulation of β-amyloid peptides (Aβ) in the brain with an increased level of hyperphos-
phorylated cleaved tau microtubules [104]. The impaired metabolism of the β-amyloid
peptides results in neuritic plaque (NP) formation, where the hyperphosphorylated tau
causes neurofibrillary tangle (NFT) formation. These events result in neuronal degeneration
causing dementia [105]. Several studies have provided evidence that BDNF/TrkB signaling
has an essential function in amyloid processing [105,106]. This suggests that BNDF has an
important role in LTP and dendritic development, which are crucial elements in memory
function, by supporting synaptic integrity through the modulation of the glutamate recep-
tors, AMPA, and NMDA [107]. In neuronal cell culture, BDNF can reduce Aβ amyloid
production [95], while in the absence of BDNF, it is elevated [108]. Studies on animal
models have shown an increased level of truncated TrkB receptors in the cortex of mice
with AD, which has further worsening effects on spatial memory; moreover, overexpressed
truncated TrkB receptors disrupted BDNF/TrkB signaling in AD [109]. NFT and NP accu-
mulation within the hippocampus has been shown to be associated with dysregulation of
BDNF and TrkB [110]. The BDNF Val66Met polymorphism has been found to be associated
with profound memory decline, particularly in the preclinical phase of the disease [111].
According to the above observations, BDNF has protective effects against AD [112]. Thus,
studies on AD models suggest the delivery of the BDNF gene as a possible therapeutic
option for individuals with AD [113]. Additionally, Wang et al. identified the link between
exercise and BDNF levels as a therapeutic method for patients with AD; it was shown
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that exercise induces the expression of BDNF, especially within the hippocampus, which
facilitates memory and cognitive function [114]. Table 1 summarizes some research that
has addressed the relation between BDNF and AD.

Table 1. Levels and effects of BDNF in Alzheimer’s disease.

Study Objective Sample Origin BDNF Status Assay Used Conclusion Ref.

To determine the stage in which
BDNF reduced

Postmortem
cortex Declined Western plot The early stages were associated

with decreased BDNF. [103]

A meta-analysis to examine
serum BDNF in patients with

AD and mild cognitive
impairment (MCI) compared to

healthy controls

Peripheral serum
of BDNF Declined NA

A systematic review and
meta-analysis, comprising 15

studies, suggested that a
significant decline in peripheral

BDNF can only be detected in the
late stages of Alzheimer’s disease.

[82]

To explain the selective
vulnerability of certain neurons

to AD

Postmortem
cortex Decreased Western plot

Reduced BDNF may have a role in
the selectivity in neuronal

degeneration in AD
[115]

To confirm the relation between
decreased BDNF and AD

development

Postmortem
cortex

Low BDNF
mRNA RT-PCR

A decrease in brain-derived
neurotrophic factor synthesis could

significantly affect hippocampal,
cortical, and basal forebrain

cholinergic neurons and may
account for their selective

vulnerability in
Alzheimer’s disease.

[116]

Investigate plasma proteomic
markers in early-onset versus

late-onset AD
Plasma BDNF Elevated

Ultra-sensitive
immuno-based

assay

BDNF levels were elevated in both
early-onset and late-onset AD [117]

Examination of BDNF serum
level in elderly people Serum samples No significant

change ELISA
There was no association between
gender, depression, and dementia

on serum level of BDNF.
[118]

To assess BDNF serum and CSF
concentrations in 30 patients at

different stages of AD
Serum, CSF

Early stages
increased

BDNF serum,
decreased level

in late stage

ELISA
BDNF can be a good determinant

in the assessment of the
progression of AD.

[119]

4.3. The Role of BDNF in Parkinson’s Disease

PD is a neurodegenerative disease with motor and non-motor manifestation. The main
pathology is the degeneration of dopaminergic neurons in the substantia nigra (SN) [120].
Studies have suggested that high expression of BDNF in the SN can maintain the survival
and differentiation of the dopaminergic neurons [121]. Studies on PD animal models
showed that infusion of BDNF can recover the destruction of dopaminergic neurons and
D3 receptors [121,122]. The knockout mice did not experience BDNF reduction in the
dopaminergic neurons and the D3 receptor [121]. BDNF had a protective effect on hip-
pocampus neurons from oxidative damage that resulted from injury or inflammation that
resulted from the induction of heme oxygenase; the protective mechanism was modulated
via RAS-MAPK and the P13K-AKT signals, which induced Nrf2 nuclear translocation [123].
Endoplasmic reticulum (ER) stress can induce apoptosis of dopaminergic neurons causing
PD [124]. ER stress caused apoptosis by glycogen synthase kinase 3β (GSK3) activation,
cyclin D1 suppression, and AKT inactivation. TrkB overexpression stopped these mecha-
nisms via activation of the AKT signal pathway, causing overexpression of cyclin D1 and
enhancing the phosphorylation of GSK3, with the net effect of preventing apoptosis of
neuronal cells [125]. Furthermore, α-Synuclein (α-syn) mutations were associated with
reduced TrkB and BDNF [126,127]. Some studies have found that BDNF/Trkb axonal
signaling transport was significantly reduced in axons with an α-syn aggregate [128]. α-syn
can interact with the TrkB receptor, specifically the kinase domain; this interaction induces
its ubiquitination, reducing TrkB expression [129], as shown in Figure 2. The presence of
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BDNF can inhibit this interaction, thus blocking the destruction of it [130]. One recent
study has linked the BDNF genotype and response to long-term pharmacological therapy
in Parkinson’s disease patients, suggesting a role of BDNF in prediction and counseling
in the treatment of Parkinson’s disease [131]. Further studies should be implemented to
assess the possible therapeutic effect of BDNF in PD (Table 2).
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Table 2. Levels and effects of BDNF in Parkinson’s disease.

Study Objective Sample Origin BDNF Status Assay Used Conclusion Ref.

Investigating the effects of BDNF
as a neuroprotective factor and as

an adjunct therapy in PD
NA Decreased NA

In animal PD models, physical
activity increased the levels of BDNF

and TrkB, which acted as a
neuroprotective factor and resulted

in symptomatic improvement

[133]

Evaluate salivary cortisol and
plasma BDNF levels in PD

patients compared to healthy
controls

Plasma BDNF

No significant
difference in
BDNF, but

higher cortisol
in PD

ELISA
PD patients were in the early stage of
the disease, so BDNF is not a suitable

biomarker for early cases of PD
[134]

Assess the association between
neurotrophic changes and the

clinical staging and motor severity
of PD

Peripheral
BDNF Decreased ELISA

A larger decrease in BDNF (and other
immune markers) were associated

with a higher severity of PD
[135]

Evaluate the levels of serum
BDNF in recently diagnosed and

untreated PD patients
Serum BDNF Decreased Sandwich ELISA

Serum BDNF levels were lower in
recently diagnosed and untreated PD

patients compared to
healthy controls

[136]
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Table 2. Cont.

Study Objective Sample Origin BDNF Status Assay Used Conclusion Ref.

To compare BDNF levels in PD,
essential tremor (ET), and healthy

controls

Peripheral
blood

lymphocytes

Decreased in
PD Western blot

BDNF levels were decreased in PD
patients, but no significant difference

in ET patients
[137]

Investigate the neuroprotective
role of BDNF in PD mice NA NA NA

Elevating BDNF levels reduced
mitochondrial impairment via

increasing electron transport chain
(ETC) activity and alleviating
dopaminergic loss in PD mice

[138]

4.4. Potential Biological Impact of BDNF Markers

According to a study undertaken by Weinstein et al. relating to the connection between
the level of BDNF in the serum and the risk for developing dementia, a ten-year follow up
of the effects of BDNF in a particular community showed that, out of 2131 participants,
140 participants had a positive risk of dementia and 117 of them were at positive risk of
Alzheimer’s disease [125]. Another study found that control participants with higher serum
BDNF levels were at minimum risk of developing dementia and AD. Interestingly, this vital
relationship of serum BDNF with threat of incidental dementia and AD was restricted to
women, participants aged >80 years, and those with a college degree [125]. Further studies
suggested that older women were at the highest risk of AD, as they have low serum BDNF,
which plays a role in AD growth. Serum BDNF might also operate like a new interpreter in
healthy adults [125].

Enzyme-linked immunosorbent assay kits are also known as BDNF antibody [139] of
pro-BDNF, which was recognized by Weinstein et al. After use of these kits, there was ease
in detecting BDNF forms in humans; it was reported that after using the kits much higher
levels of pro-BDNF and mature BDNF were observed in the serum [139].

In a cohort study, given the higher levels of both forms in human serum plus a
presumed divergent purpose, it is necessary to measure the individual serum level of both
forms (pro-BDNF and mature BDNF) in a technical way [140]. In addition, precautionary
drugs, mainly 7,8-dihydroxyflavone (active TrkB), are being used for dementia. These
therapeutic drugs enhance recorded low serum BDNF in healthy individuals, and for
people who later are likely to developing dementia or AD [140]. The main factors affecting
the circulation of BDNF levels in the body are caloric constraints and other physical
activities. BDNF acts as an intermediate among the observed links between the threat of
dementia and lifestyle [141]. Tracking of original and young applicants was maintained
from the year 1992 and the year 1998 for almost ten years in the Framingham study. The
study applied Cox models to relate the threat of dementia and AD with levels of BDNF
adjusting for probable or potential confounders [125].

BDNF is one of the main modulators of AD risk. Ecological features associated
with variation in BDNF brain levels, such as physical activities, might generate neuronal
vulnerability and affect risk of AD [114]. Trials (excluding trials on humans) involving
the release of BDNF to the brain is a dynamic and new area in translational research for
AD. A further study revealed that risk of AD is connected with BDNF blood levels [125].
This study encouraged FHS researchers to explore in more detail the detailed association
between BDNF in serum with the threat of dementia and AD [125].

The conclusion reported by Weinstein et al., 2014, in JAMA Neurology was that there
was an association between risk of dementia, serum BDNF, and AD in non-demented people
who were followed up for up to 10 years [125]. Higher BDNF levels were most frequently
related to lesser risk of the disease. Analysis by subgroup suggested the association was
restricted mainly to college-going people, women, and in the age group of people over
80 years. Increasing serum BDNF levels led to fewer consequences when account was
made for homocysteine levels and other substantial activities affecting AD risk.
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The suggestions provided by these perplexing associations are not satisfying and
are not easily understood; a more detailed explanation regarding these crucial findings
should be less complicated and easier to understand. Certainly, ten years after diagno-
sis for dementia, levels of serum BDNF were found that were initially observed at the
treatment stages of Alzheimer’s disease. The symptoms are expressed in terms of slight
transformations in primitive functions and biased concerns. Thus, the FHS data showed
that BDNF levels act as remedial indicators, highlighting the connection of sequential
neurobiology rather than risk modulation of AD with BDNF. Increasingly, work has been
conducted to study the BDNF genes and the active process of BDNF delivery to the brain;
moreover, detailed studies regarding physical exercise and its involvement in BDNF have
been pursued. The risks of reducing homocysteine or inflammation (Lyketsoset al., 2007)
were shown to be modulated by the number of therapeutic trials by introducing a blood
indicator (collected from the periphery) of AD risk; although the results computed were
unsatisfactory. Work on the measurement of BDNF should be sustained as there is strong
evidence of its significance.

The study results regarding BDNF levels are quite interesting, but the explanation for
these is complex due to various concerns. The main question studied was the connection
of serum BDNF with brain levels. Levels of BDNF are affected by additional factors that
are considered to influence AD risk, such as physical activity [142] and caloric restriction.
Serum BDNF is a relative meandering pointer of these ecological issues rather than a direct
modulator of risk. The data collected indicates that the role of BDNF is not clearcut in
the mechanism of AD but shows that serum BDNF is strongly associated, being more
reactive in the case of dementia. Consideration of peripheral BDNF as a working indicator
for the measurement of the effects of remedial interventions is quite premature, and
additional studies are necessary to determine the therapeutic and diagnostic importance of
the data [143].

One recent meta-analysis study has reported a correlation of BDNF levels with acute
stroke; it was concluded that the level of serum BDNF is significantly lower in stroke
patients compared to controls. At the same time, there was no correlation between BDNF
level and the degree of the infarct or the outcome for the patient [144].

5. Recent Advancements and Challenges

The main challenge in the use of BDNF as a therapeutic intervention in neurological
disorders is its ability to reach the CNS in the desired concentration to elicit a therapeutic
response [145].

BDNF is a polar protein that is moderate in size; according to these characteristics, it
will not cross the blood-brain barrier when administered peripherally. Therefore, it needs
to be administered directly into the brain [1].

The administration of BDNF in the ventricles of the brain or intrathecally into the
CSF does not result in sufficient penetration to the brain parenchyma [146]. However, the
concentration of BDNF is improved when the BDNF is conjugated to polyethylene glycol
(‘pegylation’) as shown in rats, even though this may not produce a sufficient concentration
to be suitable for treatment in humans [147].

Moreover, BDNF administration is associated with side-effects with long-term use
that cannot be tolerated, including weight loss, dysesthesia, and Schwan cell migration into
the subpial space; these side effects result from the penetration of BDNF to the superficial
layers [148]. Ideally, BDNF should be administered in a system where it could achieve
enough therapeutic concentration in degenerated neurons with limited distribution to other
neurons to decrease the side-effects. In addition, the concentration should be maintained
for a sufficient time [145]. There are several methods that could be used to enable BDNF as
a therapy. These include the following:

BDNF protein infusion which involves the direct intraparenchymal administration
of BDNF [149,150]. Several clinical trials performed on Parkinson’s disease involved
use of implanted devices to infuse BDNF, with high flow rates needed to achieve the
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desired concentration in the putamen. The method was associated with tissue damage,
as evidenced by MRI. At the same time, the lower rates were not sufficient to elicit a
therapeutic response [150,151]. Another observation was that the flowback of the protein
in the needle resulted in distribution of the BDNF into the CSF, which caused neuronal
death, as shown in animal studies. Therefore, this method needs further improvement to
be suitable, such as using an infusion system that can stop the reflux of the protein and a
catheter that can distribute the BDNF uniformly into the desired brain regions [152].

The gene delivery method is thought to be a safe and effective way to deliver BDNF
into the desired tissue and to decrease the spread to other tissues [153]. This method has
been tested in the treatment of Alzheimer’s disease, using adenovirus as a viral vector to
deliver BDNF gene into the nucleus basalis [153]. It has also been tested in the treatment of
Parkinson’s disease [154].

Other methods include the use of compounds that can stimulate the synthesis and
secretion of BDNF [155]. Moreover, a different approach has been proposed via the en-
hancement of Trkb receptor activation by agonists such as 7,8-dihydroxyflavone [156], a
compound that mimics BDNF such as LMA22A-4 [157], transactivation of Trkb, and, finally,
use of facilitators of receptor effects, such as adenosine A2A receptor agonists [158], bearing
in mind that the effectiveness of these methods could be altered by the receptor endocytosis
effect [159].

6. Conclusions

BDNF is one of the neurotrophic factors that modulate its function through the TrkB
receptor. It plays an important role in the central nervous system by the formation and
maintenance of a healthy neuronal environment most prominently reflected in cognitive
and memory function. Decreased activity of BDNF has been associated with the aging
process and with neurodegenerative disorders. The role of BDNF in treatment and as a
biomarker for diseases should be investigated thoroughly in future research.
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1. Introduction 

Cancer is a conditíon when few of the body cells grow out of control and 
spread to the other body regions. In the millions of cells that make up the 
human body, cancer can develop anywhere in the body. Roughly 10 million 
deaths, or nearly one in six deaths, are caused by cancer in 2020, making it the 

top cause of death globally. Breast, lung, colon, rectum, and prostate cancers 
are the most prevalent types of cancer []. Human cells often divide (via a 

process known as cell division) to create new cells as the body requires them. 
New cells replace old ones when they die as a result of aging or damage. 
Occasionally, thís systematic process fails, causing damage or aberrant cells to 
proliferate when they should not. Tumor, which is tissue mass, coukd develop 
from these cells. Tumors can be cancerous or Dt cancerous (benign). 
Cancerous tumor can move to the distant parts of the body o procuce new 

tumor, invade neighboring tissues (a process called metastasis). The main 
reason why cancer patients die is because of widespread metastasis. As cancer 
progresses, tumor becomes extremely heterogeIOUS, resulting in mixed pop 

ulation of cells with a variety of molecular characteristics and therapeutic 
responses. The main cause of the development of resistant phenotypes 
encouraged by a selection pressure after treatment administration is this het 
erogeneity, which can be observed both at geographical and temporal levels 

Chemotherapy continues to be the primary approach for treating cancer 
despite the major advancements in cancer treatment over the past few decades 
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Abstract: Globally, neurodegenerative diseases cause a significant degree of disability and distress. 

Brain-derived neurotrophic factor (BDNF), primarily found in the brain, has a substantial role 

in the development and maintenance of various nerve roles and is associated with the family of 

neurotrophins, including neuronal growth factor (NGF), neurotrophin-3 (NT-3) and neurotrophin-4/5 

(NT-4/5). BDNF has affinity with tropomyosin receptor kinase B (TrKB), which is found in the brain 

in large amounts and is expressed in several cells. Several studies have shown that decrease in BDNF 

causes an imbalance in neuronal functioning and survival. Moreover, BDNF has several important 

roles, such as improving synaptic plasticity and contributing to long-lasting memory formation. 

BDNF has been linked to the pathology of the most common neurodegenerative disorders, such as 

Alzheimer's and Parkinson's disease. This review aims to describe recent efforts to understand the 

connection between the level of BDNF and neurodegenerative diseases. Several studies have shown 

that a high level of BDNF is associated with a lower risk for developing a neurodegenerative disease. 

Keywords: brain-derived neurotrophic factor; tropomyosin receptor kinase B; neurodegenerative 

disorders; Alzheimer's disease; Parkinson's disease 

1. Introduction 

In the central nervous system, brain-derived neurotrophic factor (BDNF) is a signii 

cant neurotrophic factor with a major role in neuronal cell differentiation, maturation [1}, 

and survival [2). BDNF also has a neuroprotective effect in several pathological condi 

tions, including cerebral ischemia, glutamatergic stimulation, decreased blood glucuUse, 

and neurotoxicity [3]. It promotes and regulates neurogenesis [4] in several regions in the 

central nervous system, such as the cerebral cortex, olfactory system, mesencephalon, basal 

forebrain, hippocampus, hypothalamus, spinal cord, and the brainstem !]. Low levels of 

BDNF protein have been shown to have a role in the development of neurodegenerative 

Bionedicines 2022, 10, 1143. https://doi.org/10.3390/biomedicines100511 43 
https://www.mdpi.con/journal/biomedicines 





���������	
���������

��������������
����������������	���

�����������������	��





���������	
���������
��������������
����������������	���

�����������������	��

�� �����������������	���������� �������	����
!��������"��#���������	������

$���$��%�&'������������#���
��($���$��%�&'������������#���
��(



��������
��������	���
�����	���	������
���
�������	����������������������������
���	�
����� ����	� ��� ������ ���������� ��	� ���� ���	�
����� ��� ���������	
���	�
����� ��� ������ ���������� ���	����� ���� ���� ��� ����	� ��
���� ��	���
��
������

�����
�������	����
������	����	����������������������������
������������
�����������������������������������������������	����
��������
����� ��
���
��� ��� �����	�	� ��� �����������	� ��� ������� ��� ���	�
���� ��	
����	�������������������������	�����	������������	�����������

�������
�������������
������


 ���������
!� �!�"#$%�����	�
��� ���������
��������	�
������
&�������������#����"������'�������!�	���
�
�������(
��'�����
� ���������
)���
*+�"��	��
�'�������#����#������+*,-.��"��������

 �����	�����������������
�	
�������������������

���������/������0�
���"������1 ��������$	����2
��������� /� 3-*4� &������������� #���� "������ '������� !�	��� 
�
���� ��
(
��'�����
� ����������)���



1 

Table of content 

Chapter 
no 

Author Chapter title Pages 

0 AK Mishra, D Pathania Preface 3 

1 Sukanchan Palit Green nanocomposites and environmental 
protection- a critical overview and a vision for 
the future 

5 

2 M. Panayotova, Vladko
Panayotov

Use of carbon nanomaterials for removing 
heavy metals from water 

40 

3 Ajay Kumar, Arush 
Sharma, ManitaThakur 

Carbon nanomaterial as the emerging class: 
current and future perspective 

151 

4 Mita Dutta, Sapna and 
Dinesh Kumar 

Green synthesis and applications of carbon-
based nanocomposites 

191 

5 Sangeeta Adhikari, 
Sandip Mandal, Pu 
Shengyan, Ajay Kumar 
Mishra 

Removal of arsenic and chromium using 
functional green composites 

223 

6 Indu Hira, Prachi Vaid, 
Neeraj Kumar Saini, 
Adesh K. Saini, Reena 
V. Saini

Research and development of green 
nanocomposites from himalayan medicinal 
plants 

259 

7 Rachna Sharma, Balbir 
Singh Kaith and Rajeev 
Jindal 

Biodegradation and dye adsorption studies of 
gra-cl-poly(aam)-ztip organo-inorganic cation 
exchanger 

281 

8 Shweta Yadav Eco-Friendly Nanomaterials: A Way Forward 
to Climate Change Mitigation 

307 

9 Samjeet Singh Thakur, 
Alpana, Manish 
Kumar, Pankaj Thakur, 
Sunil Kumar 

Carbon nanotubes: a tool for sustainable 
environment 

325 

10 Manviri Rani and Uma 
Shanker 

Synthesis methodology of green composite 
for heavy metal Cr remediation from waste 
water 

401 



2 



�

3 

Preface 
 

Green nanocomposites are recognized as promising materials for 

subside environmental problems due to low-cost, potential adsorption and 

eco-friendliness. Green nanocomposites with the small size of fillers 

increase the interfacial area as compared to conventional composites. 

Green nanocomposites usually fabricated by combination of nanomaterials 

with either natural materials such as biopolymers or derived through green 

source, are the new trend in the remediation of environmental problems. A 

composite is a combination of two or more components in which one 

component acts as a reinforcing agent and other provides compatibility as a 

matrix. Green nanocomposites have advanced characteristics of excellent 

adsorption properties and biocompatibility. Green nanocomposites 

minimized the exposure of metal to the environment what enables special 

recognition owing to their advanced properties over conventional 

adsorbents. Various types of functionalized nanomaterials have been 

developed in the virtue of anchoring specific functional groups on their 

surface modification.  

Current book consists of 10 chapters. Chapter 1 provide details about 

green nanocomposites and environmental protection- a critical overview 

and a vision for the future whereas chapter 2 is focused on use of carbon 

nanomaterials for removing heavy metals from water. Chapters 3 

summarizes carbon nanomaterial as the emerging class: current and future 

perspective whereas Chapters 4 discusses the green synthesis and 

applications of carbon-based nanocomposites. Chapter 5 details about 

removal of arsenic and chromium using functional green composites and 

Chapter 6 summarizes on research and development of green 

nanocomposites from himalayan medicinal plants. Chapter 7 consists of 
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biodegradation and dye adsorption studies of gra-cl-poly(aam)-ztip organo-

inorganic cation exchanger. Chapter 8 describes the nanoscale 

understanding and development of materials: a way forward to climate 

change mitigation and chapter 9 consists of carbon nanotubes: a tool for 

sustainable environment whereas Chapter 10 describes the details of 

synthesis methodology of green composite for heavy metal Cr remediation 

from wastewater.  

The current book elucidates on the scientific advancements and 

recent scientific development in the field of green nanocomposites. Book 

also covers the research forays, techniques of production, opportunities, 

challenges and prospects in the field of green nanocomposites.  

Book covers the broad aspect of nanocomposites, environmental 

science and wastewater remediation. Researchers involved in 

nanomaterials, environmental and water research will be major 

beneficiaries of the book. Book will be highly beneficial to the researchers 

who are working for their graduate and postgraduate degrees in this area. 

The book also provides a platform for all researchers as it covers a huge 

background for the recent literature and abbreviations.  

 

 

AK Mishra, Deepak Pathania  

                Editors 
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Abstract: 

The world of technology and engineering science are today moving at a 

drastic and rapid pace surpassing one visionary frontier over another. In the 

similar manner, nanocomposites and nanotechnology are moving towards a 

path of newer scientific regeneration and vast scientific vision. In this paper 

the author with immense insight and lucidity delineates the recent scientific 

endeavor in the field of green nanocomposites and application of 

nanotechnology in environmental protection. Composite science and 

material science today stand in the midst of vast scientific ingenuity and 

deep scientific profundity. Recently, vast attention has been drawn to the 

use of bio-reinforced composites in automotive, construction, packaging 

and medical applications due to evergrowing concerns for environmental 

sustainability. Environmental sustainability and environmental protection is 

the utmost need of human scientific progress today. Green polymer 

nanocomposites show excellent scientific properties of combining the 

advantages of natural fillers and organic polymers. Plant fibre such as jute 

are found suitable to reinforce polymers. In this paper, the author delves 

deep into the hidden world of fibre reinforced composites especially jute 



6 

reinforced composites. Mankind’s immense scientific prowess, man’s vast 

scientific vision and the technological advancements will surely lead a long 

and visionary way in the true emancipation of nanoscience and 

nanotechnology. The author also elucidates on the scientific success and 

the recent scientific endeavor in the field of fibre reinforced composites and 

the vast world of nanotechnology. This paper also reviews current research 

forays, techniques of production, opportunities, challenges and prospects in 

the field of green nanocomposites.  

1.0 Introduction: 

The world of composite science and environmental engineering science 

are witnessing immense and drastic challenges as global science and 

engineering surges forward towards newer visionary directions. In the 

similar vein, nanotechnology and the vast domain of nanocomposites today 

stands in the midst of vision and scientific articulation. Technology and 

engineering science today have few answers to the ever-growing concerns 

of water purification, drinking water treatment and industrial wastewater 

treatment. In this chapter, the author deeply delves into the scientific 

intricacies and the vast scientific ingenuity in the applications of green 

nanocomposites in environmental remediation. The world of science and 

engineering should stand perplexed and mesmerized at the ever-growing 

concerns of loss of ecological biodiversity, environmental disasters and 

depletion of fossil fuel sources. The author in this paper elucidates the 

scientific success, the vast scientific imagination and the scientific needs of 

nanotechnology to human society. Material science, polymer science and 

composite science are today in the path of newer scientific regeneration and 

vast technological rejuvenation. The challenges and the vision of 

environmental protection, groundwater remediation and water purification 

are immense and groundbreaking today. The status of global environmental 
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engineering is immensely dismal today. This chapter will open up newer 

thoughts and newer scientific vision in the field of green nanocomposites in 

the field of environmental remediation in years to come.  

2.0 The vision of the study: 

Technology and engineering science are today in the midst of deep 

scientific divination and immense technological revelation. The vision of 

this study is to envision and reconstruct the vast world of environmental 

engineering, chemical process engineering and composite science. Human 

civilization and human scientific progress are facing immense challenges 

and vast scientific intricacies. Here is the need of a concerted effort and a 

targeted research and development initiative in the field of nanotechnology, 

nanomaterials, composite science and green chemistry. A deep discussion 

in environmental and energy sustainability is the other pillar of this chapter. 

Human scientific progress and immense prowess, the marvels of 

engineering innovations and the needs for green nanotechnology and green 

chemistry will surely a long and effective way in unraveling the scientific 

truth of green science and green engineering today. The vision and the 

challenges of scientific innovations and scientific instinct in the field of 

nanocomposites and green chemistry are surpassing every boundary. This 

chapter opens a new window of innovation in the field of environmental 

remediation and application of nanocomposites in environmental 

engineering science. Application of nanotechnology today is witnessing 

newer knowledge dimensions and newer future thoughts. The authors with 

immense scientific fortitude elucidate and elaborates the success of science, 

the tremendous scientific vision and ingenuity in the green nanocomposites 

applications in human society and human scientific progress. Water 

purification, drinking water treatment and industrial wastewater treatment 

are today in the threshold of a newer visionary era as global climate change 
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ushers in grave warnings for the future. This treatise opens up newer 

research trends and a newer avenue in the nano-science and nano-

engineering applications in diverse areas of science and technology. 

3.0 The need and the rationale of the study: 

The importance of composite science and nanotechnology are immense 

in today’s modern science and present-day human civilization. The need 

and the rationale behind this study are immense and thought-provoking as 

science and technology surges forward. The vast and visionary world of 

nanotechnology today is mesmerizing the scientific fabric of human 

civilization today. Today global warming and global climate change is 

urging the scientists and engineers to gear forward towards newer vision 

and newer scientific innovation. Human civilization and human scientific 

prowess and profundity today stands in the midst of vision and deep 

scientific fortitude. The need and the rationale of engineering science and 

technology are immense, prominent and thought provoking as civilization 

moves forward. Thus, the imminent need of nanotechnology, composite 

science, environmental engineering and chemical process engineering. 

Science and engineering of chemical process technology are huge colossus 

with a definite vision and sound profundity of its own. Thus, technology 

and engineering science of environmental remediation are the imminent 

needs of the human society as environmental disasters and the global 

climate change devastates the global scientific firmament. The definite 

vision of this chapter overcomes immense hurdles and scientific intricacies. 

Environmental engineering science and composite science are the two 

branches of science and engineering which needs to be re-envisioned and 

re-envisaged with the passage of scientific history and visionary timeframe. 

Technology of chemical process engineering and environmental 

engineering in today’s global scenario in the similar vein needs to be 
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restructured as global vision of engineering and science are reframed. This 

chapter opens newer thoughts and newer future research trends in the 

domain of nanotechnology and material science in years to come. 

4.0 What do you mean by nanocomposites? 

Nanocomposite is a multiphase solid material where one of the phases 

has one, two or three dimensions of less than 100 nanometers(nm), or 

structures having veritably nano-scale repeat distances between the 

different phases that make up the material. The idea behind Nanocomposite 

is to use building blocks with dimensions in nanometer range to design and 

create new materials with unprecedented flexibility and improvement in 

their physical properties. In the broadest sense, this definition can include 

porous media, colloids, gels and copolymers, but is more usually taken to 

mean the solid combination of a bulk matrix and nano-dimensional phases 

differing in properties due to dissimilarities in structure and chemistry. 

Technological and scientific validation in the field of material science and 

nanotechnology, the profundity of engineering science and the futuristic 

vision of material science and technology will veritably open up newer 

dimensions of research trends in the field of composite science and nano-

engineering. Today nanotechnology is veritably connected to human factor 

engineering and integrated water resource management. This chapter opens 

up newer vision and newer thoughts in the field of material science, water 

resource management and the vast world of nanotechnology and human 

factor engineering. 

5.0 What do you mean by green nanocomposites? 

Green nanocomposites encompasses bio-reinforced composites in 

automotive, construction, packaging and medical applications. A greater 

concern in the field of environmental sustainability is today envisioned and 

re-envisaged as green nanocomposites enters into a newer era in the field of 
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composite science and nanotechnology. Green polymer nanocomposites 

show unique properties of combining the advantages of natural fillers and 

organic polymers. Plant fibers are found to be suitable to reinforce 

polymers. Fiber reinforced composites is a branch of green 

nanocomposites. Plant fibers have relatively high strength and stiffness, 

low cost of acquisition, low density and produce low carbon dioxide 

emission. They are also biodegradable and immense tensile strength 

properties. Success of science and technology, the deep scientific 

profundity and technological divination are the needs of scientific research 

efforts in green chemistry and green nanotechnology today. This chapter 

deeply opens up newer research directions in the field of composite science 

and fiber science. 

6.0 The vision and the scientific doctrine behind nanocomposites 

applications in environmental protection: 

Today globally, the vision behind nanocomposites applications in 

environmental protection is vast and versatile. In the similar vein the 

application of nanomaterials and engineered nanomaterials in 

environmental remediation needs to be re-envisioned and restructured with 

the passage of scientific history and time. Technology and engineering 

science has practically no answers to heavy metal and arsenic 

contamination of drinking water. Here comes the vital importance of 

nanocomposites, composite applications and the vast world of 

nanotechnology. The challenges of water purification, drinking water 

treatment and industrial wastewater treatment are immense and ever-

promising. Today science and engineering of environmental remediation 

are huge colossus with a definite vision and a definite steadfastness of its 

own. Human civilization’s immense scientific prowess, girth and 

determination, the steadfastness of science and engineering and the vast 
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vision and intellect of environmental engineering science will veritably 

uncover the science of environmental sustainability. The scientific doctrine 

behind nanocomposites applications in environmental protection, ground 

water remediation and the needs of drinking water treatment are the 

forerunners towards a larger emancipation in the field of science and 

technology. 

7.0 Environmental sustainability, environmental remediation and 

the vision for the future: 

Sustainable development whether it is environmental, energy, social and 

economic are the needs of human civilization and human scientific 

progress. Environmental sustainability and environmental remediation are 

today two opposite sides of the visionary coin. Water purification, drinking 

water treatment and industrial wastewater treatment are the imminent needs 

of human civilization and human scientific progress. Global warming and 

global climate change are veritably challenging the vast scientific fabric of 

immense scientific might, vision and scientific perseverance. In this chapter 

the author pointedly focuses on the scientific necessities of composite 

science and nanotechnology in mitigating environmental disasters. The 

vision for the future is absolutely bright and promising. Heavy metal and 

arsenic groundwater and drinking water contamination are the scientific 

needs of modern science and present-day human civilization. Mankind’s 

immense scientific prowess, grit and determination of engineering science 

and the needs of human society will veritably be the forerunners towards a 

greater realization and a greater emancipation of environmental 

engineering science. The visionary words of Dr Gro Harlem Brundtland, 

former Prime Minister of Norway on “sustainability” needs to be re-

envisioned and relived as science and technology progresses forward. 

Today the challenges of technology and engineering science are immense 
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and thought provoking. The author in this chapter targets the scientific 

ingenuity and the scientific acuity behind nanotechnology applications in 

diverse areas of science and engineering. Here the contribution of 

composite science and material science also assumes immense importance. 

The futuristic vision of material science, the vast emancipation of 

nanotechnology and the scientific needs of human society will surely be the 

forerunners towards a greater scientific understanding and a greater 

scientific knowledge in the field of environmental engineering science. In 

the similar vein, chemical process engineering is an ever-growing avenue 

of science and engineering. In many perspectives today, chemical process 

engineering and environmental sustainability are two opposite sides of the 

visionary coin. This chapter, with immense scientific truth and conscience 

opens up newer windows of innovation in the science of sustainability. 

8.0 Technological advances in green nanocomposites and 

environmental protection: 

Technological advances in the domain of green nanocomposites and 

environmental protection are witnessing drastic and visionary challenges. 

Green engineering, green chemistry and green nanotechnology are today in 

the path of newer scientific regeneration. In this treatise, the author 

elucidates in minute details the vast scientific success, the futuristic vision 

and the immense scientific ingenuity in the applications of nanocomposites 

in environmental protection. The challenges, the vision and the targets of 

environmental engineering science and chemical process engineering are in 

the avenues of newer beginning and a newer scientific understanding. This 

treatise will surely give a broad overview of the needs of environmental 

sustainability and environmental remediation towards the futuristic vision 

of science and engineering. The challenges, the scientific vision and the 

targets of nanocomposite applications in environmental engineering science 
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are immense, inspiring and thought provoking. In this treatise, the author 

deeply elucidates the scientific success, the scientific provenance and the 

scientific ingenuity in nanotechnology and composite science applications 

in environmental remediation. The success of science and engineering in 

environmental protection are deeply related in this chapter. The needs of 

science of sustainability in environmental science are the other pillars of 

this chapter. 

Palit et al.(2018)[1] discussed with cogent insight the application of 

nanocomposites and the wide vision of membrane science. Membrane 

science and environmental engineering are today scientifically linked with 

each other by an unsevered umbilical cord.[1] The visionary world of 

environmental engineering science and chemical process engineering is 

undergoing drastic and rapid changes. The objective of this research work 

is to unfold the wide domain of the application of nanocomposites in 

environmental engineering science and its relevant applications in 

membrane science and technology. Grave environmental engineering 

concerns, unmitigated environmental calamities and immense industrial 

pollution has urged the scientific domain to move towards newer scientific 

techniques and innovations.[1] The need and the rationale of this study are 

immense, arduous and far-reaching. Human mankind’s immense scientific 

redeeming and re-envisioning are in the process of newer scientific 

rejuvenation. Nanocomposites and the vast domain of nanotechnology are 

the necessities of scientific research pursuit globally today.[1] The authors 

in this chapter discussed with vast insight fiber-reinforced composites, its 

engineering applications, medical applications, and a survey of the 

applications of nanocomposites. The authors also deeply comprehended the 

recent scientific research pursuit in the field of membrane science and its 

visionary future. The application of nanotechnology in water pollution 

control is the utmost need of the hour today. This chapter will surely open 
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up newer thoughts and newer vision in the field of both environmental 

engineering and nanotechnology in decades to come.[1] 

Ghanghas et al.(2018)[2] discussed with lucidity polymer 

nanocomposites as nanoadsorbents for environmental remediation. The 

authors discussed with immense insight advanced processes in 

nanomaterial science.[2] This chapter also opens up newer discussion in the 

field of polymer nanocomposites and polymer based nanoadsorbents. A 

deep discussion on the preparation of polymer-based nanoadsorbents stands 

as a major pillar of this treatise. Nanoparticles with a size of approximately 

1-100 nm have a significant impact in many scientific arenas, including 

chemistry, electronics, medicine, biology, physics, materials science and 

vast areas of engineering.[2] The physical and chemical properties of NPs 

are directly related to their intrinsic compositions, apparent sizes, and 

extrinsic structures. Technology, engineering and science of nanoparticles 

are today moving towards definite scientific directions. The authors also 

discussed in details applications of polymer-based nanoadsorbents.[2] The 

chapter also discusses magnetic nanocomposites and multi-functional 

nanocomposites.[2] Environmental remediation and a discussion on 

applications of nanocomposites in environmental protection is done in 

minute details. Magnetic polymer nanocomposites are of immense interest 

today because of the combination of magnetic properties, stability and 

biocompatibility. There are three types of magnetic nanocomposites: 

1)core-shell inorganic nanocomposites, 2)self-assembled nanocomposites 

and 3)organic-inorganic nanocomposites. [2] This scientific research 

pursuit will lead a long and visionary way in the true emancipation of 

composite science and material science today. 

Karim et al.(2018)[3] discussed with cogent insight nanocomposite 

membranes for heavy metal removal from wastewater. The continuous 
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exposure to heavy metals such as lead, mercury and arsenic has resulted in 

alarming threats to human health and the human eco-system.[3] The 

conventionally used chemical precipitation, ion-exchange and 

electrochemical deposition processes suffer from immense limitations such 

as energy intensive, excessive toxic sludge production which requires 

secondary treatment as well as inefficiency to meet environmental 

regulations and stringent restrictions. Human scientific endeavor’s 

immense prowess, girth and determination and the futuristic vision of the 

science of environmental protection will be the true forerunners towards 

proper realization of science and engineering applications today.[3] 

9.0 Significant scientific endeavor in the field of green 

nanocomposites: 

Green nanocomposites are veritably the need of science and technology 

today. Stringent environmental regulations have urged the scientific 

domain to gear forward towards smart materials and green materials. Green 

chemistry and green engineering are the scientific needs of human 

civilization today. The scientific research pursuit in green nanocomposites, 

green materials and green nanotechnology and its vast scientific rigor are 

the imminent needs of human civilization today. Provision of basic human 

needs such as water, food, shelter and education are at deep peril in many 

nations around the world. Here comes the immediate need a deep 

deliberation in the field of nanocomposites. The author delves deep into the 

significant scientific endeavor in the field of green nanocomposites. 

Adeosun et al.(2012)[4] deeply discussed with lucid and cogent insight 

green polymer nanocomposites. In recent years, attention has been drawn 

to the use of bio-reinforced composites in automotive, construction, 

packaging and medical applications due to evergrowing concerns for 

environmental and energy sustainability.[4] Human scientific rigor’s 
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immense prowess, the scientific grit and determination of environmental 

engineering science and the futuristic vision of nanotechnology will go a 

long and visionary way in the true realization of composite science and 

nano-composites today.[4] In modern science today, environmental 

remediation and nanotechnology are two opposite sides of the visionary 

coin. Green polymer nanocomposites show promising properties of 

combining the advantages of natural fillers and organic polymers. The 

scientific vision and the vast scientific ingenuity in the field of green 

nanocomposites applications in human society and modern science are 

immense and immensely thought-provoking.[4] Green chemistry and green 

nanotechnology are the marvels of science and technology globally today. 

The authors in this paper discussed with immense insight the importance of 

green nanotechnology and green nanocomposites to human scientific 

progress and the advancement of science and engineering.[4] Green 

engineering is the other side of the visionary coin. The authors discussed 

with immense zeal and lucidity green polymers, thermoplastic starch based 

composites, poly-lactic based composites, cellulose based composites, 

plant oil based composites, polymer-polymer blends based composites, and 

other biopolymer based composites.[4] The futuristic vision of 

nanotechnology and composite science, the deep ardor of science and 

engineering of material science and the veritable needs of human society 

will surely lead a long and visionary way in the true realization of 

environmental sustainability and environmental remediation today. 

Scientific and academic rigor in the field of composite science, material 

science and polymer technology are today in the path of newer scientific 

regeneration. The authors in this paper also describes with vast vision and 

insight nanocomposites processing methods.[4] The prospects and 

applications associated with nanotechnology and composite applications to 

human scientific progress are deeply dealt with in this paper. Natural fiber-
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reinforced composites using biodegradable polymer as an effective matrix 

are considered as most promising environmentally friendly material. Here 

comes the pivotal importance of composite science and nanotechnology. 

This paper opens up newer thoughts, newer research trends and newer 

vision in the domain of nanotechnology applications and deeper 

emancipation of science and engineering today.[4] 

Modi et al.(2014)[5] discussed with vast scientific insight and 

conscience green polymer nanocomposites and their applications. Success 

of research endeavor in the field of green engineering and environmental 

protection are highly challenged and veritably stressed.[5] Through this 

paper, bio-reinforced composites in automotive, construction, packaging, 

and medical applications are discussed and a window of innovation has 

ushered in the field of nanotechnology and green nano-composites. The 

present paper deeply with insight elucidates on green polymer 

nanocomposites and the application of bio-reinforced composites in 

automotive, construction, packaging and medical applications due to ever-

growing concerns for environmental sustainability.[5] Sustainable 

development, whether it is energy, environmental, social or economic is the 

utmost need of the hour. The authors also described on the unique 

properties of combining the advantages of natural fillers and organic 

polymers.[5] Plant fibers are found to be extremely suitable to reinforce 

polymers and the vast domain of fiber-reinforced composites are today in 

the path of newer scientific regeneration and immense scientific ingenuity. 

This paper reviews scientific efforts, techniques of production, trends and 

vast prospects in the field of green polymer nanocomposites. Addition of 

nanoparticles to base polymers results in improved properties that make 

them useful in automotive, construction and the vast area of medical 

science and biomedical engineering. Properties which are immensely 

promising are mechanical properties (eg- strength, elastic modulus, and 
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dimensional stability).[5] Nanocomposite materials consisting of polymeric 

matrix and nano-scale particles which have offered a great opportunity in 

thermoplastic and rubber industry to make new products and applications 

with enhanced and unique properties. Human mankind’s immense 

scientific regeneration and ardor, the futuristic vision of nanotechnology 

and composite science will all lead a long and visionary way in the true 

realization of environmental sustainability.[5] The world of challenges and 

the vast and definite vision in the field of nanocomposites will be the future 

forerunners of greater scientific emancipation in environmental engineering 

science today. This paper is a veritable eye-opener towards that vision.[5] 

Awad et al.(2015)[6] discussed and described with cogent insight and 

scientific far-sightedness green synthesis, characterization, and anti-

bacterial activity of silver/ polystyrene nanocomposite. Technological and 

scientific validation and ardor are the pillars of scientific pursuit in green 

nanocomposites, green chemistry and the holistic domain of green 

nanotechnology.[6] A novel, nontoxic, simple, cost-effective and eco-

friendly technique was used to synthesize green silver nanoparticles.[6] 

The nanomaterials can be synthesized by different techniques including 

chemical, physical and biological methods. The development of new 

chemical and physical methods has veritably resulted in environmental 

contamination since the chemical procedures involved in the synthesis of 

nanomaterials have resulted in generation of hazardous materials.[6] 

Today, nanotechnology, nanomaterials and engineered nanomaterials 

applications are highly challenged as science and technology surges 

forward.[6] Technological and engineering prowess, the vast scientific 

ingenuity and the futuristic vision of nanotechnology will all lead a long 

and visionary way in the true realization of almost every branch of science 

and technology. Nanotechnology today globally is integrated with every 

branch of science and engineering.[6] Green nanotechnology is the need of 



�

19 

human scientific progress and that includes safe, clean, eco-friendly and 

non-toxic methods of nanoparticle synthesis, without the use of high 

pressure, energy, temperature, and toxic chemicals.[6] The biological 

methods include synthesis of nanomaterials from the extracts of plant, 

bacterial, fungal species and so forth. Nanoparticles of silver have been 

veritably found to exhibit antibacterial activity and the investigation of this 

phenomenon has gained immense importance due to the increase of 

bacterial resistance to antibiotics, caused by their overuse.[6] Recently 

materials have been developed (mainly textiles) containing silver 

nanoparticles, which exhibit very interesting anti-microbial property. The 

idea of the present study was the green synthesis of silver nanoparticles by 

chemical reduction of silver nitrate using orange peel extract as a reducing 

agent, and the preparation of silver nanoparticles/polystyrene 

nanocomposite film. The authors in this treatise unfolds the immense 

scientific necessity and the scientific success in the field of environmental 

engineering aspects of green nanotechnology.[6] 

Tsujimoto et al.(2015)[7] discussed with immense foresight and 

scientific conscience green nanocomposites from renewable plant oils and 

polyhedral oligomeric silsesquioxanes. Green nanocomposites based on 

renewable plant oils and polyhedral oligomeric silsesquioxanes have been 

developed.[7] Technology and engineering science of nano-science and 

nanotechnology are witnessing immense challenge, the vast scientific 

vision and deep scientific profundity.[7] Recently, there has been an 

immense scientific interest in organic-inorganic nanocomposites as next 

generation smart materials because of their high potentials to realize novel 

properties. Polyhedral oligomeric silsesquioxanes consist of inorganic 

framework made from a proportion of silicon and oxygen.[7] Octahedral 

derivatives are the most representative ones of this family.[7] The acid- 

catalyzed curing of epoxidized plant oil and oxirane-containing POSS 
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produced the transparent nanocomposites, in which the organic and 

inorganic components components were linked by covalent bonds. The 

success of science and engineering, the futuristic vision of nano-composites 

and the scientific needs of human society will be the veritable forerunners 

towards a newer visionary era in the field of nanotechnology. This paper 

opens up newer thoughts and newer vision in the field of nanotechnology 

and nanocomposites with the sole purpose of furtherance of science and 

engineering.[7] 

Uyama et al.(2003)[8] deeply discussed with lucid and cogent insight 

green nanocomposites from renewable sources which are plant oil-clay 

hybrid materials. Technological and scientific validation and deep scientific 

insight are the necessities of innovation in the field of green 

nanocomposites today. Worldwide potential demands for replacing 

petroleum-derived raw materials with renewable plant-based ones in 

production of valuable polymeric materials are quite significant in the 

present day social and environmental landscape.[8] Therefore using 

inexpensive renewable resources have greatly attracted the attention of 

many scientists and researchers around the world. Among them natural oils 

are expected to be an ideal alternative chemical feedstock since oils, 

derived from both plant and animal sources are found in immense 

abundance throughout the world. Triglyceride oils have been extensively 

used for various applications such as coatings, inks and agrochemicals.[8] 

These oil based polymeric materials, however, do not show properties of 

rigidity and strength required for structural applications by themselves. 

Recently, there has been immense interest in organic-inorganic 

nanocomposites due to their unexpected hybrid properties derived from the 

unique combination of their individual properties. [8] This study deals with 

synthesis of green nanocomposites consisting of the abundant natural 

resources, plant oils and clay. An epoxidized triglyceride oil was subjected 
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to intercalation into an organically modified clay, followed by an acid-

catalyzed curing of the epoxy- containing triglyceride leading to the 

production of a new class of biodegradable nanocomposites.[8] This is 

obtained from inexpensive renewable resources. Technological prowess 

and ardor, the world of scientific validation and the futuristic vision of 

nanocomposites will today lead a long and visionary way in the true 

realization of nanotechnology applications and environmental sustainability 

emancipation. Thus, this paper explores newer avenues and newer vision in 

the field of green nanocomposites in years to come.[8] 

Pandey et al. (2005) [9] discussed with immense scientific far-

sightedness green nanocomposites from renewable resources and the effect 

of plasticizer on the structure and material properties of clay – filled starch. 

Nanocomposites of starch were prepared via different addition sequences 

of plasticizer and clay by the solution method.[9] The extent of dispersion 

of the filler was evaluated by X-ray diffractometry (WAXD) in the 

resulting composites.[9] Thermal stability, mechanical properties, and 

water absorption studies were conducted in minute details to measure the 

mechanical properties whereas FT-IR spectroscopy was used to study the 

structure of composites. The sequence of addition of components 

(starch/plasticizer/ clay) had a significant effect on the nature of composites 

formed and accordingly properties were altered.[9] In order to develop an 

environmentally friendly material, efforts are being pursued to solve 

problems generated by plastic waste, particularly one-time-use materials. 

Technological validation and deep scientific motivation need to be 

enshrined and envisioned in the field of green nanocomposites with the 

passage of time. Most of the research attention should be targeted towards 

petro-based commodity plastics and biopolymers. The science of 

biopolymers is in a latent stage and needs to be developed in a rapid and 

useful manner. Biopolymers have been considered as most promising 
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materials for this purpose as they may form a cost-effective end-product. 

The authors in this paper discussed in minute details the preparation of 

nanocomposites, characterization and measurements, and a deep result and 

discussion on structure of nanocomposites. The vision and the challenges 

of applications of green nanocomposites and the futuristic vision of 

biopolymers are strongly deliberated in details in this paper.[9] 

Palit et al.(2017)[10] discussed with immense scientific far-sightedness 

biopolymers and environmental perspectives. Environmental engineering 

science is today progressing at a rapid pace surpassing one visionary 

boundary over another.[10] This chapter opens up new futuristic research 

trends in the environmental applications of biopolymers. The authors 

delineate the vast intricacies of the application of biopolymers, its 

chemistry and the science of environmental sustainability. This chapter 

discusses the difference between synthetic polymers and biopolymers, 

recent scientific advances in biopolymers, and the recent scientific 

advances in the vast domain of biotechnology.[10] The authors also 

discussed in deep details recent scientific research pursuit in the field of 

biocomposites and bioplastics. The other areas of this research endeavor 

are the domain of green chemistry, the scientific success of energy and 

environmental sustainability and the deep scientific cognizance. A deep 

scientific introspection in the field of biopolymers, polymer science and 

environmental remediation are deliberated in deep details in this 

chapter.[10] 

Green nanocomposites are today in the path of newer scientific 

rejuvenation. Water science and technology needs to be re-envisioned and 

re-envisaged with the progress and march of scientific history and time. In 

this entire chapter, the author deeply delves into the scientific rejuvenation, 

the deep scientific ingenuity and the profundity behind polymer science 
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and nanotechnology applications in environmental protection. In the similar 

vein and with a deep scientific conscience, the author relates the scientific 

and engineering advancements in the field of composite science and 

materials technology in modern science and present-day human 

civilization. 

10.0 Significant scientific research pursuit in the field of nano-

science and nanotechnology: 

Nano-science and nanotechnology are changing the vast scientific 

landscape globally today. Human society and human scientific research 

pursuit stand in the midst of deep crisis as water shortage, global warming, 

depletion of fossil fuel resources are changing the face of human 

civilization. The global water crisis today stands never ending. In this 

section the author deeply pronounces the needs of engineering science and 

technology in confronting global environmental issues. Thus, 

nanotechnology and nanofiltration are the needs of the hour. 

Woodrow Wilson International Centre for Scholars Report (2009) [11] 

discussed with immense scientific conscience next generation 

nanotechnology. This report discussed in minute details the future of 

nanotechnology, existing oversight and next-generation nanotechnology, 

and the future of oversight. Technological vision and motivation of 

engineering science are the pillars of scientific innovation in 

nanotechnology and nano-engineering today.[11] Since 1980, the capability 

of the federal agencies responsible for environmental health, environmental 

regulations and environmental safety has severely eroded.[11] This paper 

delineates some of the challenges, focusing on next generation 

nanotechnologies and also suggests changes that could revitalizes and 

invigorates these health and safety agencies. Nanotechnology is a 

revolutionary domain of science and engineering today. Nanotechnology is 
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today still a new concept in many countries in the developing and the 

developed world.[11] Oversight of new technologies and its visionary 

impact in this century will occur in a context characterized by rapid 

scientific strides, accelerated application of science and frequent product 

changes. The pillars of nanotechnology are today nanofiltration, water 

resource management, industrial pollution control and the science of 

sustainability. [11] This report opens up newer thoughts and newer 

visionary future trends in the field of nanotechnology applications today. 

This is an United States of America Federal Government Report and deeply 

analyses the scientific success, the scientific philosophy and the vast 

scientific ingenuity in the field of nanotechnology applications in every 

branch of science and engineering. The other highlights of this paper are 

the novel characteristics and application of nanomaterials in human society 

and its environmental and health risks. Scientific sagacity, deep scientific 

cognizance and the futuristic vision of environmental engineering stands as 

prerogatives towards the vision of science and engineering in nanomaterials 

applications today.[11] This report stands as a watershed text in the field of 

nanotechnology applications and its vast scientific emancipation in the 

global scientific landscape today.[11] 

European Commission Report (2011) [12] discussed and described in 

minute details successful European Nanotechnology research. 

Nanotechnology is a frontier science and engineering in Europe and around 

the world, working at the scale of individual molecules. The authors of this 

report deeply elucidate the application of nanotechnology in energy and 

environment, electronics and information and communication technology, 

industrial applications, textiles, nanomaterials and nanomedicine areas. 

[12] The environmental and human safety issues are deeply deliberated in 

minute details in this report. The big issue today is that nanotechnology is 

not an enabling technology, or merely a method, or a process or a means of 
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controlling matter at the atomic level. Technology and engineering today 

has few answers to the scientific intricacies of nanotechnology applications 

in human society.[12] Here comes a deep scientific understanding and a 

deep scientific introspection. The main target of this report are the areas of 

energy and environmental sustainability and a deep scientific redeeming of 

the needs of nanotechnology applications in sustainable development of 

human civilization.[12] 

Nanotechnology today is in the path of newer scientific regeneration. It 

is not a latent area yet loots of discoveries needs to be done. Human 

mankind’s immense scientific grit and determination, the vision and the 

challenges of environmental engineering will surely lead a long and 

visionary way in true realization of the science of sustainability and 

nanotechnology. 

11.0 Significant scientific research pursuit in the field of fiber-

reinforced composites: 

Fiber reinforced composites and its applications are changing the face of 

human scientific progress and the scientific profundity of human 

civilization today. Mankind’s immense scientific prowess and vision, the 

scientific introspection and articulation in the field of fiber reinforced 

composites and biopolymers are discussed with immense insight in this 

section. Engineering science and technology are really challenging the vast 

scientific landscape of environmental remediation and environmental 

engineering today. Thus, the need of a strong civil society initiative and a 

vibrant research and development initiative in the field of bio-composites, 

fiber-reinforced composites and green nanotechnology. The significant 

scientific developments are discussed in this section. 

Cheung et al.(2009)[13] deeply deliberated in minute details natural 

fiber-reinforced composites for bioengineering and environmental 
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engineering applications. Technological and scientific validation, 

introspection and ardor are the pillars of scientific research pursuit in the 

field of fiber-reinforced composites today. Conservation of forests, the 

vision of environmental and energy sustainability and the optimal 

utilization of agricultural resources are the scientific needs of modern 

science today. The authors in this treatise deeply discussed natural fibers, 

plant-based fibers and animal-based fibers with a sole aim towards 

furtherance of science and engineering.[13] Research on biodegradable 

polymers and polymeric composites can contribute for green and safe 

environment. In this paper, a comprehensive review is done on different 

kinds of natural fiber composites.[13] Their immense potential in future 

development of different kinds of engineering and domestic products are 

discussed with vast scientific insight in this paper. Since the past few 

decades, scientific and engineering interest has dramatically shifted from 

traditional monolithic materials to fibre-reinforced polymer-based materials 

due to their unique advantage of high strength to weight ratio, non-

corrosive property, and high fracture toughness. These composite materials 

comprised of high strength fibers such as carbon, glass and aramid, and low 

strength polymeric matrix and now have dominated the aerospace, leisure, 

automotive, construction and sporting industries.[13] The vision and the 

challenge of composite science and engineering and the futuristic vision of 

fiber-reinforced composites are enumerated in minute details in this paper. 

The authors discussed in details the environmental concern, the bio-

engineering concern, the vast domain of natural fibers and plant fibers, 

animal based fibers and its vast and varied applications.[13]  

Prashanth et al.(2017)[14] discussed and described with lucid and cogent 

insight fiber-reinforced composites in a review paper. Fiber-reinforced 

composites are essentially axial particulates embedded in fitting matrices. 

The primary aim and objective of fiber-reinforced composites is to obtain 
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materials with high strength in conjunction with higher elastic 

modulus.[14] Vast technological and engineering vision is needed in 

today’s application of fiber-reinforced plastics globally. In recent years, the 

advent and scientific needs of composite technology has led to the 

development of different fiber-reinforced composite systems via varying 

manufacturing methodologies to obtain advanced material properties. In 

this paper, a comparative account on various kinds of synthetic fibers and 

their significance as potential reinforcements with specific emphasis on 

carbon fibers.[14] Technological vision, deep scientific insight and 

engineering far-sightedness are the needs of scientific evolution and 

scientific advancements in carbon fiber technology today. In this paper, the 

authors stresses on the success of science and engineering of composite 

science in decades to come. The authors discussed in details important 

types of fiber-reinforcements such as glass fibers, carbon fibers and Kevlar 

fibers. This paper also compares a comparative account of glass, carbon 

and Kevlar fibers. Human civilization’s immense scientific prowess, the 

technological and scientific validation and the world of scientific vision 

and the challenges will all lead a long and visionary way in the true 

emancipation and the true realization of nano-composites and composite 

science today. The reinforcement of fiber upon polymer matrix is found to 

bring about significant achievements and advancements in mechanical 

behaviors of polymeric host with added advantages of light weight, high 

strength to weight ratio, excellent weathering stabilities and enhanced 

dimensional stabilities in addition to low maintenance cost and excellent 

material behaviors. Important types of reinforcements are glass fibers, 

carbon fibers, and Kevlar fibers. A deep technological and engineering 

insight is the need of the hour as fiber science enters into a newer era of 

scientific might and vision. 
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12.0 The world of challenges and the vision in the field of 

environmental protection and environmental protection: 

Human civilization’s immense scientific grit, determination and prowess 

are changing the face of innovations and scientific instinct. The vision and 

the challenges of environmental protection science are immense and 

groundbreaking today. Success of environmental engineering tools are few 

yet groundbreaking. In the similar vein, traditional and non-traditional 

environmental engineering tools are the needs of human society today. 

Membrane separation processes and other novel separation processes are 

also the needs of environmental protection today. In this chapter, the author 

depicts profoundly the contribution of human factor engineering, systems 

engineering and integrated water resource management in confronting 

global water crisis. The challenges, the difficulties and the barriers are 

immense and needs re-envisioning. [15],[16],[17] 

13.0 Arsenic and heavy metal groundwater remediation in South 

Asia: 

Arsenic and heavy metal drinking water contamination in South Asia 

particularly India and Bangladesh have taken massive proportions. Health 

effects due to the drinking of polluted water is a challenge to millions of 

citizens around the globe. Scientific innovations, deep technological 

discernment and the veritable quest for knowledge are the torchbearers 

towards a greater understanding and a greater success in the field of 

environmental engineering and environmental protection. In this chapter 

the author pointedly focuses on the need of science and engineering in 

tackling global environmental issues. Novel separation processes, 

membrane science and advanced oxidation processes are the scientific 

challenges of today along with environmental remediation. Scientific 
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endeavor is at a severe risk as science and engineering of environmental 

protection surpasses vast and versatile frontiers.[18],[19],[20] 

14.0 Integrated water resource management, application of 

nanotechnology and human factors engineering: 

Integrated water resource management and human factors engineering 

are challenging the vast scientific firmament of immense might and vision 

today. Composite science and material science are changing the face of 

scientific progress globally. Application of nanotechnology in diverse areas 

of engineering science are the scientific needs of human civilization and the 

vast avenue of scientific might, grit and determination. Integrated water 

resource management and nanotechnology today needs to be merged with 

the furtherance of science and engineering in mind. In this chapter the 

author reiterates the vast scientific vision and the scientific ingenuity in the 

application of nanotechnology and human factors engineering to human 

scientific advancement. The grit and determination of science and 

engineering are veritably in the process of newer scientific regeneration. 

Integrated water resource management and industrial and drinking water 

treatment are today the scientific needs of human society today. In this 

chapter the author stresses the importance of nanocomposite applications in 

environmental remediation. Unit operations in chemical engineering and 

chemical process engineering are today in the threshold of a newer era of 

scientific vision and vast scientific might. 

15.0 The success of environmental remediation in global scenario: 

The domain of environmental remediation today stands in the midst of 

deep scientific vision and fortitude. Today energy engineering, 

environmental engineering and sustainability science are linked with each 

other with scientific might and scientific steadfastness. Renewable energy 

domain is revolutionizing the scientific and engineering landscape today. 
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Thus, the scientific need and the importance of nanotechnology and 

sustainability science and engineering. Groundwater contamination with 

arsenic and heavy metal has no technological and engineering answers. 

Globally water shortage and global warming are changing the face of 

human civilization and the vast scientific landscape. The civil society and a 

nation’s government needs to gear forward toward a greater scientific 

emancipation and the scientific truth of renewable energy technologies, 

environmental engineering science and petroleum engineering. Today 

millions of people around the world lack proper drinking water and 

absolute lack of sanitation. In the developing and disadvantaged countries 

around the world, the environmental engineering scenario is worse. Health 

effects due to arsenic drinking water poisoning are devastating the social 

and scientific scenario in Bangladesh and the state of West Bengal, India. 

The global scenario is absolutely grave and thought-provoking. The state of 

energy engineering science and electrical engineering is in the similar vein 

immensely dismal as the fate of non-renewable energy scenario is in the 

process of newer scientific regeneration. Thus, the immediate need of 

environmental and energy sustainability. Human mankind’s immense 

scientific prowess and girth, the futuristic vision of environmental 

engineering science and chemical process engineering and the marvels and 

the profundity of engineering science will lead a long and visionary way in 

unraveling the scientific truth of sustainability science. Today the world of 

nanotechnology and environmental engineering has immense challenges 

and a definite vision of its own. This chapter opens up newer visionary 

avenues in the field of environmental protection and nanotechnology in 

years to come. 
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16.0 Future research trends in application of nanotechnology in 

environmental protection: 

Nanotechnology and its applications are changing the face of human 

scientific endeavor today. Technology and engineering science today have 

no answers to the intricate scientific issues of environmental remediation. 

Water purification, drinking water treatment and the vast domain of 

industrial wastewater treatment are the fountainhead and the pillars of 

environmental engineering research pursuit today. Human civilization’s 

immense scientific prowess, scientific grit and determination are the 

torchbearers towards a newer era in the field of environmental protection 

today globally. Nano-science and nanotechnology are today integrated with 

every branch of science and engineering. Future research trends should 

target the scientific needs, the scientific vision and the vast scientific 

profundity of novel separation processes, conventional and non-

conventional environmental engineering tools, composite science and the 

vast world of nanotechnology. Human scientific instinct and the deep 

vision are today in a state of immense disaster and deep hiatus. This 

chapter will surely unfold the world of challenges in the domain of 

nanotechnology applications in environmental protection, groundwater 

remediation and industrial wastewater treatment. The academic and 

scientific rigor in the field of environmental remediation are vast, versatile 

and groundbreaking. The authors in this chapter reiterates the scientific 

success, the immense scientific vitality and vast scientific imagination in 

the field of environmental protection today. 

17.0 Future research and development initiatives in green 

nanocomposites: 

Science and engineering of environmental protection and environmental 

remediation are today globally huge colossus with an immense vision of its 
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own. Today there is an imminent need for concerted effort and research and 

development initiatives in the field nanotechnology, composite science and 

material science. Technological advancements and vast scientific 

profundity are the pillars of human innovation and human scientific 

progress today. Composite science and the field of nanocomposites are 

challenging the vast scientific firmament of engineering science and 

nanotechnology today. Green nanocomposites are the scientific ardor and 

deep scientific vision of engineering and science today. Chemical process 

engineering, environmental engineering and material science are changing 

the face of human scientific progress today. Today also introspection of 

science is the necessity for furtherance of science and engineering. Green 

nanocomposites and composite science are today challenging the vast 

scientific might and vision.[21],[22],[23] Future research trends in the field 

of green nanocomposites should basically follow the following targets: 

� A greater scientific emancipation in the field of composite 

science and material science. 

� A wider scientific knowledge in the field of environmental 

engineering science and environmental remediation. 

� Human scientific achievement and a greater scientific 

understanding in the field of nano-science and nanotechnology. 

� Technological and engineering advancements in the field of 

green engineering and green chemistry. 

The challenges, the vision, the pros and cons of environmental protection 

science are today immense and groundbreaking as science and technology 

surges forward towards a newer era and newer vision.[21],[22],[23] In this 

treatise, the author deeply elucidates the scientific success, the scientific 

redeeming and the deep scientific revelation in the field of environmental 

remediation and the greater technological emancipation of novel separation 
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processes, traditional and non-traditional environmental engineering 

techniques.  

18.0 Future flow of thoughts in the field of composite science and 

environmental engineering: 

In today’s environmental engineering scenario, science and technology 

of traditional and non-traditional environmental engineering tools are the 

deep scientific needs and the scientific vision of human scientific progress. 

Composite science, material science and polymer science today need to be 

integrated with all avenues of research endeavor in the field of 

nanotechnology. Human civilization’s immense scientific grit and 

determination, the marvels of engineering science and the futuristic vision 

of the science of nanotechnology will go a long and effective way in 

unraveling the real scientific truth behind composite science and material 

science. Future flow of thoughts should be targeted towards the larger 

scientific rigor in the field of novel separation processes, membrane 

science, advanced oxidation processes and other non-traditional 

environmental engineering tools. Today water purification, drinking water 

treatment, industrial wastewater treatment, loss of ecological biodiversity 

and depletion of fossil fuel resources are challenging the vast scientific 

fabric of might and vision. Scientific and academic rigor in nanotechnology 

applications to human society are immense and far-reaching today. This 

chapter opens up newer avenues and newer visionary perspectives in the 

field of environmental protection, water treatment and groundwater 

remediation in particular.  

19.0 Conclusion and vast scientific perspectives: 

Human civilization’s immense scientific prowess today stands in the 

midst of immense barriers, intricacies and deep vision. Today technology 

and engineering science has practically no answers to the various issues of 
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groundwater contamination with heavy metals and arsenic in many 

developing and developed nations around the world. This treatise 

profoundly depicts the scientific profundity, the scientific forays and the 

scientific needs in application of green nanocomposites applications in 

environmental protection. The perspectives of science and engineering 

globally are vast and varied. The author in this paper deeply comprehends 

and elucidates the success of science and engineering in tackling global 

water issues. Science and technology are today huge colossus with a 

definite and purposeful vision of its own. Environmental engineering, 

petroleum engineering, energy engineering and nanotechnology are 

branches of engineering and science which are highly challenged and needs 

to be envisioned and re-organized with the passage of scientific history and 

time. In this chapter, the author reiterates the need of nanotechnology and 

nano-engineering towards the furtherance of human society and the 

furtherance of science and technology. Human scientific vision is today in 

the midst of deep crisis as loss of ecological biodiversity and depletion of 

fossil fuel resources are devastating the vast scientific firmament. Here 

comes the challenge of nanotechnology, nanomaterials, engineered 

nanomaterials and composite science. Human mankind’s immense 

scientific prowess, grit and determination will surely evolve into newer 

knowledge dimensions as green nanotechnology, green nanocomposites 

and green chemistry ushers in a newer era of scientific might and 

profundity. The scientific perspectives of green nano-composites and its 

applications will also veritably change the future research trends in 

composite science and usher in a newer era in science and engineering.  
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Abstract:  

Water pollution with heavy metals is of environmental and human health 

concern. Use of carbon-based nanomaterials is among the advanced and 

being investigated recently methods for combating water pollution. This 

chapter presents studies in the last 15 years on application of carbon 

nanomaterials and composites, as well as graphene, graphene oxide and 

reduced graphene oxide based materials for the direct elimination of heavy 

metals from water. Implementation of those materials to immobilize heavy 

metals (As, Cd, Co, Cr, Cu, Pb, Ni, and Zn - alone or in mixtures) and the 

factors impacting the heavy metals' removal efficiency are discussed. The 

relevant kinetic and thermodynamic studies are highlighted. Use of carbon-

based nanomaterials and composites for improving the properties of 

membranes utilized in different membrane processes for the heavy metals' 

removal is also described.  

1 INTRODUCTION 

Water is the life. Water is critical for the socio-economic progress, 

healthy ecosystems and for the human survival itself. The Millennium 

Ecosystem Assessment noted that the biodiversity loss in freshwater 

systems is occurring at twice the rate of other natural systems. 
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Consequently, their ability to provide ecosystem services declines, 

resulting in negative consequences for human well-being (MEA, (2005)). 

Nowadays more than 2 billion people lack access to safe drinking water 

and more than double that number lack access to safe sanitation. At 

present, an estimated 3.6 billion people live in areas that are potentially 

water-scarce at least one month per year, and this population could increase 

to 4.8–5.7 billion by 2050 (WWAP, (2018)). The global demand for water 

has been increasing at a rate of about 1% per year as a function of 

population growth, economic development and changing consumption 

patterns, among other factors, and it will continue to grow significantly 

over the next two decades (WWAP, (2018)). Water demand for 

manufacturing is expected to increase by 400 % between 2000 and 2050 

globally. By 2050, agriculture will need 60 % more water to produce food 

globally, and 100 % more - in developing countries (WWAP, (2015)).   

About 71 % of the Earth's surface is water-covered but the oceans hold 

about 96.5 % of all Earth's water. Freshwater is indispensable for 

sustainable life and development on our planet. However, in all its forms 

including ice caps, glaciers and permanent snow it represents < 3.454% of 

the global water (USGS, (2016)). Freshwater is a finite and irreplaceable 

resource if it is not well managed. Only two ways are available to supply 

additional fresh water: to purify the wastewater for reuse in industrial 

facilities or purify sea water. Neither of these frontiers have been 

conquered cost effectively with existing technology. 

On contrary, an estimated 80 % of all industrial and municipal 

wastewater are released to the environment without any prior treatment, 

resulting in a growing deterioration of overall water quality with 

detrimental impacts on human health and ecosystems (WWAP, (2017)).  
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Heavy metals, are generally defined as metals having densities greater 

than 5 g/cm3 and often hazardous metalloids, as arsenic, are also included 

in this classification. Bearing in mind that there is ''no authoritative 

definition to be found in the relevant literature'' (Duffus, (2002)), the term 

in this chapter will be used for the group of metals and semimetals the most 

of whose chemical species have been associated with contamination and 

potential toxicity or ecotoxicity.  

Heavy metals are among the most widely spread and important inorganic 

pollutants found in the wastewaters.  Heavy metal ions contamination 

results mainly from various industrial activities, such as mining, metal 

processing, electroplating, petroleum refining, textile, tanneries, paint, 

pigment and pesticides manufacture, battery manufacturing, automobile 

manufacturing, photographic and printing industries, etc. Agriculture, 

transportation and domestic activities also ''contribute'' to the water 

pollution with heavy metals.  

Heavy metals are often considered to be among the most hazardous 

aqueous contaminants due to their potentially damaging effect on human 

physiology and other biological systems when the tolerance levels are 

exceeded, their persistent nature in the environment, and (for some of 

them) tendency to accumulate in living organisms. Cadmium (Cd), lead 

(Pb), mercury (Hg), chromium (Cr) and arsenic (As) are widely accepted as 

bio-accumulating metals. Among the other metals, nickel (Ni) and cobalt 

(Co) (under consideration) are included in the group of the water priority 

pollutants (Directive 2013/39/EU, (2013)) together with Cd, Pb and Hg. In 

addition, copper (Cu) and zinc (Zn) are widely accepted and studied by the 

scientific community as hazardous (Qiu, (2015)). 

Heavy metals can denaturize proteins, block functional groups, combine 

and replace compounds, modify the normal performance of physiological 
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functions, hinder transport properties through cell membranes, etc. 

(Oliveira, (2016)). When heavy metals reach the water bodies, they can 

affect human health due to their bioaccumulation in ecosystems. Prolonged 

use of water polluted with heavy metals and their compounds can cause 

cell intoxication, several types of cancer and mutagenic problems. Table 1 

summarizes briefly the health hazard posed by a given metal and the WHO 

guideline standard for the metal (Hiew et al. (2018)), WHO, (2017)). 

Table 1 Health hazards and discharge limits of heavy metals 

Metal Health hazard WHO guideline, 
mg/L 

As Gastrointestinal symptoms, death, hepatomegaly, skin 
lesions, hyperkeratosis, melanosis 

0.01 

Cd Renal failure, itai-itai disease, birth defects, anaemia, 
carcinogenic 

0.003 

Cr  Genotoxic, alopecia, mutagenic and carcinogenic properties, 
damage to kidney and liver and at low dosage it causes skin 
irritation 

(Crtotal ) 0.05 

Pb Kidney failure, gastrointestinal disorder, central nervous 
system effects, inhibition of some essential elements in 
human organism, for example, proteins (hemoglobin) and 
calcium (causing calcium homeostasis and possibly 
osteoporosis). 

0.01 

Hg Kidney disease, death, muscle movement impairment, gum 
inflammation 

0.006 

Ni Anaphylaxis, cancer of lungs, nose and bones, red blood cells 
loss, nephrotoxic - extreme weakness, dermatitis, headache, 
dizziness and respiratory distress 

0.07 

Co Irritation of skin, throat, eyes; may affect heart, thyroid, liver 
and kidney, carcinogen 

N.a. 

Cu Liver and kidney disease, cancer, stomach irritation, red cells 
destruction leading to anemia, liver and kidneys problems 

2.0 

Zn Dizziness, at long exposure - digestive problems at stomach 
level or pancreas, it can disturb protein metabolism and cause 
arteriosclerosis 

3.0 
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The elimination of heavy metals from water (waste and aimed for 

potable use) is one of the most important environmental problems for 

research, engineering and technology development. Generally physical 

(filtration, distillation, membrane processes - membrane distillation, 

ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO)), chemical 

(precipitation, chemical oxidation/reduction), physico-chemical 

(coagulation and flocculation, flotation, adsorption, ion exchange, 

electrochemical technologies) and biological methods (microbial water 

sludge treatment, biosorption, wetlands) have been applied to remedy the 

problem of heavy metals.  

Chemical methods, as well as coagulation and flocculation, require 

addition of chemicals to transform a soluble compound into an insoluble 

form (precipitate, flocs most often bonging the heavy metal). The addition 

of chemicals, as lime, may increase the production of sludge with 

hazardous properties, requiring further handling. Some metal hydroxides 

are amphoteric (for example lead, zinc hydroxides) and when we have a 

mixture of metals, there is no optimal pH to work with and the needed 

efficiency of the process can not be achieved. The method is practically 

ineffective for trace metals removing. In ion exchange heavy metal cations 

are exchanged for H+ or Na+. Ion exchange resins are synthetic polymers 

having active ion group such as -SO3H (in strong) or -COOH (in weak) 

acidic resins. Use of ion exchange resins often requires pre-treatment, the 

resins are not cheap and the issues of resins' regeneration and usage for 

removing pollutants in very low concentrations are still not entirely solved. 

The electrochemical technologies such as the electrochemical 

oxidation/reduction, electroflotation and electrocoagulation have been used 

for industrial wastewater treatment but the economic constrains are 

expected with the raising electricity price. Membrane processes, able to 

remove heavy metals, such as enhanced NF and RO are still expensive due 
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to needed costs for installations (including membranes), energy, inlet water 

pretreatment and concentrate treatment.  

For the present, adsorption is considered an effective and economic 

method for heavy metals removal from water, because of its simple design, 

easy setup and scalability, high capacity, effective removal of pollutants, 

ease of regeneration and low cost. Different materials have been used to 

adsorb heavy metals, such as synthetic adsorbents, bio-based sorbents, 

zeolites, clays, activated alumina, activated carbon, etc. The main selection 

parameters of adsorbents are their high adsorption capacity, fast kinetics, 

and low cost. 

Low concentrations and small dimensions of some water pollutants are 

additional obstacles hindering the mitigation of the problem of water 

pollution by heavy metals. In recent years, nanostructured materials have 

gained special attention as adsorbents in water purification because these 

materials possess unique properties compared to the bulk materials. On a 

mass basis, they have much larger surface areas compared to macro 

particles. Their chemical affinity towards target compounds can be 

enhanced with various reacting groups. The higher surface area, surface 

reactivity and faster kinetics, compared with granular forms, enable the 

nanoparticles to remediate more material at a higher rate and with a lower 

generation of hazardous by-products. Nanoparticles can be transported 

effectively by the groundwater flow. They can also remain suspended for 

sufficient time in order to launch an in situ treatment sphere. Nanoparticles 

can be anchored onto a solid matrix, such as a conventional water treatment 

material like activated carbon, for enhanced strength-to-weight properties 

of nanocomposites for water treatment. 

Adsorptive membrane filtration has emerged as a powerful technique for 

the removal of heavy metals from effluents due to several advantages over 
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existing treatment processes, such as greater removal efficiency, lower 

operating pressure. 

Carbon-based materials possess good chemical stability, structural 

diversity, low density, and suitability for large scale production. In this line, 

the use of carbon-based nanomaterials (CBNMs) is among the advanced 

and being investigated in recent years methods for combating water 

pollution. CBNMs may exist in different forms, such as nanoporous 

carbon, carbon nanofibres, single-walled carbon nanotubes (SWCNTs), 

multi-walled carbon nanotubes (MWCNTs), graphene (Gr), graphene oxide  

(GO), reduced graphene oxide (rGO). All these materials have been studied 

alone (unmodified or modified) or in different nanocomposites for their 

ability to remove heavy metals from water. 

This chapter presents recent studies on application of CBNMs and 

composites for the adsorption of heavy metals from water or for improving 

membranes for heavy metals removal.  

In order to facilitate the reader, before describing the findings on 

preparation and use of different CBNMs, the adsorption phenomenon is 

presented briefly, as well as the relevant and most used in the today's 

studies kinetic and thermodynamic models. 

2 ADSORPTION - BASICS  

Adsorption is a phenomenon where ions or molecules from a gas, liquid 

or dissolved solid are accumulated through physical or chemical interaction 

at the interface of two phases (solid-liquid or solid-gas) on the surface of 

the phase with higher density and well developed surface. The phase with 

higher density is called adsorbent. The species attached at the interface is 

called adsorbate. The adsorbed ions or molecules are those that are resistant 

to washing with the same solvent medium in the case of adsorption from 

solutions. Physical interaction between the adsorbent and adsorbate is 
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termed physisorption while chemical interaction is called chemisorption. 

Generally, physisorption is characterized by weak attraction forces (van der 

Waals, hydrogen, electrostatic, dipole–dipole and  �– � bonds) between the 

adsorbate and adsorbent. When the phenomenon is governed by strong 

interaction between the adsorbate and adsorbent surface through electron 

exchange, it is chemisorption. Physisorption is a reversible process while 

chemisorption is practically an irreversible process. Some of the reported 

adsorption mechanisms in the studies on use of CBNMs as adsorbents for 

heavy metals removal from water include ionic exchange, complexation, 

chelation, electrostatic interaction, hydrogen bonding, precipitation, 

hydrophobic interaction and neutralization.  

The efficiency of adsorption depends on the chemical nature of the 

adsorbate and adsorbent, the specific surface area, surface chemistry 

(including when applied, the amount of functionalizing reagent) and pore 

size and structure of the adsorbent. The efficiency of the system is 

influenced by operating parameters such as mass of adsorbent, 

concentration of adsorbate, presence of competing ions, solution pH, 

process temperature, and contact time. The adsorption operation can be 

batch, semi-batch and continuous. In addition to already mentioned process 

parameters, in batch and semi-batch process stirring velocity impacts the 

mass transfer rates, while in column process flow rate of the liquid through 

the column and the adsorbent bed height influence the efficiency. 

Practically, the impact of some or all of the described parameters is being 

studied by the scientists who present the use of carbon nanomaterials-based 

adsorbents for heavy metals removal from water.  

At studying the process, the quantity of adsorbed metal qt (mg/g) is 

calculated according to equation (1): 

qt = [(Co-Ct) x V / m]   (1) 
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where Co is the initial concentration and Ct is the residual concentration 

at time t of the metal ion (mg/L), m is the mass of the adsorbent (g) and V 

is the volume of the solution, containing the metal ions (L).   

When equilibrium is reached the relation gives the amount qe, (mg/g) of 

metal adsorbed per unit mass of the adsorbent at equilibrium (often called 

adsorption capacity): 

qe = [(Co-Ce) x V / m]   (1') 

and Ce is the residual concentration of the metal ion at equilibrium 

(mg/L). 

The removal efficiency at time t and at the equilibrium is calculated by 

equations (2) and (2'): 

Removal efficiency at time t, % = [(Co-Ct) x 100 / Co] (2) 

Removal efficiency at equilibrium, % = [(Co-Ce) x 100 / Co]    (2'). 

In experiments for the adsorbent regeneration, the desorption efficiency 

is calculated by equation (3): 

Desorption efficiency, % = Cd / Ca x 100    (3)  

where Ca (mg/L) and Cd (mg/L) are correspondingly the concentration of 

adsorbed metal ions and the metal ions in solution after the desorption 

process. 

The adsorbent feasibility depends on its ability to be regenerated and to 

maintain its activity after the regeneration. This is evaluated by using 

equation (4): 

Maintained capacity, % = qe,2 / qe,1 x 100     (4) 

where qe,1 and qe,2 (mg/g) represent the adsorption capacities before and 

after the regeneration, respectively. 
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The kinetics of the adsorption has been evaluated mathematically using 

different models. In this chapter will be mentioned briefly only those 

models that have been tested by different authors for their ability to 

describe the adsorption of heavy metals from water on CBNMs. 

The pseudo first order kinetic equation of Lagergren (5): 

dqt / dt = k1 x (qe -  qt)   (5) 

and after converting to a linear form (5'): 

log (qe - qt) = log qe - (k1 / 2.303) x t 

where t, qe and qt are as described above and k1 is the rate constant 

(1/min).  The values of k1, qe and R2 for the pseudo-first order model are 

calculated from a linear plot between log (qe - qt) and t.  

The pseudo second order (PSO) kinetic equation - (6): 

dqt / dt = k2 x (qe -  qt)2    (6) 

and after converting to a linear form (6'): 

t / qt = 1 / (k2 x qe
2) + t / qe      (6') 

where k2 is the rate constant of PSO adsorption  reaction [g/(mg x min)] 

and t, qe and qt are as described above. The values of k2, qe and R2 for the 

PSO model are calculated from a linear plot between t/qt and t. 

Pseudo first and PSO kinetics are macroscopic models usually applied 

for explaining the adsorption rate mechanism. The pseudo-first-order 

kinetic model assumes that physical factors mainly influence the adsorption 

process. When the adsorption kinetics is best described by the PSO model 

this indicates that the chemisorption is the rate-limiting step of the 

adsorption (Pei  et al. (2018)).  

The intraparticle diffusion model (7) is applied to explain the sorption 

process when the intraparticle diffusion is the only rate-controlling stage 
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qt = ki x t1/2 + C (7) 

where qt (mg/g) is the adsorption capacity at time t (min), ki is the 

intraparticle diffusion rate constant [mg/(g x min1/2)] and the intercept C 

(mg/g) is a constant that approximates the thickness of the boundary layer; 

a higher C value indicates a higher boundary layer effect and vice versa. If 

the plot of qt versus t1/2 gives a straight-line passing through the origin, this 

means that the intraparticle diffusion is the sole rate-controlling 

mechanism. The non-zero intercept corresponds to a film diffusion 

mechanism where metal ions are transferred from the bulk solution to the 

adsorbents' boundary layer (Mortazavian et al. (2018)).  

The Boyd model (8) determines whether the actual slowest step in the 

adsorption process is film diffusion or pore diffusion (Ali, (2018)):  

ln (1−F) = − kfd x t   (8) 

where F = qt/qe, qt and qe are the adsorbate uptake at time t and at 

equilibrium, respectively and kfd [mg/(g x min] is the rate constant.   

This model can be approximated as layer (Mortazavian et al. (2018)): 

For F > 0.85; Bt = -0.4977 - ln (1-F)    (8’) 

     (8’’) 

where Bt is the time constant and it is a mathematical function of F. By 

plotting Bt versus t (min), it could be stated that intraparticle diffusion is 

the only rate-controlling mechanism if the graph is linear and passes 

through the origin. If the graph is nonlinear or it is linear but does not pass 

through the origin, it can be concluded that the adsorption rate is controlled 

by a chemical reaction and/or film diffusion.  

Less commonly used is the equation of Elovich (9) (Sadegh et al. 

(2018)):  
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dqt / dt = � x exp (-�x qt) (9) 

where qt (mg/g) is the adsorbed amount at time t (min), � initial 

adsorption rate (mg/(g x min)), � - Elovich constant (g/mg), counting for 

desorption. In the simplified form the equation can be written as:  

qt = kE +  � x ln t  (9') 

where kE = � x ln (� x �). 

After a certain amount of the pollutant(s) is adsorbed on the adsorbent 

surface, equilibrium is reached  which is described through isotherms, that 

is, the amount of adsorbed ion on the adsorbent as a function of its final 

pressure (if gas) or final ion concentration in the solution (if liquid) at 

constant temperature. The quantity adsorbed is nearly always normalized 

by the mass of the adsorbent to allow comparison of different materials. To 

date different isotherm models have been developed. Here briefly will be 

mentioned only those that have been tested by different authors for their 

ability to describe the adsorption of heavy metals from water on CBNMs. 

Freundlich model (10) is an empirical model that describes non 

monolayer (and in the most cases multilayer) adsorption process occurring 

at heterogeneous surfaces, with interaction between adsorbed molecules: 

qe = KF x Ce
1/n  (10) 

where qe, (mg/g) the amount of metal adsorbed per unit mass of the 

adsorbent at equilibrium, KF -  Freundlich constant [mg(1-1/n) x L1/n / g] or 

given as [(mg/g) / (L/mg)1/n], indicator of sorption capacity, 1/n 

(dimensionless) – constant for the given conditions, indicator for the 

adsorption energetics, Ce - aqueous concentration of adsorbate at 

equilibrium (mg/L). The adsorption is unfavorable process at 1/n > 1 and 

favorable if 0 < 1/n < 1, and in the latter case greater 1/n value is generally 

interpreted as greater affinity between the adsorbent and adsorbate. 
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Freundlich constants are obtained from the linear form (10') of the 

Freundlich equation as slope and intercept: 

log qe = log KF + 1/n x log Ce  (10') . 

The Langmuir isotherm (11) assumes mono-layer coverage on the 

adsorbent with uniform surface with a finite number of equivalent 

adsorption sites that are saturable. Maximum capacity of adsorption is 

achieved when all the sites are saturated with adsorbates. It is assumed that 

there is not interaction between adsorbed molecules and that adsorption at 

one site does not affect adsorption at an adjacent site. 

qe = KL x qmax x Ce / (1 + KL x Ce)  (11) 

where qe is the loading of adsorbate on the adsorbent (mg/g) at the 

equilibrium concentration of the metal Ce (mg/L), qmax (mg/g) is the 

maximum adsorption capacity, and KL is the Langmuir equilibrium 

constant (L/mg) related to the energy of adsorption. 

The isotherm is most often applied in its linear form:  

Ce / qe = 1 / (KL x qmax) + Ce/ qmax  (11’) 

The slope and intercept of plot of Ce/qe versus Ce are used to calculate 

qmax and KL. 

In addition, a fundamental parameter of the Langmuir model can be 

represented by a dimensionless constant, RL, which is determined by the 

equation (12) : 

RL = 1 / (1 + KL x Co)      (12) 

where KL is the Langmuir constant (L/mg) and Co is the initial 

concentration (mg/L) of adsorbate in solution. The adsorption is:  (i)  

favorable when 0 < RL < 1; (ii) unfavorable if RL > 1 ; (iii) linear  at RL=1; 

and (iv) irreversible at RL=0.  
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Except of the Freundlich and Langmuir isotherms that are the most often 

fitted to the experimental data, other isotherms are tested by the scientific 

community for their ability to describe the adsorption of heavy metals from 

water on CBNMs, such as Temkin, Dubinin–Radushkevich, Redlich-

Peterson isotherms and more rare - extended Langmuir model, Langmuir-

Freundlich (Sips) and Koble-Corrigan isotherms. 

Temkin model (13) describes adsorbate-adsorbate interaction on the 

adsorbent surface. The model assumes that heat of adsorption (function of 

temperature) of all molecules in the layer would decrease linearly rather 

than logarithmic with coverage: 

qe = (R x T / bT) x ln (KT x Ce)    (13) 

where, qe - adsorbed amount (mg/g), Ce (mg/L) = concentration at 

equilibrium, R - gas constant [8.314 x 10−3 kJ/(K x mol)] and T is the 

absolute temperature (K). KT - the equilibrium binding constant (L/g) 

and BT - heat of adsorption (J/mol) are the Temkin model constants.  

The isotherm is applied in its linear form:  

qe = (R x T / BT) x ln KT + (R x T / BT) x ln Ce    (13') 

A graph between qe and ln Ce allows the determination of the model 

constants KT and BT from the intercept and the slope. 

Dubinin-Radushkevich (D-R) isotherm is generally applied to express 

the adsorption mechanism with a Gaussian energy distribution onto a 

heterogeneous surface. The model is usually applied to distinguish the 

physical and chemical adsorption of metal ions. D-R model is given by the 

equation (14): 

qe = qmax x exp (-kDR x �2)     (14)                
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where where, qmax - the maximum adsorption capacity (mg/g) and kDR 

(mol2 /kJ2) is related to the mean free energy of adsorption and is used to 

determine the feasibility of adsorption by physical or chemical 

phenomenon and � is the Polanyi potential expressed by: 

� = R x T x ln (1 + 1 / Ce)      (15) . 

The mean free energy (kJ/mol) of adsorption is equal to 1/(2kDR)1/2. The 

isotherm is applied in its linear form  (14'): 

ln qe = ln qmax - kDR x �2                (14') .   

A graph of ln qe vs �2 is used to determine � and qe.  

The Redlich-Peterson isotherm model (16) accounts for a mixed 

mechanism of adsorption that does not follow ideal monolayer adsorption: 

qe = kR x Ce / (1 +  B x Ce
�)     (16) 

where kR (L/g) and B (L/mg) are the Redlich–Peterson constants, and � 

(dimensionless) has values in the range of 0-1, Ce is equilibrium liquid-

phase concentration of the adsorbate (mg/L), and qe is equilibrium 

adsorbate loading on the adsorbent (mg/g). At high liquid-phase 

concentrations of the adsorbate the isotherm reduces to the Freundlich 

equation (16'): 

qe = (kR /B) Ce
1-�      (16') 

where kR /B= KF, and (1-�) = 1/n of the Freundlich isotherm model. 

When � = 1, the equation reduces to Langmuir equation, where B = KL 

(Langmuir adsorption constant, L/mg) and kR = KL x qmax (Ayawei  et al. 

(2017)).   

The linear form of the Redlich-Peterson isotherm can be expressed as 

follows (16''): 
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ln (Ce / qe ) = � x ln Ce - ln kR       (16''). 

A plot of ln (Ce / qe) versus ln Ce enables the determination of Redlich-

Peterson constants. 

Langmuir-Freundlich (Sips) isotherm is a combination of the Langmuir 

and Freundlich isotherms and it is expressed by the following general 

equation (17): 

qe = KS x Ce
� / (1 + aS x Ce

�)  (17) 

where KS is Sips isotherm model constant (L/g), KS = Nt x as, where Nt - 

the total number of binding sites per gram of adsorbent (analogous to 

Langmuir qmax parameter), aS (L/mg) the affinity constant for the adsorption 

and � the index of heterogeneity, which can vary from 0 to 1 (less than 1 

for heterogeneous surface) (Vilardi et al. (2018)). The linearized form is 

given as follows (Ayawei  et al. (2017)): 

� x ln Ce = - ln (KS /qe) + ln aS  (17'). 

The model describes a monolayer solute adsorption on heterogeneous 

surfaces that shows an asymmetrical quasi-Gaussian distribution of 

adsorption energies. At low adsorbate concentration this model reduces to 

the Freundlich model, but at high concentration of adsorbate, it approaches 

the Langmuir model (monolayer adsorption). The parameters of the Sips 

isotherm model are pH, temperature, and concentration dependent and 

isotherm constants differ when found by linearization and nonlinear 

regression (Ayawei  et al. (2017)). 

The Koble-Carrigan (K-C) isotherm is usually used to describe 

heterogeneous adsorption (Vilardi et al. (2018)). The general equation is 

reported as follows: 

qe = AK x Ce
p / (1 + B x Ce

p)  (18) 
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where AK is Koble-Carrigan’s isotherm constant, related to the 

thermodynamic equilibrium constant, B is related to the total number of 

active sites and “p”  is the third K-C constant. The linear form of this 

model is represented by the following equation (Ayawei  et al. (2017)): 

1 / qe = [1 / (AK x Ce
p) + B / AK (18')  

The model is only valid when the constant “p” is greater than or equal to 

1. When “p” is < 1, it signifies that the model is incapable of describing the 

experimental data despite high correlation coefficient or low error value 

(Ayawei  et al. (2017)). 

The extended Langmuir model, modified by Jain and Snoeyink, is 

employed for binary systems modeling. This model is based on the 

hypothesis that only part of the adsorption process occurs with competition 

among the two species, and can be expressed by the following equations 

(Vilardi et al. (2018)): 

q1 = (qm,1 - qm,2) x b1 x C1 / (1 + b1 x C1) + qm,2 x b1 x C1 / (1 + b1 x C1 + b2 x C2)

        (19a) 

q2 = qm,2 x b2 x C2 / (1 + b1 x C1 + b2 x C2)  (19b) 

where q1 and q2 are the amounts of solutes 1 and 2 adsorbed per unit 

weight of adsorbent at equilibrium concentrations, C1 and C2, respectively, 

qm,1 (mg/g) and qm,2 (mg/g) are the maximum sorption capacities of solutes 

1 and 2, respectively, and b1, b2 (L/mg) are the two Langmuir constants, 

they are a function of the energy of adsorption of solutes 1 and 2, 

respectively. 

Considering that qm,1 is the total active sites, qm,2 is related to the active 

sites where a competition between the two species occurs and having in 

mind that in this model qm,1 > qm,2, the sites number where there is no 
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competition for molecules of solute 1 is given by the difference (qm,1 - qm,2). 

Usually the model is validated by non-linear regression method.  

The non-linear regression method can be applied also to the other 

described isotherms and according to some authors it overcomes the 

inherent bias resulting from data linearization and avoids the errors 

affecting the R2 values when the linear analysis is performed (Vilardi et al. 

(2018)).  

To evaluate whether the adsorption process is spontaneous, exothermic 

or endothermic the thermodynamic parameters, such as the free energy 

change (�Go), entropy change (�So), and enthalpy change (�Ho) are 

calculated by using the following equations: 

�Go = - R x T x ln Kd  (20) 

Kd = qe / Ce (21) 

�Go = �Ho - T x �So (22) 

ln Kd = �So / R - �Ho / (R x T) (23) 

where R is the gas constant = 8.314 J/(mol x K), while Kd and T are the 

distribution coefficient (thermodynamic equilibrium constant) and 

temperature (K), respectively; qe (mg/L) and Ce (mg/L) are the equilibrium 

concentration of the heavy metal ion immobilized on the adsorbent and in 

solution, respectively.  

The value of �Go, �Ho and �So are calculated from the plot  ln Kd = f 

(1/T). The value of �Ho and �So can be obtained from the slope and 

intercept and then �Go is calculated. The negative value of �Go is 

indicative for a spontaneity of the adsorption process. The values of �So >0 

indicate the increase in randomness at the solid-solution interface during 

the adsorption that enhances the affinity of the adsorbent towards 
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adsorbate; �H < 0 values indicates that the adsorption process is 

exothermic. The �Ho values are used to distinguish whether the adsorption 

process can be classified as physisorption or chemisorption. Generally, 

physisorption processes are dominant when �Ho < 20 kJ/mol, 

chemisorption processes are dominant at �Ho in the range 80-400 kJ/mol, 

and when �Ho in the range of 20-80 kJ/mol, the process is mixed 

(physisorption–chemisorption). 

Most of the experiments with CBNMs that studied their ability to 

remove heavy metals from water are carried out under batch conditions. 

However, recently some authors are being work on column studies 

(Mortazavian et al. (2018), Hayati et al. (2018)). In these studies mainly 

Bohart and Adams, Thomas and the Yoon–Nelson models are applied to 

describe the adsorption process. 

The Adams–Bohart model is based on the surface reaction theory. It 

assumes that equilibrium is not instantaneous; therefore, the rate of the 

adsorption is proportional to the adsorption capacity which still remains on 

the sorbent. Bohart-Adams model (24) determines the basic equation 

explaining the correlation between Ct/Co and time t in a fixed bed system: 

ln (Ct / Co) = kAB x Co x t - kAB x No x Z / F      (24) 

where Co and Ct (mg/L) are the influent and effluent metal ions 

concentration, kAB [L/(mg x min)] is the Bohart-Adams rate constant, F 

(cm/min) is the linear flow rate computed via dividing the flow velocity to 

the bed section area, Z (cm) is the bed height of the adsorbent column and 

No (mg/L) is the equilibrium concentration. A linear plot of ln (Ct / Co) 

versus t determines the kAB and No values. The Bohart-Adams kinetic 

model supplies an easy and general approach to investigate fixed bed 
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adsorption but its validation is limited to the applied conditions and 

assumptions. 

Thomas dynamic model is appropriate for the sorption process when the 

outside and inside diffusion rates are not the rate limiting steps. The basic 

assumptions of the Thomas model are: (a) negligible axial and radial 

dispersion in the fixed bed column, (b) the adsorption is described by a 

PSO reaction rate principle which reduces to a Langmuir isotherm at 

equilibrium, (c) constant column void fraction, (d) constant physical 

properties of the solid-phase and the fluid phase, (e) isothermal and 

isobaric process conditions, (f) the intra particle diffusion and external 

resistance during the mass transfer processes are considered to be 

negligible (Hayati et al. (2018)). The equation of the Thomas dynamic 

model can be represented as: 

ln [(Co/Ct) −1] = kTh x qe x W / Q - kTh x Co x t   (25) 

where kTh [mL/(min x mg)] is the Thomas rate constant; qe (mg/g) is the 

equilibrium metal ion removal per g of the adsorbent; Co (mg/L) is the 

influent metal ions concentration; Ct (mg/L) is the effluent metal ions 

concentration at time t; W (g), Q (mL/min) and t (min) are the mass of the 

adsorbent, the flow velocity and flow time, respectively. The intercept and 

slope of the linear plot of ln [(Co/Ct) −1] vs. time (t) is used to determine 

kTh and qe. 

The Yoon–Nelson model assums that the decrease in the probability of 

removal of metal ion is proportional to the probability of its adsorption and 

breakthrough on the adsorbent. The linear form of Yoon–Nelson model is 

expressed as (Hayati et al. (2018)): 

ln [Ct / (Co−Ct)] = kYN x t - � x kYN  (26) 
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where kYN (1/min) is the Yoon–Nelson constant, � (min) is the time 

needed for metal ions in the effluent to reach half of that in the feeding 

solution. The parameters kYN and � are calculated from the intercept and 

slope of the linear plot of ln [Ct/(Co−Ct)] vs contact time (t). 

3 USE OF NANOCARBON, NANOPOROUS CARBON, CARBON 

NANOFIBRES, NANOCOMPOSITES CONTAINING ACTIVATED 

CARBON OR BIOCHAR 

Different studies have been carried out in this direction. Two carbon 

nanomaterials were synthesized using turpentine oil in a chemical vapour 

deposition (CVD) setup by varying the process parameters. Nanocarbon 

(NC) with varying grain sizes indicative of soot was produced by using 

cobalt catalyst in N2 atmosphere. Nanoporous carbon (NPC) with 

distinctive uniformly porous surface morphology was produced by using 

silica catalyst in H2 atmosphere (Ruparelia et al. (2008)). Sorption studies 

with Cd(II), Pb(II), Ni(II) and Zn(II) were carried out for 12 hours. The 

sorption capacity is reported over the equilibrium concentration range 10–

4000 �eq/g and pH 6.5 for all the metals. NPC revealed greater sorption 

compared to NC for all studied metal ions. Reported sorption capacities 

were 1428 �eq/g for Cd(II) and Ni(II) and 2000 meq/g for Pb(II) and 

Zn(II). It has been found that the adsorption was due to ion exchange and 

was described by the Langmuir isotherm. The superior performance of 

NPC as a sorbent is assigned to its unique nanoporous structure. 

Xiao and Thomas (2005) produced two series of oxygen and nitrogen 

functionalized nanoporous activated carbon. A low nitrogen content (�1 wt 

%) carbon series (GN) were derived from coconut shell activated carbon 

and a high nitrogen content (�18 wt %) carbon series (PANCN) were 

derived from polyacrylonitrile. In both series, the oxygen contents were 

varied over the range 2-22 wt %, which was achieved by samples heating at 
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different temperatures. Materials were utilized to immobilize several heavy 

metals from water solutions. The process was carried out at 25 oC for 48 

hours. The adsorption followed the Langmuir isotherm. The maximum 

capacities were determined for the GN with the highest oxygen content, 

namely 1.37, 0.63, 0.57 and 0.34 mmol/g, correspondingly for Hg(II), 

Cu(II), Pb(II), and Cd(II). The amount of adsorbed individual metal ions 

from mixtures decreases compared to an adsorption of a single ion system. 

The adsorption of aqueous metal ion species on acidic oxygen functional 

group sites mainly involves an ion exchange mechanism with proton 

displacement, while the adsorption on nitrogen group sites involves a 

coordination mechanism. It has been found that the adsorbent's selectivity 

with respect to metal ions was influenced by the electrostatic effects, 

multiple speciation of the ions in solution, the accessibility of these species 

to the porous structure, and the stability constants for interaction with the 

surface species. 

Simultaneous removal of heavy metals such as Pb(II), Cd(II) and Cr(III) 

ions from water by titania/ activated carbon/ carbonized epoxy 

(TiO2/AC/CE) nanocomposite has been demonstrated (Benjwal and Kar 

(2015)). AC significantly enhances the surface area of the nanocomposite. 

Around 97% of the Pb(II) ions are removed from aqueous solution at initial 

concentration 200 mg/L, pH 6.5 and 25 oC for 10 hours by the TiO2/AC/CE 

nanocomposite, while around 80 % removal was achieved by AC/CE 

nanocomposite. Moreover, the TiO2/AC/CE composite successfully 

adsorbed 90% of Cd(II) and Cr(III) impurities.  

Magnetic iron oxide nanoparticles loaded sawdust carbon (Fe3O4/SC) 

and EDTA modified Fe3O4/SC (EDTA@Fe3O4/SC) nanocomposites (ncs) 

have been synthesized and their application for Cd(II) removal from 

aqueous medium in batch mode was studied (Kataria and Garg (2018)). 
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Langmuir isotherm describes the process and the Langmuir maximum 

adsorption capacity of EDTA@Fe3O4/SC ncs is found to be 63.3, 22.4 and 

25 mg/g that is greater than maximum adsorption capacity of Fe3O4/SC ncs 

that is 51, 18.9 and 15 mg/g at the adsorbent doses of 0.4, 1.2 and 2.0 g/L, 

respectively. Cd(II) adsorption kinetic obeyed PSO reaction model. Free 

energy, enthalpy, and entropy changes showed that the Cd(II) adsorption 

process is spontaneous and endothermic in nature. The chemisorption of 

Cd(II) onto EDTA@Fe3O4/SC ncs is the proposed mechanism of Cd(II) 

immobilization. The removal of different metal ions from spiked 

groundwater sample was studied at natural pH by adding 2.0 g/L adsorbent 

dose. The removal efficiency of EDTA@Fe3O4/SC ncs for different metals 

was higher than that of Fe3O4/SC ncs. By using EDTA@Fe3O4/SC ncs, the 

removal of Cd(II), Zn(II), Cu(II), Pb(II) and Ni(II) was more than 80% and 

the removal order was Zn(II) > Cd(II) > Cu(II) > Pb(II) >Ni(II) > Co(II) > 

As(III) >U(VI) > Se(IV). The removal of Cd(II) was about 98% in 

multimetal spiked ground water sample. The regeneration was achieved 

with EDTA. The reusability efficiency of EDTA@Fe3O4/SC ncs attained 

up to 83% after 3 reuse cycles and 75% after five cycles.  

Multi-functional nitrogen-doped carbon-MoS2 (NC-MoS2) nanohybrid 

composite was synthesized by solvothermal method and applied as heavy 

metal ions adsorbent (Pei et al. (2018)). The NC-MoS2 possesses an 

adsorption capacity of 439.09 mg/g for Pb(II), which is attributed to the 

integrated physicochemical adsorption resulting from the oxygen-

containing functional groups on the surface of nanohybrid composites. The 

adsorption process of Pb(II) on the surface of NC-MoS2 can be well fitted 

with PSO kinetics and a Langmuir isotherm model indicating a monolayer 

chemisorption. Complex formation and ion-exchange process between the 

functional sites and target ions control Pb(II) adsorption. The prepared NC-



�

63 

MoS2 exhibits good chemical stability and can be reused 7 times with 

Pb(II) adsorption efficiency over 80%.  

A hydroxyapatite-biochar nanocomposite (HAP-BC) was fabricated and 

adsorption of Pb(II), Cu(II), and Zn(II) by HAP-BC was studied in single 

and ternary metal systems (Wang et al.(2018)). The results demonstrated 

that pH influences the adsorption of heavy metals and the adsorption 

capacity for mixed Pb-Cu-Zn metal ions was the highest at pH 6 within the 

tested pH range (from 4  to 10). The PSO kinetic model showed the best fit 

for all three heavy metal ions on HAP-BC. In both single and ternary metal 

ion systems, the adsorption isotherm of Pb(II) by HAP-BC followed 

Langmuir model, indicating that Pb(II) likely formed monolayer coverage 

on HAP-BC. The adsorption of the two other ions followed the Freundlich 

model in both single and ternary systems implying that Cu(II) and Zn(II) 

were adsorbed in multilayers. The adsorption of Pb(II) by HAP-BC was 

related to chemical precipitation, while that of Cu(II) and Zn(II) was 

related to electrostatic interactions. The calculated maximum adsorption 

capacities of HAP-BC were 961.54, 854.70, and 980.39 mg/g for Pb(II), 

Cu(II), and Zn(II), respectively. 

A magnetic ceramsite (MC) coated by nano carbon spheres (MCCS) was 

fabricated, then it was stabilized and functionalized by polyethylenimine 

(PEI) to obtain a nanocomposite (MCCSP) (Zhou et al. (2018)). The nano 

carbon spheres (NCS) possessed many amino and oxygen-containing 

groups (-OH, -COOH) and were distributed homogeneously on the surface 

of MC. MCCSP demonstrated a high adsorption capacity for Cr(VI) which 

could be then reduced to low toxic Cr(III)), and the obtained Cr(III) could 

be chelated on the surface of MCCSP by protonated amine groups. Cr(VI) 

in initial concentrations of 10 and 20 mg/L can be completely removed by 

MCCSP within 12 h. At a certain Cr(VI) initial concentration, the removal 
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capacity increased with the temperature. At initial Cr(VI) concentration of 

100 mg/L the highest removal (over 98 %) is achieved at initial solution pH 

of 1-2 and the removal decreased with pH increasing (around 35 % at pH 

11). The loaded MCCSP could be collected from water and soil by a 

magnetic separation system. The removal capacity for Cr(VI) did not 

decrease after 4 reuses, and decreased slightly for the fifth reuse.  

Iron oxide/activated carbon (Fe3O4/AC) nanocomposite was fabricated 

by co-precipitation method for the removal of Cr(VI), Cu(II) and Cd(II) 

ions from aqueous solution in batch mode. The activated carbon 

nanoparticles were prepared from sunflower head waste (Jain et al (2018)). 

The conditions for the highest removal efficiency of synthesized 

nanocomposite were pH 2.0 for Cr(VI), and 6.0 for Cu(II) and Cd(II), 

temperature 25 ±1 °C, initial metal ion concentration 50 mg/L, contact time 

45 min for Cr(VI), 90 min for Cu(II) and Cd(II). The experimentally 

obtained adsorption capacity of Fe3O4/AC was 4.4 mg/g for Cr(VI), 2.7 

mg/g Cu(II) and 2.9 mg/g Cd(II). The PSO model fitted well to the 

experimental data indicating chemisorption mechanism. The equilibrium 

data were well described by Langmuir isotherm, thereby indicating 

monolayer adsorption. The calculated maximum Langmuir adsorption 

capacity was 8.06 mg/g for Cr(VI), 3.2 mg/g for Cu(II) and 2.15 mg/g for 

Cd(II). The obtained negative value of �G° signified that the adsorption 

process was feasible and spontaneous in nature. With the increase in 

temperature, the value of �G° decreased indicating that the temperature 

increase was favorable for the adsorption process. This finding is in 

agreement with the results obtained from the Langmuir separation factor 

(0< RL < 1). The positive value of �H° signified an endothermic process. 

The positive values of �S° indicated that the adsorbent surface had the 

affinity for Cr(VI), Cu(II) and Cd(II) ions. Desorption studies with 0.1M 

HCl showed a desorption efficiency of 80% and 83% for Cu(II) and Cd(II) 
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in first cycle, which decreased gradually till about 50 % in the fourth cycle. 

In case of Cr(VI), substantially lower desorption efficiency of 23.2% was 

determined which may be due to the reason that Cr(VI) might be 

chemically bonded with the Fe3O4/AC.  

A low-cost adsorbent of graphitic carbon nitride (g-C3N4) nanosheets 

was developed through one-step calcination of guanidine hydrochloride 

and tested for its ability to adsorb Cd(II), Pb(II), and Cr(VI) (Xiao et al. 

(2018)). The adsorption on g-C3N4 nanosheets occurred rapidly in the first 

20 min. After that, the adsorption capacity increased slightly and reached 

the equilibrium in about 60 min. Kinetic data obtained could be fitted 

relatively well both by the PSO model and the Elovich model. Data 

obtained from equilibration studies could be fitted relatively well by 

Redlich-Peterson isotherm pointing at a hybrid adsorption mechanism, 

which admits both multilayer and monolayer adsorption. In summary, 

kinetic and thermodynamic studies have suggested that the adsorption was 

an endothermic chemisorption process, occurring on the energetically 

heterogeneous surface based on a hybrid mechanism of multilayer and 

monolayer adsorption. The tri-s-triazine units and surface N-containing 

groups of g-C3N4 nanosheets are proposed to be responsible for the 

adsorption process. Study on pH influence demonstrated that electrostatic 

interaction played an important role. The maximum adsorption capacity of 

Cd(II), Pb(II), and Cr(VI) on g-C3N4 nanosheets is 123.205, 136.571, and 

684.451 mg/g, respectively. According to the authors, the observed 

superior adsorption capacity for Cr(VI) results from a strong complexation 

between the surface amino groups and the Cr(VI) anions. The adsorbent 

can be reused for 10 successive cycles with preserving over 80% of its 

adsorption ability for Cd(II) and Pb(II). 
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A carbonaceous nanofiber/Ni-Al layered double hydroxide (CNF/LDH) 

nanocomposites have been synthesized and tested for their ability to 

remove heavy metals from aqueous solutions (Yu et al. (2018)). The 

nanocomposites exhibited excellent hydrophilicity and high structural 

stability in aqueous solutions, guaranteeing the high availability of active 

sites in these environments. The porous and open nanostructures of 

CNF/LDH hindered agglomeration of the individual components. The 

adsorbed amounts of heavy metal ions rapidly increased within the initial 

30 min and then reached an equilibrium state after 2 h, yielding a sorption 

efficiency of approximately 80% for Cu(II) at pH 6.0 and Cr(VI) at pH 4.0. 

The process is described by PSO kinetic equation. The uptake capacities of 

219.6 mg/g (for Cu(II)) and 341.2 mg/g (for Cr(VI)) have been found. The 

sorption process was best fitted by the Freundlich isotherm model, 

indicating the presence of heterogeneous binding sites. The dominant 

interaction mechanisms consisted of surface complexation and electrostatic 

interaction, as verified by a combination of X-ray photoelectron 

spectroscopy and Fourier-transform infrared spectroscopy analyses and 

density functional theory calculations. Regeneration experiments (with 1M 

Na2CO3) showed that the removal decreased from 219.6 to 205.8 mg/g for 

Cu(II) and from 341.2 to 323.1 mg/g for Cr(VI) after 5 cycles thus 

suggesting reusability of the material. 

Fe3O4@C nanocomposite has been prepared using Fe(NO3)3 and 

cyclodextrin as raw materials at 200 °C 12 h and tested as adsorbent for Cr 

(VI) (Ren et al. (2018)). The maximum adsorption capacity, calculated by 

Langmuir model was 33.35 mg/g. The good adsorption capacity is 

explained by (a) the large specific surface area and mesoporous structure of 

the prepared material that can improve the efficiency of adsorption and (b) 

surface modification by �-cyclodextrin which improves the stability of 

magnetic particles. The large amounts of oxygen-containing and carboxyl 
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surface functional groups of carbon ensure chelating of toxic metals, 

leading to high heavy metals' removal efficiency. The prepared Fe3O4@C 

samples demonstrated facile magnetic separability and good recyclability. 

4. USE OF CARBON NANOTUBES 

Carbon nanotubes (CNTs) are composed of graphite (sp2-hybridization 

of the carbon atom) sheets rolled up into a tube-like structure. They may or 

may not be capped at their ends. CNTs can be classified as single walled 

CNTs (SWCNTs), made up of a single layer of carbon atoms, and multi 

walled CNTs (MWCNTs). MWCNTs are composed of multiple layers and 

their diameter can reach up to 100 nm while SWCNTs diameters range 

from 0.4 to 3 nm (Thines et al. (2017)).  

Presently, there are four methods to produce CNTs: electric arc 

discharge, laser ablation, chemical vapor deposition and by thermal plasma. 

These techniques are relatively expensive due to their high temperature 

reactions. 

CNTs are highly porous and hollow structures, non-corrosive, with low 

mass density, high mechanical strength, large specific surface area, and 

tunable surface chemistry. Due to those properties and the possibility for 

strong interactions between CNTs and pollutants, the applicability of CNTs 

for removal of hazardous pollutants from aqueous streams by adsorption 

has been studied extensively. 

The hydrophobicity and fibrous structure of CNTs make them prone to 

aggregation in bundles. There are four possible adsorption sites present in 

CNT bundles: a) “internal sites” – the hollow interior of individual 

nanotubes (accessible only if the caps are removed and the open ends are 

unblocked); b) “interstitial channels” – the interstitial channels between 

individual nanotubes in the bundles; c) “grooves” – the grooves present on 

the periphery of a nanotube bundle and the exterior surface of the 
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outermost nanotubes, where two adjacent parallel tubes meet, and d) 

“outside surface” – the curved surface of individual nanotubes on the 

outside of the nanotube bundles. The adsorption reaches equilibrium faster 

on external sites than on internal sites under same process conditions. The 

binding energy of the interior sites is the highest, followed by the one of the 

groove sites on the outside of CNT bundles, and the one of the exterior 

sites on the convex outer surface is the lowest. The interstitial sites appear 

to be inaccessible to the adsorbate ions. The fraction of opened and 

unblocked nanotubes can considerably influence the overall adsorption 

capacity, since the opened CNTs provide more adsorption sites than closed 

ones (Gadhave and Waghmare (2014)). Inorganic species adsorb at 

peripheral groove sites, and the rate might be faster in close-ended CNTs 

(Das, (2017)).  

Generally, the pristine CNTs possess low metal adsorption capacity and 

thus functionalization of the surfaces of CNTs is needed. Functionalization 

of CNTs can mediate specific pollutant adsorption, increase CNTs colloidal 

stability and chemical reactivity. Three different methods have been used 

for CNTs functionalization, namely: (a) physical non-covalent wrapping, 

for example by a surfactant application, (b) covalent wet chemical agent 

treatments, and (c) endohedral filling of CNT hollow cavity (Das, (2017)).  

Chemical reactions are more selective and straight forward than other 

processes and simultaneously with functionalization they can remove 

undesired impurities in the CNTs that are remained from the CNTs 

synthesis. CNTs are treated with acid or alkaline solutions to remove the 

impurities. The performance of CNTs can be increased by their 

functionalization with O, N, and P containing groups which improves 

dispensability and specific surface area of the CNTs. The functionalization 

alters the surface of CNTs by attaching an additional functional group on 

the surface of the CNTs, such as –COOH, –OH, –C=O at the opened end or 
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at the sidewalls of CNTs. The surface modification by oxidants, such as 

KMnO4, HNO3 and organic molecules changes the adsorption ability of 

CNTs. Generally, oxidized CNTs have high adsorption capacity for metal 

ions with fast kinetics (Kapinder and Verma (2017)). For example, 

increasing the surface oxygen content from 3.2 to 5.9 % increased the 

Pb(II) sorption on oxidized MWCNTs from 74.56 to 106.54 mg /g (Yu et 

al. (2013)). 

The value of pH is an important parameter for aqueous heavy metal 

removal by use of CNTs, since the pH of the solution affects the ionic 

forms of heavy metals and functionalized nanomaterials. Generally, heavy 

metals usually exist in the expected forms under given pH conditions, and 

functionalized carbon-based nanomaterials are synthesized according to 

these expected forms. 

Major interaction forces between CNTs functionalities and water 

pollutants are covalent bonding (chemical interaction), hydrogen bonding, 

van der Waals bonding, electrostatic interactions, ion exchange, 

hydrophobic interactions, �-� interation (Gadhave and Waghmare (2014)); 

Das, (2017)). It is considered that chemisorptions processes rather than 

physisorption processes play the most important role in the heavy metals 

adsorption by the CNTs (Gadhave and Waghmare (2014)). A brief 

summary on the adsorption of heavy metal ions by CNTs is presented in 

Table 2. 

CNT-nanocomposites (CNT-NCs) refer to materials that contain two or 

more ingredients prepared to form a composite mixture with CNTs as the 

primary host. The combination with other materials improves CNTs 

dispensability and stability, as well as further handling of CNTs loaded 

with heavy metals. The combination of features of the different materials 

enhances the applicability and improves the properties of the obtained 
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nanocomposites. A brief summary on the adsorption of heavy metal ions by 

CNTs-NCs is presented in Table 3. 

Data presented in Tables 2 and 3 show that many studies have been 

carried out to test the ability of raw, oxidized and modified CNTs and of 

CNTs-based composites to remove different heavy metal ions from water 

(actually mainly from model solutions). For a given pollutant results 

obtained differ (often considerably) depending on the adsorbent and its 

modification (in the case of CNTs) or on the adsorbent composition (in the 

case of CNTs-NCs), as well as on the experimental conditions. Generally, 

with the research advance in the time higher maximum adsorbed amounts 

are achieved for a given species under similar conditions. The good news is 

that potent adsorbents have been found and are still searched for both in the 

low range and high range of pollutants' concentrations. However, there is 

still a lot of work to be done to enhance CNTs adsorption properties in 

future and to avoid aggregation of CNTs in aqueous solution. The surface 

modification helps to overcome these problems but conventional chemical 

modification methods use large amounts of chemicals, which causes 

environmental pollution.  

With respect to CNTs based composites - there is still room left to 

enhance their adsorption properties, selectivity and regenerability. Special 

attention has to be paid to possible changes in the composite components 

and their interactions with different (than the studied) chemical species that 

may present in water (especially in natural water). 

5 USE OF GRAPHENE, GRAPHENE OXIDE, REDUCED 

GRAPHENE OXIDE AND THEIR NANOCOMPOSITES 

The material, nowadays referred to as graphene (Gr), is defined by 

IUPAC in 1995 (McNaught and Wilkinson (1997)): "Graphene is a single 

carbon layer of the graphite structure, describing its nature by analogy to a 
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polycyclic aromatic hydrocarbon of quasi innite size. The term graphene 

should be used only when the reactions, structural relations or other 

properties of individual layers are discussed." The Gr lattice is 2-

dimensional. It is based on the graphite hexagonal honeycomb structure of 

quasi infnite size. Within the Gr lattice the carbon atoms are sp2 hybridized. 

Hence, each carbon is connected via � bonds to its three neighbors. The � 

bonds are responsible for the robustness of the lattice. The unafected pz 

orbitals, which are perpendicular to the formed plane, bind covalently with 

neighboring carbon atoms and form a � bond. Graphene can be produced 

by top-down and bottom-up strategies. In the top-down strategy powdered 

raw graphite is attacked to separate its layers and thus to generate graphene 

sheets. Mechanical exfoliation, chemical exfoliation of graphite and 

reduction of graphite oxide or graphene oxide, CNTs cutting, etc. are 

categorized in the top-down strategy. Bottom-up strategy includes the 

utilization of carbonaceous gas to generate graphene. Methods using 

bottom-up strategy include pyrolysis, hydrothermal self-assembly, epitaxy 

(mainly chemical vapor deposition - CVD, but also grow of graphene films 

on various crystalline surfaces). Generally, large quantities of Gr at low-

cost can be produced by the top-down approaches; however, it is difficult 

to obtain high quality Gr sheets because of introduction of defects during 

exfoliation. By bottom-up approaches defect-free material can be produced; 

however, the manufacturing cost is high. The combination of exfoliation–

re-intercalation–expansion of graphite can produce high-quality single-

layer Gr sheets stably suspended in organic solvents. Large amounts of Gr 

sheets in organic solvents can be prepared by Langmuir–Blodgett 

assembly in a layer-by-layer manner (Li et al.(2008)). The microwave 

assisted method employs a recipe similar to Hummer's method (see below), 

but excludes KMnO4 and exploits aromatic oxidation by nitronium ions 

combined with microwave heating instead of traditional heating. Rapid and 
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simultaneous oxidation of multiple non-neighboring carbon atoms across 

the entire Gr sheet is ensured, thereby producing only a minimum 

concentration of oxygen moieties sufficient to enable the separation of Gr 

sheets (Chiu et al., (2012)). 

To prevent the restacking of individual graphene sheets into macro-scale 

aggregates during adsorption process, three-dimensional (3D) graphene 

structures are being developed recently. Graphene-based foams, sponges, 

aerogels and hydrogels are some of the reported 3D graphene structures. 

The synthesis methods of the 3D configurations can be generally classified 

into two categories, namely direct synthesis from carbon sources and 

solution-based synthesis. For each of the synthesis classes, two different 

approaches are usually applied - template-assisted and template-free 

methods. The direct synthesis approach offers better control of pore size, 

pore density and pore size distribution development in the 3D structures. 

However, this approach is associated with relatively high manufacturing 

cost. The solution-based synthesis method provides advantages, such as 

elemental functionalization, potential scalability, higher production yield 

and lower production cost albeit the random distribution of pores' structure 

(Hiew  et al. (2018)).  

Graphene oxide (GO) can be considered as a Gr derivative. It can be 

produced via the chemical oxidation of graphite to graphite oxide followed 

by subsequent exfoliation to GO. Graphite oxide can be synthesized by 

using concentrated sulfuric acid (a) in combination with fuming nitric acid 

and KClO3 (Brodie/Staudenmaier method), (b) in combination with 

concentrated nitric acid and KClO3 (Hofmann method) or (c) in the absence 

of nitric acid but in the presence of NaNO3 and KMnO4 (Hummer method) 

(Poh  et al. (2012)). Hummers’ method and its modifications are generally 

used to fabricate GO based materials at low cost (Weng et al. (2017)). The 
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graphite oxide can be easily dispersed in aqueous solutions which allows 

exfoliation by sonication, mechanical stirring, use of microwaves, etc. Due 

to its solution processability, stability, and ease of synthesis, GO is an 

attractive precursor for large scale production of Gr. The carbon in graphite 

oxide / GO is mainly sp3 hybridized due to rich oxygen functionalities. The 

GO can be described as a single monomolecular layer of graphite (two-

dimensional sheet of covalently bonded carbon atoms) covered by various 

oxygen containing functionalities such as epoxy, carbonyl, carboxyl and 

hydroxyl groups on the basal planes and edges. Carbon atoms connected 

with these groups are in sp3 hybridization. GO has a much larger interlayer 

distance than that of natural graphite. This facilitates the synthesis of 

intercalation compounds (Liu et al. (2016)). The polarised bonds containing 

functional groups at GO surface and edges are proven to attract metal 

species easily. GO is also a good oxidizing agent for transition metals 

(Petnikota  et al. (2015)).  

The GO can be reduced by the use of different chemical reducing agents 

or thermal treatment to produce reduced graphene oxide (rGO). The 

reduction restores the sp2 hybridization. Reduced graphene oxide resembles 

Gr but contains residual oxygen and other heteroatoms as well as structural 

defects (Luedtke, (2019)). Another possibility to produce rGO is to expand 

graphite oxide into single-layer or few-layered Gr by heat-treatment which 

yields a simultaneous removal of the oxygen-containing groups (Hantel, 

(2013)). Graphene can be obtained as a final stage of the GO entire 

reduction - electrochemical, light induced, laser induced reduction or 

carried out by thermal treatment under either inert gas atmosphere or Ar/H2 

mixture.  

The two-dimensional structure, large surface area and presence of �-

bonds render Gr in a good adsorbent but mainly for organic pollutants. 
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Graphene can be functionalized in order to enhance its loading capacity and 

specificity for inorganic contaminants, such as heavy metal ions. The 

approaches adopted for the modification of Gr can be divided into two 

general categories: covalent functionalization and non-covalent 

functionalization. Surface functionalization is associated with 

rehybridization of one or more sp2 carbon atoms of the carbon network to 

the sp3 configuration. Carboxylic (-COOH) and hydroxyl (-OH) groups, 

can be covalently created on the Gr surface using strong acids and/or 

oxidants (Wang et al. (2013)). 

Graphene oxide has two-dimensional structure that ensures maximum 

adsorption sites for heavy metals and large surface area. GO possesses 

hydrophilic oxygen-containing functional groups that increase its 

adsorption capacity of heavy metals. The functional groups also provide 

reactive sites for a variety of surface modification reactions aimed at 

developing functionalized GO and Gr based materials with improved 

adsorption capacity. Heavy metals' adsorption onto GO and its 

configurations is mainly due to surface complexation, ion exchange and 

electrostatic interactions. Data modeling suggests that the adsorption 

generally involves monolayer immobilization of the heavy metals on the 

adsorbents that is controlled by chemisorption, as proven from the best-fit 

of the most data to Langmuir isotherm and to PSO kinetic models. 

Reduced graphene oxide is more defective and less conductive than Gr 

but it is relatively easy to be modified by other functional groups. The 

restoration of graphitic network in the basal plane of rGO facilitates its 

modification by non-covalent physisorption of polymers and small 

molecules via �–� stacking or van der Waals interactions (Chowdhury and 

Balasubramanian (2014)). 
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The good adsorption ability of graphene-based materials – GBMs (Gr, 

GO and rGO) and their nanocomposites is related, besides already 

mentioned properties, with their low weight, chemical stability, mechanical 

strength, and flexibility. 

Various factors, such as oxygen-bearing functional groups presence and 

their type and amount, the  thickness  of the GBMs, species of heavy metal 

ions in solution and experimental conditions (such as pollutants' 

concentration, pH, temperature, adsorbent dose, time, presence of 

competing species, etc.) influence the adsorption of heavy metal ions on the 

surface of GBMs. 

The potential application of GBMs as nanoadsorbents depends on their 

homogeneous dispersion in the liquid phase, as well as their ability to be 

easily collected and separated from treated water. Chemical 

functionalization of GBMs or their inclusion in different composites 

contributes to these problems overcoming. Very often the prepared 

nanocomposites are not merely a sum of the properties of individual 

components, but represent a material with new functionalities and 

properties. 

Regeneration of exhausted adsorbents and their re-use in the adsorption 

process assist in the reduction of overall operating cost and elimination of 

secondary solid waste formation. Several regeneration methods such as 

electrochemical treatment, temperature change, pressure swing and use of 

chemical eluting agents have been applied to regenerate exhausted 

adsorbents. The majority of the studies has reported that the regeneration of 

GBMs by using chemical eluting agents (acid, base and organic solvents) 

was effective. 

Some recent studies on the use of GBMs for removal of heavy metals 

from water are summarized in Tables 4 - 7.  
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Data presented in Tables 4 -7 show that practically, and understandably 

due to their inherent properties, pure Gr and pure rGO have not been tested 

as adsorbents for heavy metal ions, except of the cases of 3D structures 

(like electrodes, foams). To give it the ability to adsorb metal ions, Gr has 

been functionalized, decorated or used as a basis for different composites. 

Due to its easier preparation and structure able to attract metal ions, GO 

(prepared by different methods) in pure form has been explored as 

adsorbent for heavy metal ions. Many different nanocomposites, based on 

Gr, GO and rGO have been prepared and studied as adsorbents for different 

heavy metals. Usually the adsorption process is relatively fast, which is an 

advantage when an industrial implementation is considered. As with the 

CNTs, development in the research and functionalization of the GBMs and 

preparation of different nanocomposites on the basis of Gr, GO and rGO 

improved significantly their ability to immobilize heavy metal ions from 

water. Moreover, good examples are preparation of composites which 

besides their high adsorption capacity can be easily separated from water 

and regenerated, such as magnetite-bearing ones.  

However, before the possible use of these materials on a large industrial 

scale, a number of problems have to be solved.  

Main part of the studies reported so far in the literature, are based on 

single solute systems. No many efforts were put in investigating the 

competitive adsorption. Where the competitive adsorption is studied in the 

majority of cases all ions are with the same initial concentrations in mg/L, 

instead of in mol/L or even in equivalent/L, which will be more 

informative. Such studies are essential for accurate designing of adsorption 

systems, since the competitive interactions usually cause deterioration in 

the adsorption capacity with a respect to a given metal ion. Along this line 

of thinking, the laboratory tests use pure aqueous solutions, only several 
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attempts have been made to spike real water with the studied heavy 

metal(s), and according to the literature reviewed very low number of 

studies (marked with bold in Tables 2-7) applied the developed 

absorbent(s) for real wastewater. However, industrial effluents contain 

different types of metal ions and other undesirable substances that most 

probably would interfere with the process. Studies with real waters will be 

needed.  

The vast majority of studies reported the effects of individual process 

parameters on the adsorption treatment (while other parameters were kept 

constant). In a real situation the process parameters usually exercise a 

combined effect. These limitations can be overcome by optimizing all the 

process parameters collectively by statistical experimental designs. 

The kinetic and equilibrium adsorption data have been empirically 

correlated with different kinetic and isotherm models that point at the 

eventual adsorption mechanisms. However, further attempts are needed to 

interpret the obtained results to go more inside in the mechanisms 

governing the process. Also, more studies should be pursued to relate the 

results on the adsorbents' characterization with their performance. All this 

will ensure more room for the improvement.  

In addition, more research is needed to guarantee, simple and convenient 

separation of loaded GBMs and their composites from water, as well as 

their regeneration and the reusability. 

It is necessary to take into account the fact that the composites include 

more and more different compounds in order to achieve higher efficiency 

in retention of the target metal(s), but this may lead to problems with 

adsorbents' regeneration or even worse - to negative side reactions of some 

of the components of the adsorbent with other ions or compounds that are 

present in real water. 
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Most of the experiments have been carried out in batch mode with very 

small amounts of the absorbent and polluted solutions. However, in many 

cases in practice continuous column treatment of water is more convenient 

and feasible. So, more dynamic adsorption studies are needed. Processes 

scaling will be another challenge.  

In most of the studies Gr, GO and rGO have been synthesized by 

conventional methods by using toxic chemicals and generating hazardous 

waste and poisonous gases. Therefore, the development of environmentally 

benign and costs-effective methods for producing GBMs  is a need.  

Last but not the least, further studies on the toxicity and ecotoxicity of 

GBMs are very important requirement. 

6. MEMBRANES INCORPORATING CARBON-BASED 

NANOMATERIALS 

Membrane separation technology is widely accepted to desalinate 

seawater and brackish water and to remove heavy metal ions from polluted 

and wastewater. Permeability, rejection and selectivity are the most 

important properties determining the membranes' performance. Pure water 

flux (water permeability) is expressed by the equation:  

Jw = Q /(A x � t)   (27),  

where Jw is the pure water flux (kg/(m2 x h)), Q is the amount of 

permeate collected (kg), �t is the time interval of permeate collection (h),  

and A is the membrane area (m2). Q can be expressed in m3 or in L,  �t can 

be expressed in days - with the corresponding changes in the dimension of 

Jw. 

The rejection of solutes (salts, heavy metal ions, etc.) is determined 

using the equation: 

R, % = (1- Cp / Cf) x 100  (28) 
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where R is the rejection percentage, Cp and Cf  are the concentrations 

(salt, heavy metal, etc.) in permeate and the feed, respectively. 

At steady state, the permeability of component i (Pi) is presented as: 

Pi = Ki x Di,  (29) 

where Ki is the sorption (or partition) coefficient and Di is the permeate 

diffusion coefficient. 

The membrane selectivity is used to compare the separating capacity of a 

membrane for two (or more) species. The membrane selectivity (also 

known as the permselectivity) for one component (A) over another 

component (B) is given by the ratio of their permeabilities: 

�AB = PA / PB  = (KA / KB) x (DA / DB)  (30). 

The ratio DA/DB can be viewed as the mobility selectivity, reflecting the 

different sizes of the two solutes. The ratio KA/KB is the ratio of the 

sorption coefficients of the two solutes and can be viewed as the sorption or 

solubility selectivity. 

Membranes with a high permeability, rejection and selectivity are 

preferred. The higher permeability decreases the membrane area required 

to treat the water which leads to a decrease in the capital cost of the 

membrane system. Membrane with a higher rejection and selectivity 

provides a purer product. The increase in the permeability and selectivity 

finally will lead to a lower energy consumption.  

Except for their permeability, rejection and selectivity membranes are 

often tested for their water uptake, porosity and mean pore radius. The 

following expressions are used: (Mahmoudian et al. (2018)): 

Water uptake, % = (Ww - Wd) / Wd x 100  (31) 
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where Ww and Wd are respectively the wet (after 24 h swelling) and dry 

weight of the samples (g). 

� =  (Ww - Wd) / (A x l x dw)   (32) 

where � - the overall porosity of the samples Ww and Wd - as described 

above, A is the membrane effective area (cm2), dw is the water density 

(0.998 g/cm3) and l is the membrane thickness (cm). 

rm = [ 8 x � x l x Q x (2.9 - 1.75 x �) / (� x A x �P)] 1/2  (33) 

where rm is the mean pore radius (cm), � is the water viscosity (8.9×10−4 

Pa x s), Q is the volume of the permeated pure water per unit time (m3/s) 

and �P is the pressure difference between the feed and permeate (Pa), other 

symbols - as described above. 

In addition, contact angle is often measured, since the lower contact 

angle represents the greater tendency for water to wet the membrane, the 

higher surface energy and the higher hydrophilicity. 

The performance of a membrane is mainly governed by its chemistry and 

structure. Moreover, it is impacted by the water pH, type and concentration 

of ions present in the water and the time. The performance of conventional 

polymer membranes is limited by a trade-off between water permeability 

and water/salt selectivity. Biofilm fouling is another critical problem in 

membranes’ applications, especially for RO membranes. Recent 

experiments suggest that by incorporating CBNMs, such as nanoparticles, 

nanowires, nanofibers (NFs), properly functionalized CNTs and GO, in 

membranes the described drawbacks can be overcome. Thus obtained 

membranes can be referred to as new types of hybrid membranes which are 

made of inorganic materials dispersed in a continuous organic polymer 

phase and are termed “mixed matrix membranes” (MMM). 
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The nanocomposite membranes can be roughly classified into three 

categories: a) conventional nanocomposite membrane, b) thin-film 

nanocomposite and c) surface coated nanocomposite membrane. The first 

type is usually synthesized by phase inversion method, where the 

nanoparticles are loaded onto the pores and substrate of the membrane. For 

obtaining a thin-film nanocomposite, an ultra-thin film is coated on the 

substrate as a barrier layer, as widely used in the RO/NF membrane. 

Nanomaterials are loaded into the thin-film during the phase inversion and 

interfacial polymerization process. For preparing the third category, 

functional nanomaterials are coated to membrane surface through self-

assembly, in-situ deposition, adsorption or chemical grafting (Zhang et al. 

(2016)). 

A carbonaceous nanowire membrane (CNM) was synthesized by a 

hydrothermal method. The hydrothermal dehydration and carbonization of 

mono-saccharide (glucose, 180 oC, 48 h) can yield one-dimensional 

carbonaceous nanowires in the presence of tellurium nanowire template. 

The subsequent solution-evaporation-self-assembly process results in the 

formation of macro-scale two-dimensional hydrophilic CNM sheet with 

large specific surface area, developed nanoporosity, and abundant 

superficial oxygen-containing functional groups. Thus prepared CNM 

showed high permeability to water molecules and good adsorptive retention 

of a variety of heavy metals (Zhong et al. (2013)). The CNM was able to 

eliminate Cd(II) (91-60 % removal efficiency), Cr(VI) (91.5-5 %), Hg(II) 

(89-57%), Pb(II) (92-63) and Cu(II) (86-59) depending on the water head 

applied (0.2–1.0 m). Desorption of Cd(II) was carried out by 0.1 M HCl. 

The CNM loses about 4% capacity after the first static adsorption 

experiment and about 13% after more than 5 runs.  
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Mixed matrix activated carbon nanoparticles (ACNPs) embedded 

polyethersulfone (PES) based nanofiltration membranes (PES-co-ACNPs ) 

were prepared by solution casting technique (Hosseini et al. (2018)). The 

water contact angle was found to decrease from 54° to 43° by increasing 

the ACNPs concentration. The increase of the ACNPs concentration up to 

0.1 wt.% in the casting solution led to a higher water content in the 

membrane and higher porosity. The membrane water content and porosity 

decreased by further increasing the concentration of the additive. The 

membrane tensile strength was also improved from 2.798 to 3.653 MPa by 

utilizing nanoparticles up to 0.05 wt% in the casting solution and then 

showed decreasing trend by a further increase of the nanoparticles content. 

The membrane with 0.5 wt.% nanoparticles indicated the highest sulfate 

(95%) and Cu (97%) ions removal. The decrease of the flux ratio due to 

fouling for a mixed matrix membrane containing 0.5 wt% nanoparticles 

was about 5% after 60 min of filtration whereas the flux decrease of the 

unmodified PES membrane was 64%. 

Electrospun (CNFs/TiO2-PAN) hybrid membrane was synthesized using 

polyacrylonitrile (PAN) polymer, carbon nanofibers (CNF) and TiO2 

nanoparticles at different weight percentage (%) (Kumar et al. (2018)). 

Hybrid CNFs/TiO2-PAN membrane showed an enhanced hydrophilic 

nature when compared to PAN membrane. The water contact angle of 

CNFs/TiO2-PAN hybrid membrane decreased from 38° to 18° by addition 

of different concentration CNFs/TiO2 (0.5 wt.% to 6 wt. %). The hybrid 

membrane with 6 wt.% exhibited a higher flux up to 650 LMH with respect 

to time (180 min). The rejection performance of hybrid CNFs/TiO2-PAN 

membrane was evaluated with different metal ions. The maximum rejection 

values for hybrid membrane were around 87%, 73% and 66%, for Pb(II), 

Cu(II), and Cd(II), respectively. 
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Currently, there are two types of CNTs-membranes: (a) vertically 

aligned (VA) and (b) mixed matrix (MM) CNTs membranes. The VACNTs 

membranes are synthesized by aligning perpendicular CNTs with 

supportive filler contents (epoxy, silicon nitride, etc.) between the tubes. 

The MMCNTs membrane consists of several layers of different composite 

materials. CNTs-membranes work with low energy consumption because 

of CNTs’ frictionless water transport capability through nanotubes 

hydrophobic hollow cavity. In addition, due to the CNTs cytotoxicity, the 

CNTs membranes possess antifouling and self-cleaning abilities (Das, 

(2017)).  

Usually, functionalization of CNTs is a key pre-step for fabrication of 

CNTs-based composite membranes. CNTs produced by CVD process need 

purification to remove the residual catalyst, amorphous carbon and other 

impurities. Due to the presence of van der Waals forces, CNTs tend to form 

tight bundles which in turn results in the difficulty of CNTs dispersion in 

most of polymer solvents. To overcome described problems the CNTs are 

often tailored by introducing active functional groups. Positive (–NH3
+), 

negative (−COO−, sulfonic acids) and hydrophobic (aromatic) groups can 

be implanted by using different wet oxidizing agent treatments of CNTs. 

Parham et al. (2013) prepared a CNTs-based composite filter for the 

removal of heavy metal ions from water. Carbon nanotubes were grown in 

the open pores of a commercial porous ceramic matrix consisting of mainly 

Al2O3 and SiO2, using a pre-formed nickel catalyst inside the pores and a 

camphor solution precursor at 780 oC. The CNTs filters exhibit 

hydrophobic behaviour. The CNTs were oxidized to modify their surface 

behaviour before the filter to be utilised in aquatic systems, where 

improved wettability is desirable. The oxidation was carried out by acid 

treatment and by an alternative air oxidation process at 400 oC. The initial 
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adsorption efficiency of an air oxidised 20 mm long CNTs filter for Cu(II) 

ions (from 12 mg/mL CuCl2) reached 99.99% ± 0.01 at solution flow rates 

from 2 to 30 mL/h. The ability of filters to adsorb metal ions from their 

mixture was explored. Functionalized CNTs filters (10 mm long) were 

immersed in a 30 mL solution of Fe(II), Cu(II), Zn(II) and Mn(II) ions 

(each at a concentration of 5 mg/L) for 10 h. The air oxidised filter 

adsorbed most of the Fe(II) and Cu(II) ions, with only a negligible 

adsorption for Zn(II) and Mn(II). The acid functionalised filter adsorbed 

20% of Zn(II) and 20 % of Mn(II) ions under the same conditions.  

The polysulfone membranes show high thermal and chemical resistance, 

but are highly hydrophobic and susceptible to membrane fouling. 

Functionalized MWCNTs - polysulfone (MWNTs/PSf) composite 

membranes were synthesized by the phase inversion method using DMF as 

solvent and water with isopropanol as coagulant (Shah et al. (2013)). Three 

different functionalities were generated on the nanotube surface i.e., 

oxidized, amide and azide. The presence of CNTs reduced pore size, thus 

helping the membranes to be efficient enough for metal ions' removal under 

continuous filtration operation. The amount of MWNTs in the composite 

membranes was an important factor influencing the morphology, and 

permeation properties of the membranes. The rejection of heavy metals was 

found to increase with increase in amount of MWNTs. Amide 

functionalized CNTs gave better results as compared to oxidized CNTs and 

best results were obtained at a pressure of 0.49 MPa and at pH of 2.6. 

Amide functionalized CNT/PSf composite membranes gave 94.2% 

removal for Cr(VI) and 78.2% removal for Cd(II), at just 10.2% and 9.9% 

for the bare PSf membranes, respectively. 

Tofighy et al. (2015) fabricated an adsorptive membrane for Ni(II) ions 

removal from water by implanting CNTs in mullite pore channels of 



�

85 

ceramic membrane substrates via CVD and further oxidation with HNO3. 

Rejection of 62.91 % was achieved by the use of CNTs–mullite membranes 

for Ni(II) solutions with initial concentration of 100 mg/L. 

Ar/O2 plasma treatment technique was employed to functionalize 

MWCNTs, thus to improve their dispersion capability and adsorption for 

cationic metal ions in water (Farid et al. (2017)). Further, nanocomposite 

membranes were fabricated by incorporating functionalized MWCNTs 

inside a polymeric substrate membranes with hollow-fiber configuration. 

The adsorptive removal efficiency for Zn(II) from synthetic and real 

wastewater by the composite membrane with functionalized MWCNTs 

remained above 90%, regardless of water chemistry conditions. The 

presence of natural organic matter did not adversely affect Zn(II) removal. 

The membranes effectively removed Zn(II) from a secondary wastewater 

effluent in the presence of Na(I), Ca(II), Mg(II), Mn(II) and Fe(II), 

illustrating the selective adsorption of Zn(II) from wastewater. The 

adsorption capability of CNTs membranes for Zn(II) was regenerated under 

acidic condition (0.1 M HCl) showing a reusable potential. The original 

sorption capacity of the regenerated membrane was maintained after five 

sorption/desorption cycles. 

An alumina-carbon nanotubes (Al2O3-CNTs) composite membrane was 

synthesized through a powder metallurgical method (Shahzad et al. 

(2018)). Homogeneous dispersion of the CNTs within the alumina matrix 

was achieved by using gum arabic and sodium dodecyl sulfate as 

dispersants. The membrane removed 93% of the Cd(II) present in a water 

solution containing 1 mg/L Cd(II) at pH 6. 

GO possesses the following features that benefit its application in 

membranes: (a) hydrophilic functional groups (e.g., carbonyl, hydroxyl, 

carboxyl, and epoxy groups), (b) good compatibility with polymer matrix, 
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(c) a plane structure which allows the GO to be horizontally-aligned and 

thus to form ultrathin polymer-GO layer (Mahmoudian  et al. (2018)). 

Apart from promoting molecular transport through membranes, graphene-

based nanocomposite membranes also possess anti-biofouling properties. 

These properties are attributed to the presence of oxygen-containing 

groups, resulting in an increased surface hydrophilicity and enhanced 

negative zeta potential, which could repel microorganisms through electro-

repulsion and impede the surface attachment of the microorganism (Zhang 

et al. (2016)). That is why graphene-based nanocomposites exhibit huge 

potential in membrane based water purification, minimizing the transport 

resistance, maximizing the permeate flux and simultaneously enhancing the 

ions' rejection. 

Cao et al. (2014) blended pristine GO (pGO) and rGO nanosheets with 

different physical and chemical structures with sodium alginate matrix to 

fabricate two types of hybrid membranes. Swelling resistance and 

mechanical stability of the hybrid membranes were both enhanced. The 

composite membranes, particularly rGO-filled membranes, exhibited 

improved separation performance and high permeation flux. This was 

ascribed to the presence of oxygen-containing groups, structural defects, 

edge-to-edge slits and non-oxides regions of GO nanosheets, which could 

provide abundant water channels. When the rGO content was 1.6 wt%, 

optimum separation performance with a separation factor of 1566 and a 

permeation flux of 1699 g/(m2 x h) was achieved. The membrane displayed 

a good long-term operation stability. 

A GO impregnated MMM was prepared by non-solvent induced phase 

inversion method (Mukherjee et al. (2016)). The developed MMM showed 

high adsorption capacity for Pb(II) (79 mg/g), Cu(II) (75 mg/g), Cd(II) (68 

mg/g) and Cr(VI) (154 mg/g) at pH 6.7, 6.5, 6.4 and 3.5, respectively. 
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Membrane with 0.2 wt.% GO was found to be optimum due to interplay of 

adsorption, diffusion and convection. The steady state permeate flux was 

around 30 L/(m2 x h) for 50 mg/L feed concentration at 414 kPa 

transmembrane pressure drop and 40 L/h cross flow rate. Rejection of 

Pb(II), Cu(II), Cd(II) and Cr(VI) was between 90% and 96% for various 

operating conditions. The long breakthrough time was observed for 

solutions of individual different heavy metals (12–15 h) as well as for 

mixed heavy metal solutions (around 8 h) with a small filtration area of 

0.008 m2. The membrane was regenerated in-situ, by acidic solution at pH 

5.5. 

Cellulose acetate (CA) (Mw = 52,000 Da) membranes containing 

different amounts of GO were prepared by phase inversion (Mahmoud et 

al. (2017)). SEM cross sectional images showed even dispersion of GO 

sheets in the polymeric matrix with no evidence of agglomerations which 

implies the formation of strong hydrogen bonds between CA and GO 

sheets. An increase in porosity of CA/GO membranes in comparison with 

the CA membrane was also noticed. Nitrogen adsorption studies indicated 

that increasing GO content increased the number of macrovoids at the same 

final thickness of the nanocomposites. It was found that permeation rates 

increased with increasing GO due to increased number of hydrophilic sites 

in the membranes which attracted water molecules and facilitated their 

movement through the membrane. The membrane with 0.05 wt.% GO 

showed the highest salt rejection value of 74% and 81% for 2000 mg/L 

NaCl and 5000 mg/L MgSO4 solutions respectively. 

Incorporation of hydrophilic multifunctional compounds into the 

polymeric membrane’s matrix is one of the useful methods for 

modification of MMMs. Polyethersulfone (PES) mixed matrix membranes 

with hydrolyzed polymethylmethacrylate (PMMAhyd) grafted on graphene 
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oxide (GO-PMMAhyd) have been prepared and investigated (Mahmoudian 

et al. (2018)). The permeability and antifouling properties were improved. 

The FE-SEM cross-section images have shown that during membrane 

formation, the membrane surface porosity improves and the hydrophilic 

GO-PMMAhyd nanoparticles tend to migrate toward the membrane top 

surfaces which is confirmed by the contact angle measurements showing 

that the surface hydrophilicity was enhanced after introducing 

GOPMMAhyd. The rejection percentage for heavy metals follows the 

order: Cd(II)< Cu(II) <Ni(II) < Zn(II). This is not proportional to the 

hydrated ionic radius, thus suggesting that size exclusion had a trivial effect 

on ion rejection and the latter was controlled mainly by electrical repulsion.  

Like salt rejection results, the highest ion removal was observed for the 

mixed matrix membrane containing 3 wt.% GO-PMMAhyd. 

Bearing in mind the above-described examples, we can say that there is 

no doubt that CBNMs composite membranes will find their role in the 

future water purification and desalination, thus addressing critical water 

issues. Since the research on membranes is still at the premature stage, 

there are some issues to be solved, for example:  (a) Control of fabrication 

parameters, such as controllable loading of CNTs, and more especially 

scale-up manufacturing; (b) Membranes' cost; (c) Membranes' degradation 

at use and the corresponding release of CNTs, Gr, GO, etc. in the treated 

water and the potential toxicity effects of those materials. 

7 TOXICITY AND ECOTOXICITY OF CBNMs 

Expected enhanced use of CBNMs in all areas of our life, including for 

heavy metals removal from water, requires attention to be paid to their 

possible toxicity and ecotoxicity effects. Toxicity studies focuse on human 

beings and aim at protecting individuals, while ecotoxicity studies look at 

various trophic organism levels and intend to protect populations and 
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ecosystems. Toxicology traditionally assesses adverse effects of a 

compound once it is absorbed by an organism, while ecotoxicity includes 

natural uptake mechanisms and the influence of environmental factors on 

bioavailability and thereby on toxicity (Joner et al. (2008)).  

The unique features of nanomaterials, such as very small size, large 

specific surface area, reactivity, shape, etc. not only make them interesting 

for technological applications, but also open the possibility for them to 

enter organisms and travel through tissues, cells and even into cell 

organelles in ways that larger particles may not. 

Studies have shown that the lowest observed effect concentrations 

(LOEC) mean for freshwater organisms exposed to CNTs are 19.4 ± 32.8 

mg/L (mean ± SD) and these values are considerably above the 

environmental concentrations observed in freshwater systems which are in 

the order of ng/L (Freixa et al. (2018)). However, many different 

experiments showed that toxic effects to aquatic organisms are observed at 

higher concentrations of the CBNMs in short-term experiments. 

Furthermore, the reported LOEC and the EC50 acute toxicity values vary 

considerably. Reasons for the variations could be the type of aquatic 

organism, type of CBNMs, exposure time, interactions of the CBNMs with 

the environment components, and the use of different methods for the 

CBNMs preparation. For example, the mean EC50 values for crustaceans 

are 14.7 ±13.5 mg/L (n = 27), for algae are 23.7 ± 28.9 mg/L (n = 24), 

88.6±101.5 mg/L - for fish (n=6), and 179.4±260.3mg/L - for bacteria (n 

=16) (mean ± SD) (Freixa et al. (2018)). Having in mind the toxicity 

ranking scale for acute aquatic toxicity of Pretti et al. (2014) it could be 

concluded that that CBNMs are slightly toxic for most aquatic organisms 

(10 mg/L < EC50 � 100 mg/L), except for bacteria where they are 

practically non-toxic (100 mg/L< EC50 � 1000 mg/L). Furthermore, the 
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one-way ANOVA results showed that the type of organisms, the exposure 

time and the CBNMs preparation methods significantly influence the EC50 

values, whereas the type of CBNMs did not produce any significant effect. 

The CBNMs interact (establishing synergistic or antagonistic effects) with 

other micro-pollutants and the interactions are highly dependent on the 

chemical properties of each micro-pollutant. CBNMs act either as carriers 

or as sorbents, thus modifying the original toxicity of the contaminants 

(Freixa et al. (2018)).  

Nowadays, it is still difficult to understand and define the mechanisms of 

toxicity of carbon nanomaterials in aquatic systems. Broadly speaking, the 

negative effect of CBNMs to microorganisms is related to: a) the disruption 

of membrane integrity, b) oxidative stress, c) DNA damage or protein 

inactivation, d) impurity toxicity leading to conformational changes in 

microbial enzymes that affect the enzymatic catalytic processes of 

microbes, which will further disturb the microbial metabolism, e) 

microorganisms' agglomeration affecting community structure, growth and 

diversity.  

The toxicity of CBNMs to algae can be both directly related to their 

exposure as well as to some indirect effects, such as shading effects of 

these nanomaterials on the cells (with consequences in light absorption and 

photosynthesis) and to the nutrient depletion caused by the adsorption of 

nutrients on CBNMs. 

CBNMs were found toxic for the zebra fish embryos by in vivo tests 

(Cheng et al. (2007)), Felix et al. (2016)). Souza et al. (2017) found that 

GO exposure induced significant toxic effects in the physiology of adult 

zebrafish. Short-term exposure resulted in apoptosis and necrosis as well as 

oxidative stress responses, probably due to the strong GO interaction with 

and accumulation on cell membranes. There was no evidence of 
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genotoxicity, which indicates that at the concentrations evaluated, GO did 

not cause DNA damage in blood cells. Chronic exposure resulted in 

significant alteration of gills and liver, demonstrating the organ-specific 

effects of GO. These results show that although no lethality was observed 

among zebrafish following acute exposure to GO, sub-lethal effects could 

be significant and harmful to fish species in a long-term. 

The current knowledge on CBNMs ecotoxicity is mainly based on short-

term tests, using relatively high concentrations of CBNMs applied to 

single-species studies. Performing long-term experiments are needed where 

environmentally relevant concentrations of CBNMs are used in order to 

understand long-term ecotoxic effects, and the possible recovery and 

adaptation capacity in key organisms. The inclusion of organisms from 

different trophic levels, in order to understand the complex mechanisms 

and interactions (possible bioaccumulation and biomagnification) in the 

aquatic food webs is desirable. Studying the interaction between CBNMs 

and other micropollutants co-occurring in the environment is necessary.  

CBNMs, when used to remove heavy metals from water, can contact 

with humans during the technological process of their application (mainly 

through inhalation and skin contact) and when are presenting as a residue 

in already treated water (by a skin contact or oral administration). CNTs 

can be bio-persistent and have the potential to exist as fibre-like structures. 

All biopersistent CNTs, or aggregates of CNTs, of pathogenic fibre 

dimensions, could be considered as presenting a potential fibrogenic and 

mesothelioma hazard unless demonstrated otherwise by appropriate tests 

(CSIRO, 2012). Proper measures should be taken for their safe handling to 

prevent their entering in lungs. 

As skin, together with lungs, displays the highest exposure to CBNMs, a 

comprehensive study was carried out on HaCaT keratinocytes, an in vitro 
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model of skin toxicity, on which the effects of four graphene-based 

materials were evaluated: a few layer graphene (FLG), and three samples 

of GO with different degree of oxidation (Pelin et al. (2017)). Even though 

no significant effects were observed after 24 h, after 72 h the less oxidized 

compound (FLG) was the less cytotoxic, inducing mitochondrial and 

plasma-membrane damages with EC50s of 62.8 	g/mL (WST-8 assay) and 

45.5 	g/mL (propidium iodide uptake), respectively. The largest and most 

oxidized compound, was the most cytotoxic, inducing mitochondrial and 

plasma membrane damages with EC50 of 5.4 and 2.9 	g/mL, respectively. 

These results suggest that only high concentrations and long exposures to 

FLG and GOs could impair mitochondrial activity associated with plasma 

membrane damage, suggesting low cytotoxic effects at the skin level. 

The number of studies on the impact of CBNMs when they are already 

introduced in a mammal (human) body are increasing in the recent decade. 

Currently, the literature is insufficient to draw definite conclusions about 

the potential hazards of CBNMs. Two opposite opinions have emerged: 

some researchers suggested that these materials are harmless and 

biocompatible while other studies reported adverse biological responses 

and cytotoxicity. For example, Zhang et al. (2010) proved that Gr and 

SWCNTs induced cytotoxic effects in human neural cells were 

concentration- and shape-dependent. On the contrary, Sasidharan et al. 

(2012) studied both pristine and functionalized Gr interactions with murine 

macrophage RAW 264.7 cells and human primary blood components. The 

study clearly suggested that the observed toxicity effects of pristine Gr 

towards macrophage cells can be easily averted by surface 

functionalization and that both the systems show excellent 

hemocompatibility.  
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Comprehensive reviews and summaries on the effect of CNMs on 

mammals (human cells, organs) are already available (Chen et al. (2018),  

Ou et al. (2016)).  

At present, it is widely believed that the oxidative stress is one of most 

important toxicity mechanisms of CBNMs towards mammals/humans. 

Others toxicity mechanisms of CBNMs are destruction of cellular 

structures, mitochondrial damage, DNA damage, cell inflammatory 

response (inflammatory cell infiltration, pulmonary edema and granuloma 

formation at high doses via intratracheally instillation), apoptosis, 

autophagy, fibrosis, necrosis, epigenetics changes (DNA methylation, 

genomic imprinting, maternal effects, gene silencing, and RNA editing). 

Various factors determine the toxicity of CBNMs to mamals, including 

the lateral size, surface structure, functionalization, charge, impurities, 

aggregations, etc.  

Increasing number of studies on CBNMs toxicity to animals reveals that 

the problem is becoming more serious. For example, not only CNTs had 

toxic effect, but they could also contribute to intensification of the toxic 

effects of heavy metals presenting in the same environment. However, 

except the already mentioned studies on physicochemical factors 

influencing the CBNMs toxicity, more universal methodology needs to be 

established to study especially mammals / human toxicity, including 

observational criteria, parameters and selection of experimental methods, 

selection of cell lines for tests, period of exposure, the long-term changes 

and fate of CBNMs after entering the body or being taken up by cells, etc. 

(Ou et al. (2016)).   

8 CONCLUSION 

Examples provided in this chapter show that CBNMs can be useful in 

solving the worldwide problem of water pollution by heavy metals. 
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However, before trying to implement them at large scale some important 

issued have to be discussed and solved. Research is still needed for multi-

component systems, where real waters (wastewater or potable water) are 

applied. Pilot-plant and large scale experiments both batch and in columns 

and fixed bed systems are necessary. Especially important in the last case is 

the selection of suitable supporting materials for nanoparticles. In order to 

be effective adsorbents in batch applications CBNMs are employed as a 

slurry, consisting of extremely small particles and additional separation 

process is needed to retain them. Membrane filtration could be one of the 

possible separation methods but further studies for developing the feasible 

separation are needed. Regeneration of loaded adsorbents, and especially 

their reusability without compromise with their effectiveness is still a 

challenge. Utilization or disposal of loaded and already inactivated 

adsorbent has to be thought of.  

Commercialization of a technology depends on its raw ingredients' costs 

and quality. Cheaper and with a good quality CBNMs are economically 

viable for an industrial based water purification technology. The high cost 

of Gr-based materials and pure CNTs limits their industrial application. 

The inherent hydrophobicity of CNTs and the nanoparticles' natural 

tendency to aggregate in fluidized systems and preparation of CBNMs with 

predetermined properties represent an additional technological challenge 

needing solution.  

Last, but probably the most important - not only removal of targeted 

metals needs to be studied but also eventual side reactions with CBNMs 

participation, by-products formation, as well as antagonistic and synergistic 

effects. Presence of CBNMs could potentially stimulate the oxidation of 

other metals and the release of toxic ions in aquatic environment. The 

behavior and fate of the nanomaterials in water and wastewater treatment 
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process and the impact of nanomaterials on the aquatic environment and 

human health have to be properly studied and fully understood before the 

application CBNMs in the real life. 
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Abstract 

Today's cutting-edge technology is moving forward for those materials, 

which are eco-friendly as well as cost effective. Natural or agronomic 

materials, which are present in bulk quantities offers low-cost and 

discarded without any expensive regeneration. Thus, abundance and 

availability of lignocellulosic materials obtained from various agronomic 

products make them excellent precursors for the preparation of carbon. 

These carbon nanomaterials act as emerging class of materials, which are 

being used over the globe in vast areas due to their unique properties such 

as high mechanical strength, flexible structural moieties, boosted surface 

area, legitimate thermal and electronic properties etc. These reliable 

properties account the carbon nanomaterials in the various field of research, 

whether it is relevant to the green energy production or environmental 

detoxification. The presence of various contaminants in the environment 

has recently gained major concern regarding their potential threat to human 

health and aquatic ecosystem. The recent investigations have shown that 
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various carbon nanocomposites perform diverse function including photo 

catalysts, adsorbents, sensors and antimicrobial agents etc. Hence, making 

them a neoteric benchmark against all major water contaminants. The 

articles presents a comprehensive summary on the role of carbon based 

nanomaterials/quantum dots for the detoxification of noxious pollutants 

from water system and proposed some strategies for designing the highly 

efficient multifunctional carbon nanocomposites for deteriorating the 

environmental crisis. 

1. Introduction

The present technology has immense focuses on the development of cost 

effective and ecofriendly materials for the wide area application. Carbon 

based nanomaterials are the class of those materials on which various 

scientific communities doing research for multidirectional utilization. 

Carbon nanotubes, fullerenes, graphene, reduced graphene oxide, activated 

carbon etc. are such carbon based materials which attract the present 

scenarios of research. These materials has various application in all the 

fields of global research such as adsorption, photocatalysis, biomedical 

application, catalysis, green fuel synthesis etc. Despite carbon based nano 

materials regarded as the most suitable materials for environmental 

remediation applications, a diverse combination of such materials has been 

accomplished beyond their limitations in terms of ease of availability of 

raw materials, stability and ecofriendly. Recent trends in the designing, 

fabrication and utilization of carbon nanomaterial has been highlighted in 

this review which summarizes the recent work in the respective fields.  

2. Carbon nanotubes

Carbon nanotubes (CNTs) have been explored in scientific research area 

more than fifteen years due to their exclusive properties which encode their 

potential applications. In 1952, Radushkevich and Lukyanovich firstly 
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reported nanomaterial’s having “worm-like” carbon formations [1]. 

Meanwhile in late 1990s, the production of carbon nanotubes (CNTs) 

increases globally nearly 60% per year. In last few years, the production 

and manufacturing of materials that lies in nanometre scale immensely 

raised. These novel materials has been made up of organic and inorganic 

materials. Carbon nanotubes (CNTs) are one of them with superior 

properties. Carbon nanotubes (CNTs) are allotropes of carbon and also 

known as buckytubes. CNTs have cylindrical nanostructure carbon 

molecules with exceptional properties which make them potentially 

valuable in nanotechnology, electronics, optics, and in different areas 

of materials science and technology. CNTs has been designed from 

identical graphite sheet comprised of many structures, differing in length, 

thickness, helicity and number of layers. The electrical properties differ 

depending on these variations and may be act as either metals or 

semiconductors. On the other hand, carbon can build closed and open cages 

with atomic arrangement like honeycomb and in 1985, C60 molecule was 

discovered by Kroto et al [2]. 

2.1 Structure and Bonding 

Carbon nanotubes belongs to fullerene family of carbon allotropes and 

termed as tubular fullerenes consist of cylindrical graphene sheets. They 

have cylindrical molecules with hexagonal arrangement of sp2-hybridized 

carbon atoms with C-C bond distance of 1.4 Å. These are hollow cylinders 

obtained by rolling multiple layers of graphene sheet to obtain different 

allotropes of carbon like fullerenes, CNTs and graphite. These cylindrical 

structures have two forms (SWNTs) and multi walled carbon nanotubes 

(MWNTs).  Although, nanotubes can merge together at high pressure 

producing strong, unlimited length wires with high-pressure nanotube and 

conversion of some sp² bonds to sp³ bonds [3, 4]. 
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2.3 Types of carbon nanotubes 

CNTs has been classified into four major categories including single-

walled CNTs, double-walled CNTs, multi-walled CNTs and types on the 

basis of chirality. But out of these, two single and multiple walled carbon 

nanotubes has been explored widely as discussed in detail below. 

Figure 1: Classification of CNT’s 

2.3.1 Single-walled CNTs 

Single-Walled Nanotubes (SWNTs) are an important range of carbon 

nanotubes and made up of single graphene sheet rolled at both ends in a 

hemispherical arrangement of carbon networks with a diameter of 1–2 nm. 

SWNT’s structure can be formed by wrapping one atom thick layer of 

graphite. The inclusion of pentagonal and heptagonal C-C structures results 

closure of the cylinder during the growth process. The graphene sheet has 

been wrapped and represented by indices (n, m) which are known as chiral 

vector. In this, n and m correspond number of unit vectors along two 

different directions in the crystal lattice of grapheme [5-8]. The values at m 

= 0, nanotubes become zigzag which are named for the pattern of 

hexagons.If n = m, nanotubes are termed as armchair which denotes one of 
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the two confirmers of cyclohexene. They are also termed as chiral in which 

the value of m lies in the middle of zig-zag and armchair structures. The 

length of SWNT’s can fluctuate depending on the synthesis techniques. 

The band gap of SWNT’s may alter from 0 to 2 eV and their electrical 

conductivity illustrates metallic or semiconducting behavior [9]. SWNTs 

with nanometer diameters can act as excellent conductors and explored in 

the development of the first intermolecular field-effect transistors (FET) 

[10]. 

2.3.2 Multi-walled CNTs (MWNTs) 

Multi-walled nanotubes made up of multiple concentric cylinders of 

graphitic shellswith 2 to 50 nm diameters depending on the number of 

graphene tubes. MWNTs have inter-layer distance of 0.34 nm 

approximately. There are two different models like Russian Doll model and 

Parchment model has been employed to designate the structures of 

MWNTs. In Russian Doll model, graphite sheets has been organized in 

concentric cylinders [11-13]. While, in the Parchment model, single sheet 

of graphite is rolled in around itself and perceived as a scroll of parchment 

or a rolled newspaper. However, the interlayer distance (3.4 Å) in MWNTs 

is similar to the distance between graphene layers in graphite 

approximately. Although, the Russian Doll structure has been observed 

mostly and its individual shells can be labelled as Single-walled CNTs 

which can be either metallic or semiconducting. Single-walled CNTs have 

a better diameter however MWNTs have structural defects causing less 

stable nanostructure [14-16]. Table 1 shows the difference between single-

walled and multiple-walled carbon nanotubes as mentioned below: 
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Table 1: Difference between single-walled and multiple-walled carbon 

nanotubes 

S. 

No. 

Single-walled CNTs (SWNTs) Multi-walled CNTs (MWNTs) 

1. These consists single layer of 

graphene. 

These are made up of multiple layers of 

graphene. 

2. In SWNTs synthesis catalyst is 

required. 

MWNTs can be produced without using 

catalyst. 

3. Purity is poor in this type. 

However high purity up to 80% 

has been found in arc discharge 

synthesis method 

Purity is high. 

4. Not fully dispersed, and form 

bundled structures. 

Homogeneously dispersed with no apparent 

bundled formation. 

5. Characterization, evaluation of 

SWNTs is easy and 

duringfunctionalization chance 

of defect is high. 

MWNTs has very complex structure and 

chance of defect is less when synthesized using 

arc-discharged method. 

6. These can be easily twisted, 

more flexible and less 

accumulated in human body. 

These cannot be easily twisted and more 

accumulation in body.  

2.4 Methods for the synthesis of carbon nanotubes 

Carbon nanotubes are synthesized by using three main techniques 

including arc discharge, laser ablation and chemical vapour deposition as 

shown in Figure 2. Although researchers has been finding more economic 

ways to synthesize these structures. 
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Figure 2: Different techniques used for the synthesis of CNT’s 

2.4.1 Arc Discharge 

The arc discharge method is the most common and easiest way to 

produce carbon nanotubes and initially used for producing C-60 fullerenes. 

In this method, nanotubes has been created by arc-vaporization of two 

carbon rods placed end to end (separated by approximately 1mm) inan 

enclosure which is filled with inert gas at low pressure. Although, it is also 

possible to create nanotubes with arc method in liquid nitrogen. In this, a 

direct current of 50 to 100 Angstrom has been driven which creates a high 

temperature discharge between the two electrodes. This discharge 

vaporizes from one of the carbon rods and forms a small rod shaped deposit 

on another rod.  Nanotubes has been produced in high yield if there is 

uniformity of the plasma arc and the temperature of the deposit which is 

formed on the carbon electrode. The growth mechanism have been 

increasing and measurements shown that different diameter distributions 

are observed due to the mixture of helium and argon. These mixtures have 

different diffusions coefficients, thermal conductivities which affect the 

speed of carbon and catalyst molecules diffuse and cool [17-19]. 

2.4.2 Laser ablation 

In this, oven is filled with helium or argon gas to maintain pressure at 

500 Torr and very hot vapour plume forms then expands and cools rapidly. 
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As the cooling occurs, small carbon molecules and atoms condense quickly 

to form larger clusters like fullerenes. The catalysts used also begin to 

condense slowly at first and attached with carbon clusters to prevent their 

closing into cage structures. Tubular molecules grow into single-wall 

carbon nanotubes until the catalyst particles become too large or conditions 

have cooled appropriately. The particles has been coated with a carbon 

layer that they cannot absorb more and the nanotube stops growing. The 

SWNTs has formed in this case are bundled together by Vander Waals 

forces. Laser ablation is almost similar to arc discharge including the 

optimum background gas and catalyst mix is similar. This was due to very 

similar reaction conditions and same mechanism in the reactions probably 

occur [20, 21]. 

2.4.3 Chemical vapor deposition 

In this method, synthesis is attained by putting a carbon source in the gas 

phase and using an energy source such as a plasma to transfer energy to a 

gaseous carbon molecule. A mixture of hydrocarbon gas, acetylene, 

methane or ethylene and nitrogen has been introduced into the reaction 

chamber. Then, carbon diffuses towards the substrate which is heated and 

coated with a catalyst such as Ni, Fe or Co where it will bind. Thermal 

annealing results in cluster formation on the substrate, from which the 

nanotubes will grow. Nanotubes has been formed during the reaction on the 

substrate by decomposition of the hydrocarbon at temperatures (ranges 

700°C–900°C) and atmospheric pressure. The nanotubes are obtained at 

lower temperature, lower quality and the catalyst can be deposited over the 

substrate which allows CNTs to adopt well-organized structures [22-24]. 
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2.5 Applications of CNT’s 

2.5.1 Biomedical applications 

In genetic engineering, CNTs has been used to manipulate genomes and 

atoms in the development of bio imaging genomes, proteomics and tissue 

engineering. Their tubular nature proved them as a vector in gene therapy. 

The unwound DNA winds around single walled nanotubes by connecting 

its specific nucleosides and causes change in its electrostatic properties.  

Miniature sized nanotubes and nanohorns get attached with other 

proteins and amino acids avoiding rejection for implants [25]. They can 

also be used as implants in the form of artificial joints without host 

rejection reaction. Due to their high tensile strength, carbon nano tubes 

filled with calcium and grouped in the structure of bone can act as bone 

substitute. Protein/enzyme filled nanotubes have been employed as 

implantable biosensors because of their fluorescence ability in the presence 

of specific biomolecules [26]. Nanosize robots and motors with nanotubes 

can be used in studying cells and biological systems. Gelatin CNT mixture 

(hydro-gel) has been used aspotential carrier system for biomedicals. 

Anticancer drug Polyphosphazene platinum given with nanotubes had 

enhanced permeability, distribution and retention in the brain due to 

controlled lipophilicity ofnanotubes [27]. 

2.5.2 Catalyst and Preservative 

Nanohornshave large surface area and hence, the catalyst at molecular 

level can be incorporated into nanotubes in large amount. At the same time 

can be released in required rate at particular time. Hence, reduction in the 

frequency and amount of catalyst addition can be achieved by using CNTs. 

Carbon nanotubes and nanohorns are antioxidant in nature. Therefore, they 

has been used to preserve drugs formulations prone to oxidation. Their 

antioxidant property is used in antiaging cosmetics and sunscreen [28, 29]. 
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2.5.3 Lithium ions batteries 

Lithium is widely used for the manufacturing of efficient batteries due to 

its lowest electronegativity therefore electrons has been easily donated 

from Lithium. But it is also high reactive which limits its applicability as 

the metal loses its efficiency. This problem can be solved by intercalating 

Li ions within CNTs. This enables Lithium ions to migrate from a graphitic 

anode to the cathode separated by using polyolefin. The charge and 

discharge phenomena in these batteries are controlled by the Li+ 

intercalation and de-intercalation rates. Therefore, to enhance their storage 

capacity and lifetimes, many electronics companies have begun to use 

CNT’s as the electrodes in Li+ batteries [30-32].  

2.5.4 Sensors  

Sensors are widely used in different fields and the efficiency of 

biosensors and molecular sensors can be enhanced by attaching CNTs onto 

them. Wong et al demonstrated that it is possible to sense functional 

chemical groups attached onto the ends of CNTs. Thus, it is possible to 

construct different types of sensors containing nanotube composite pellets. 

CNT’s are very sensitive to gases and can be used to monitor leaks in 

chemical plants. In addition to gas sensing, CNTs and its composites has 

been also used as sensitive environmental pressure sensors. CNTs are very 

sensitive to liquid immersion or polymer-embedding processes because 

nanotubes slightly deform in the presence of different liquid media [33-34].  

2.5.5 Supercapacitors and actuators  

CNTs are excellent materials for use in electrochemical devices due to 

their large surface area as well as their high electrical conductivity. It is 

possible to achieve very high specific capacitances in devices containing 38 

wt% of H2SO4 as the electrolyte using sheet electrodes of pyrolytically 

grown MWNTs. CNT super capacitors has been used in devices that 
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require high power capabilities and higher storage capacities. CNT-

embedded super capacitors can be used to provide fast acceleration and 

store braking energy electrically for hybrid electric vehicles. CNT-modified 

actuators has been prepared by several researchers. Actuators are important 

devices but their efficiency decreases with increase in temperature. These 

work at relatively low voltages and at high temperatures. Maximum stress 

observed in SWNT actuators was 26 MPa [35-37].  

3. Graphene 

Graphene is the sheet of2-D network of carbon atom arranged in a 

honeycomb motif which attracted extensive research owing to its high 

mechanical, thermal, optical, and electrical properties. The last decade has 

engaged with graphene in multidisciplinary research in the fields of bio-

sensing, nano-electronicspolymer composites, capacitors, catalysisetc 

[38,39]. Its unique properties such as high thermal conductivity about 

�5000 W m-1 K-1with a charge carrier mobility of 200000 cm2 V-1 s-1 and 

high specific surface area 2600 m2/g makes it a suitable carbon material to 

mitigate the various research related hitches[40].  

3.1 Synthesis strategies 

In the early 1975, B. Lang et al demonstrated the thermal decomposition 

of carbon on Pt substrate but due to failure of product benefits 

identification, the process was not studied over a long period of time[41]. 

Later Novoselov et al in 2004 successfully prepared graphene by 

exfoliation methods[42]. Further various researcher has discovered and 

developed various methods for the efficient synthesis of graphene. Some of 

these are summarized below. 
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Graphite is the basic raw material used for the graphene synthesis via the 

two main synthesis strategies top-down and bottom-up method[43].Figure 

3 depict the methodology adopted for graphene synthesis. 

Figure3: Different methods for graphene synthesis from graphite 

3.1.1 Chemical exfoliation 

Most commonly the Hummer’s method is adopted for chemical 

exfoliation for the indirect synthesis of Graphene through oxidative-

reduction of graphite [44]. Initially a strong oxidizing agent H2SO4/KMnO4 

is used to oxides graphite powder into its oxidized product graphite oxide. 

Which further reduced into reduced graphene oxide and graphene. The 

common reducing agents such as hydrazine [45], sodium borohydride [46], 

ascorbic acid [47], hydro-iodic acid [48] etc. has been used as reducing 

agent. 

3.1.2 Mechanical exfoliation 

Mainly the graphite is the scaffold of graphene layer which involve the 

staking of graphene layers by Van-der Wall and chemical forces. The bond 

energy between two layers of graphene in graphite is 2eV/nm2 [49] 
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however for mechanical exfoliation of a single layer a force of  � 

300nN/	m2 is required[50]. The mechanical exfoliation is basically peeling 

off the thin layer of graphene from the solid graphite substrate. The 

common peeling agent such as scotch tape, ultra-sonication, electric field 

has been used for mechanical exfoliation [51-53]. 

3.1.3 Pyrolytic treatment 

Pyrolysis involve the high temperature treatment of graphite oxide (GO) 

at 1500-2000°C which leads to the formation of thin layer graphene sheets. 

The elevated temperature degrade the oxygen containing functional 

moieties of oxidized GO into CO or CO2 which expend the pressure on the 

stacked layer ultimately resulted in the formation of graphene sheets[54]. 

3.1.4 Epitaxial Approach 

As the name suggests epi means above and taxis mean ordered, this 

approach involve the formation of graphene from a carbon substrate such 

as SiC under ultra-high vacuum condition[55]. But the productivity is 

greatly influenced by the operating parameters such as pressure and heating 

rate. 

3.2 Wide mode of application 

3.2.1. Utilization for environmental remediation 

The key feature of graphene i.e 2-D scaffold of honeycomb motif which 

contain conjugated � –electron which give it high conductivity for charge 

carrier as discussed earlier. This property has been efficiently explored for 

the various photocatalytic operation[56]. The phenomenon of adsorption 

also has been studied by sole graphene and chemically modified graphene 

according to the targeted species.  
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Figure 4: Various mode of applications 

Thus various graphene and its derivative based nano-composites has 

been continuously analysed for the various application in the field of 

photocatalysis and adsorption. Various composites for adsorption has been 

prepared in composition with graphene and listed in Table 2. 
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Table 2: Various graphene based composite for adsorption based application 

Sr.

no 

Composite Pollutants R

ef 

1 polyamide-graphene Antimony(III) 57.

2 Bi2WO6/graphene  MB 58.

3 GO Anionic azo-dyes 59.

4 GO Cationic dyes 60.

5 RGO Malachite green dye 61.

6 RGO/TiO2 2,4-DCP 62.

7 A-rGO/cobalt oxide  Rhodamine B 63.

8 RGO/CF/PANI Uranium 64.

9 salicylaldoxime/polydopamine 

graphene oxide 

Uranium 65.

10 CNT/rGO Phosphate and aluminum 66.

11 GO-NiFe LDH Congo red, methyl orange and 

Cr(VI)] 

67.

12 GO–Ag Malachite green and ethyl 

violet 

68.

13 graphene nanoplatelets Aspirin, acetaminophen and 

caffeine  

69.

14 chitin/graphene oxide   Black and neutral Red  70.

15 magnetite/reduced graphene 

oxide 

 1-naphthol 71.
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Photocatalysis in another process which is cost effective and easy to 

operate. Productivity of this process is depending on the efficacy of 

employed photocatalysts for the targeted operation which is directly 

influenced by the amount of charge recombination rate of respective 

photocatalysts. Furthermore, the charge recombination rate depends on the 

life of photo-generated electrons and hole. And the life is depending upon 

the availability of charge movement in the photocatalysts. Abundance of 

conjugation in graphene and its derivative provides sites for the charge 

transferred and increased life-time of photoinduced electron and hole. In 

this view various photocatalysts has been developed with graphene for 

various photocatalytic operation and listed in Table3. 

Table 3: Various graphene based composite for photocatalysis based application 

Sr.

no 

Composite Pollutants R

ef 

1 Ag–

AgBr/TiO2/RGO 

Photocatalytic degradation of penicillin 

G 

72.

2 Ag-Cu2O/rGO photodegradation of phenol 73.

3 TiO2 −rGO Degradation and mineralization of 

perfluoro-octanoic acid 

74.

4 Ag-AgBr-RGO Degradation of rhodamine B and p-

nitrophenol 

75.

5 Ag3PO4@MS2(M�

=�Mo, W)/rGO 

4-nitrophenol degradation 76.

6 rGO/ZnS-MoS2 Degradation of nitrophenol 77.

7 rGO@ZnCo2O4 Photocatalytic NO oxidization 78.

8 BiOI/rGO Methylene blue, levofloxacin 79.

9 CuCo2S4/RGO Photodegradation of malachite green 80.
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10  Pb-BiFeO3/rGO Degradation of perfluorooctanoic acid 81. 

11  rGO/CuInS2  Photocatalytic removal of nitrophenol 82. 

12  SnS2/RGO Degradation of remazol brilliant red 

and remazol brilliant blue  

83. 

13  BiFeO3/RGO  Degradation of Methylene blue 84. 

14  AuCu-P25-rGO Photodegradation 2-nitrophenol 85. 

15  CdWO4-RGO Degradation of methylene blue 86. 

 

3.2.2 Utilization for clean energy productionvia hydrogen evolution 

reaction 

Splitting of water into hydrogen via hydrogen evolution reaction 

(HER) is regarded as clean and sustainable strategy. Various research 

communities has acknowledge it as a future energy carrier[87]. HER 

needs a catalysts to overcome various kinetic barrier for an efficient 

productivity. Some commonly used catalysts for HER are Pt, Ag, Pd etc. 

The use of such metal based catalysts for HER limits their epidemic use. 

Thus we have to see the alternates which are not only coast effective but 

also mitigate the physical and chemical properties those are essential 

requirements for a catalyst in HER. Graphene possesses a high surface 

are, high electrical conductivity and stability in very harsh condition. 

Thus various graphene based composites has been studied for HER and 

listed in Table 4. 

Table 4: Various graphene based composite for adsorption based application 

Sr.

no 

Composite Electrochemical activity potential for 

HER 

Ref 

1 Mo2N–

Mo2C/HGr 

11 mV (0.5 m H2SO4) and 18 mV (1 m 

KOH) 

88. 
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2 N�doped 

graphene 

nanosheets 

−135 mV at 10 mA cm−2 in 0.5 m H2SO4 89. 

3 3D-Graphene 18 mV in 0.5�m H2SO4 90. 

4 Co/NCNT/N

G 

123 mV at 10 mA cm−2  in 0.5 M H2SO4  91. 

5 Ni-rGO Tafel slope (b = 77 mV dec−1and (j0 = 

3.408 mA cm−2) 

92. 

6 NiS2/rGO) 10 mA cm− 2 Vs − 200 mV, Tafel slope of 

52 mV dec− 1) 

93. 

7 CoP/GA 121 mV at 10 mA�cm−2, a Tafel slope of 

50 mV�dec−1 

94. 

8 MoS2/GR --------------------- 95. 

9 S-doped 

graphene 

178 mV at 10 mA cm−2 96. 

10 MoS2/N�RG

O�180 

−5 mV, a small Tafel slope of 41.3 mV 

dec−1,  current density of 7.4 × 10−4 A cm−2, 

97. 

11 CoPnanoparti

cles/N-doped 

graphene 

10 mA cm−2 at a cell voltage of 1.58 V  98. 

12 MoO2Mo2C/

G 

------------ 99. 

13 CoP2/RGO 1.56 V at 10 mA cm−2  100.

14 CoNi@N-

C/rGO 

Tafel slope of �133.7�mV). 101.

15 MoFeNiS/rG

O 

−140�mV at 10�mA�cm−2, Tafel slope of 

48.68�mV�dec−1 

102.

 

 



�

����

3.2.3 Biomedical application 

Graphene based nanocomposite also has been utilized for various 

biomedical application such as bio sensing, bio-imaging, drug delivery, 

antibacterial properties etc. Some unique features such as cell growing 

potential and biocompatibility makes it a sustainable material for biological 

application[103]. However very limited work has been carried in the 

biomedical application, some of them has been enumerated in Table 5.  

Table 5: Various graphene based composite for biomedical application 

Sr.

no 

Composite Utilized for biomedical application Ref 

1 ZnO-RGO Antibacterial activity against E. coli  

2 Fe3O4/GO Targeting drug carriers  

3 NGO Live cell imaging and loading 

doxorubicin, a widely used cancer drug 

 

4 GO–CS Delivering both anticancer drugs and 

genes. 

 

5 GONPs Potentiate Anticancer Effect of Cisplatin  

6 GO-PVP 

and GO-�-CD 

Release and delivery of poorly water 

soluble anticancer drug 

 

7 Graphene Biosensor for early detection of Zika 

virus infection 

 

8 GO Biosensor for detecting micro-RNA  

9 MoS2/GO Targeting and enhanced drug 

loading/tumor-killing efficacy 

 

10 GQDs Fluorescence imaging and tumor-targeted 

drug delivery 

 

11 GO-AgNPs Preventing Viral Entry and Activation of  
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the Antiviral Innate Immune Response 

12 GQD  As HIV Inhibitors  

13 GO Fluorometric detection of influenza viral 

RNA 

 

14 GO Fluorescence sensing of protein-DNA 

interactions 

 

15 GO Dengue E Protein Detection  

 

4. Fullerenes 

Fullerenes is the allotropic form of carbon described by the general 

chemical formula C20 + 2Hwhere H is the number of hexagonal faces. 

Buckminsterfullerene or C60, is often described as a soccer ball. It has the 

geometry of a truncated icosahedron with 12 pentagonal faces and 20 

hexagonal faces. Fullerene C60 consists of 60 carbons arranged in 

symmetrical structures with nano dimensions in a closed-shell 

configuration which constitute 60 �-electrons with 30 bonding molecular 

orbitals. Fullerene have in between chemical behavior of aromatic and 

straight chain alkenes which makes it a suitable template for various 

reaction [119]. Moreover fullerenes has much potential to explore it for 

wide area of research.  

4.1 Synthesis  

4.1.1 Arc Discharge Method  

This method is operated at high temperature in an electrical furnaces 

[120]. A tube made up of quartz, electrodes of carbon, a water cooling 

jacket and a high voltage pulsed power input is required. For thermal 

annealing process of carbon clusters, a buffer gas is allowed to pass 

through the quartz tube. The bulk carbon cluster substrate is then allow to 



�

����

heat in quartz tube between 25 and 1000�. The flow rate of the buffer gas 

is maintained at 300 cm3/s. Pressure of the buffer gas is maintained at 500 

Torr. The input power supply provides pulsated high voltage of 1.1 kV, 22 

A and 50–300 sec duration. By this method, electrode at negative terminal 

is consumed. Then the carbon after condensation is annealed to form 

fullerenes. The fullerene and other carbon particles are then collected on 

the water cooled trap.  

4.1.2 Chemical Synthesis 

However the chemical synthesis of fullerene is very complicated, but 

various chemist has approached different methodologies such as 

mobilization between two identical hemisphere hydrocarbons. 

Furthermore, the hitch which has to face in the fullerene synthesis is the 

introduction of curvature in the carbon scaffold. The fragment corannulene 

which contained curvature is first synthesized by Barth and Lawton [121]. 

But due to low productivity the method is not become so much successful. 

Further Scott and co-workers has proposed a three step synthesis of 

corannulene molecule [122].  The first step is a Knoevenagel–Diels–Alder 

reaction between acenaphthoquinone, heptane-2,4,6-trione, and 

norbornadiene to give 7,10-diacetylfluoranthene. Followed by conversion 

step of acetyl groups to 1-clorovinyl side chains. Finally FVP generates 

terminal alkynes in situ by thermal elimination of HCl from the a-

chlorovinyl chains, leading to the formation of corannulene. By the time 

various research work has been done for the chemical synthesis and various 

efficient methodologies has been developed for the fullerene synthesis 

[123-125]. 

4.2 Mode of utilization 

Various fullerene based composites has been explored for the 

environmental application in the field of photocatalysis, sorption, drug 
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delivery, clean energy production, electrical energy storage devices etc. 

wide mode of utilization has been presented in table 6.  

Table 6: Wide mode of utilization of fullerenes based nano-composite 

Sr.

no 

Composite Utilized for biomedical application Ref 

1 TiO2/FNP Degradation of the herbicide mesotrione ���� 

2 C60/Ag3PO4 Degradation of Methyl Orange ���� 

3 BiVO4/Fe3O4/C

60 

Degradation of methylene blue ���� 

4 Fullerene�WO3 Photocatalytic activity for the generation 

of hydrogen energy 

���� 

5 Ag3PO4/Fe3O4/

C60 

Photocatalytic, catalytic and antibacterial 

activities 

�	
� 

6 F-

TiO2(B)/fullerene 

Sono-photo degradation of crystal violet 

dye 

�	�� 

7 C60-Fe2O3 Degradation of methylene blue (MB), 

rhodamine B (RhB), methyl orange (MO), 

and phenol 

�	�� 

8 C60/g�C3N4 Oxidation of Sulfides into Sulfoxides �		� 

9 C60/CNTs/g-

C3N4 

Oxidation of organic pollutant Rh B �	�� 

10 C60/BiOCl Degradation of phenol and Rh B �	�� 

11 fullerene C60 Sorption of TCC �	�� 

12 C60 Fullerene Naphthalene Adsorption and Desorption �	�� 

13 C60 Fullerene Adsorption of Atrazine �	�� 

14 C60 Fullerene 

nanoparticle 

Uptake of Trichloroethylene in 

Phytoremediation Systems 

�	�� 
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15 N-C60 Catalyst for Hydrogen Fuel Cells ��
�  

16 C60 Fullerene LiBH4 hydrogen uptake and release ����  

17 ullerene-like 

cages 

Heterojunctions for organic 

photovoltaics 

����  

18 Fullerene 

Multiadducts 

Reduced Efficiencies of Organic Solar 

Cells 

��	�  

19 Fullerene C60 Multifunctional system for drug and 

gene delivery 

����  

20 C60–PEI–DOX pH-responsive drug delivery system ����  

21 Fullerene (C60) 

Derivatives 

Nonviral Gene-Delivery Vectors ����  

22 Fullerene C60 Glycosidase Inhibition ����  

23 Fullerene C60 Doxorubicin Efficiency against 

Leukemic Cells In Vitro 

����  

24 Fullerene C60 Cancer Targeted Therapy ����  

24 Hydrated �60 

fullerene 

Antioxidant properties ��
�  

26 Pt/C60/TiO2/Sb2

Se3 

 Photo�Electrochemical Water Splitting ����  

27 Cationic 

fullerene 

derivatives 

Anti-HIV properties ����  

28 Fullerene C60 Human immunodeficiency virus-reverse 

transcriptase inhibition 

��	�  

29 Boron�Doped 

Fullerene 

Lithium�Ion Battery Application ����  

30 Sn-C60   Silicon monoxide oxidation ����  
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5. Exploration of carbon nanomaterial for future perspective 

Carbon nanomaterial as Graphene, RGO, GO, carbon nanotube, 

fullerene etc. possesses high poetical for wide area research not only for 

environmental, clean energy production but also for multipurpose 

biological application. The novel research on these material has proved that 

they are demanding material to mitigate the essential requirement in 

various field. However, there are many challenges associated with 

synthesis and application which has to deal to overcome the efficacy of 

these nanomaterials. To boost the efficiency we have to discover various 

strategies to fulfill the need of objective, which demand the rooted 

investigation including structural analysis, identifying the alternation 

strategies for morphological changes in the respective areas. 

6. Conclusion 

The present chapter summarizes potential of various carbon 

nanomaterials such as nanotubes, graphene, RGO and fullerenes.  The 

different strategies of synthesis which has been approached by different 

researchers were discussed. The study shows that carbon nano material 

composites possesses high potential for wide area application including 

photocatalysis, adsorption, drug delivery, water pollution remediation, 

evolution of hydrogen, anti-cancerous activity, antibacterial properties etc. 

However pure metal based composite shows good efficiency for these 

application. But carbon nanomaterials contribute remarkable which is 

millstone in the respective field regarding coast effective and ease of 

availability of raw materials.  
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Abstract 

Carbon-based nanocomposites are viewed as model materials for 

polymeric reinforcement due to their excellent properties at nanoscale. For 

environmental sustainability, currently a significant consideration has been 

pinched to the use of green routes to synthesize carbon-based 

nanocomposites in automotive, construction, packaging, and medical 

applications. This chapter explores current research efforts, techniques of 

production, challenges and application prospects of green carbon-based 

nanocomposites including polymer/carbon nanotubes (CNTs) and metal 

oxides. Generally, polymerized CNTs have been prepared by the interfacial 

polymerization in the presence of CNTs using green solvents like water and 

an ionic liquid, dimethyloldihydroxyethyleneurea was used as a crosslinker 

to prepare the green material from methyl methacrylate grafted starch 

softwood flour and functionalized multiwalled carbon nanotube 

(MWCNT). This chapter also includes special properties of CNTs such as 

low density, high specific surface area, and thermal and mechanical 

stability. Nanocomposites also showed antifogging and anti-icing 

properties. Lightweight conductive polymer composites (CPCs) have been 

considered as the most promising alternatives to metal–based shields for 
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electromagnetic interference.  The UV–Vis absorption spectrum 

authenticates the existence of strong quantum confinement in the various 

well–purified nano-diamond grains have perfect crystalline structure with 

negligible fractions of nano-diamond carbon nanocomposites. 

Nanostructures of aligned polyaniline (PANI) exhibited excellent 

electrochemical properties. PANI/MWCNTs/CMC are 

suitable nanocomposites material for apply electroactive/conducting ink 

and membrane which could be used in electrochemical and 

sensor applications. Palladium (Pd) based nanoparticles (NPs), 

Pd/graphene nanocomposites are synthesized and examined for hydrogen 

sorption and storage. This chapter would help to improve understanding the 

current status of green synthetic methods for carbon–based nanocomposites 

and their societal applications. The pros and cons of synthetic methods for 

green nanocomposites are discussed. Lastly, the challenges and perspective 

of applications of green nanocomposites in diverse fields are discussed. 

 

1. Introduction 

Composites materials are made up by two or three different components. 

A composite product always shows a designed solution that surpasses the 

performance of the starting materials. While nanocomposites are generally 

multiphasic solid materials, the particles of nano ranges are added to other 

standard materials to compose a solid matrix. To get nanocomposites add 

just 0.5–5% of the NPs by weight. These composites are having drastic 

changes in properties from respective bulk materials like conductivity, 

thermal and electrical, mechanical strength, surface modification, 

toughness etc. Depending upon the size range of NPs, various properties 

can be evaluated as shown in Table 1. 
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Table 1: The effect of size of the nanocomposites particle at which significant changes 

occur, Camargo et al. (2009). 

Size 

(nm) 

Property 

�5 Catalytic activity 

�20 Tune hard magnetic material into soft magnetic material 

�50 To change refractive index change 

�100 Producing superparamagnetism and other electromagnetic phenomena, 

modifying hardness and plasticity, and Producing strengthening and 

toughening 

 

Basically, due to two reasons, nanocomposites materials show such 

changes in their physical and chemical properties, one due to the bond 

between bulk materials and NPs, and second due to extremely high surface 

to volume ratio. The first interference on nanocomposites is reported as 

early in 1992. After that more than 150000 papers on this topic have been 

published, nano particle of having 3 nm can have 50% of an atom in its 

surface, whereas of 30 nm particle can have 15% of an atom on its surface 

that makes nanocomposites unique from bulk. Also, they have strong 

tendency to agglomerate to avoid it requires a proper environment. 

Some of the NPs are usually transparent due to scattering of the light as 

they are nano. Three main types of composites are metal matrixes (Fe–

Cr/Al2O3, Ni/Al2O3, Co/Cr, Fe–MgO), ceramic matrixes (Al2O3/SiO2, 

SiO2/Ni, SiO2/TiO2, TiO2/SiC, etc.), and polymer matrixes (polymer/CNTs, 

Polyester/CNTs, Polymer/layer double hydroxides etc.). All these 

nanocomposites are gaining attention due to their applications in the 

respective fields. The various types of carbon-based nanocomposites and 

their applications are given in Table 2. 
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Table 2. Different types of carbon-based nanocomposites and their applications. 

Carbon nanocomposites Application 

CNTs/Fe@C Dye removal activity, Ma et al. (2018) 

V2O5@carbonbased nanocomposites Supercapacitor, Majumdar  et al. (2019) 

Carbon-containing Ni–Sn alloy Anode material in lithium batteries, 

Milanova et al. (2015) 

Carbon-based nanocomposites of 

CuFe12O19 

Photocatalyst of erythrosine as an anionic 

dye, Mahdiani et al. (2018) 

Carbon supported butan–1–sulphanic acid Environmentally compatible catalyst for 

the synthesis of 1,8–dioxo–

octahydroxanthanes, Boroujeni et al. 

(2016) 

Carbon nanotube ionic liquid–epinephrine 

composite 

gel modified electrode as a sensor for 

glutathione, Benzhi et al. (2015) 

 

Raja et al. (2019) synthesized ZnFe2O4/CeO2 nanocomposites, which 

used as a visible light photocatalyst for wastewater treatment. It can be 

used to remove malachite green an organic water pollutant under visible 

light irradiation. 

2. Carbon Based Nanocomposites 

Recent research has been much focused on carbon-based 

nanocomposites, and various types of nanocomposites have been 

synthesized till date like CNTs as 1D, 2D, 3D, graphene, graphene oxide, 

carbon nanosheet, buckminsterfullerene, nanodiamond etc. Different forms 

of carbon nanotubes shown in Figure 1. 
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Figure 1. Different form of carbons (a) (5, 5 armchair) carbon nanotube (b) graphite (c) 

c60 fullerene (d) (9, 0 Zigzag) carbon nanotube. 

 

Carbon nanotube was discovered in 1991, after that so many 

publications basically highest no of research work on this topic is reported. 

As a composite material, it gains significant attraction due to it's higher 

thermal and electrical conductivity. Generally, CNTs are of two types of 

single–walled and multi-walled. It is also a member of the fullerene family 

its shape is the cylindrical type. There are various synthesized materials 

have been published as carbon nanotube composites, for examples, 

MWCNT–TiO2, CNT/Fe, Co, Ni, CuO–CNT entangled with CNT, 

CNTs/Zinc sulfide and so forth. Some recent in vitro studies have reported 

increased cytotoxicity of CNTs due to their cellular uptake, agglomeration, 

and induced oxidative stress. 

Allou et al. (2019) reported carbon-based nanocomposites and used as a 

control vehicle of antibiotics. It has been synthesized by layer double 

hydroxide (LDH) and surface modified carbon. The surface of its 

negatively charged. After the deposition of the LDH over activated carbon 

surface area increase from 0.78 to 1.33 nm. These composite molecules 

then intercalated with antibiotic molecule norfloxacin (NOR), it shows a 

gradual release of NOR from AC−LDH−NOR nanocomposites suggest its 
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prospective application as an e�ective delivery system for prolonged drug 

release. 

Yang et al. (2017) developed carbon nanotube/nitrogen doped reduced 

graphene oxide and used as a supercapacitor; it has a higher porosity, super 

excellent surface area and high potential for improving power and energy 

density of supercapacitors. Nitrogen-doped reduced graphene oxide 

nanocomposites, hybrid carbon-based materials are of greatest use as an 

electrode for energy storage and conversion device. Reduced graphene 

oxide plays a good role over this. After nitrogen doped surface area of the 

graphene, oxide nanosheet increases enormously. The specific surface area 

of nitrogen doped reduced graphene oxide (NrGO) was increased to 633 

m2g−1 compared to that of rGO, 450 m2g−1. 

Yun et al. (2018) reported performance of lithium storage by using 

strongly surface bonded MoO2/carbon nanocomposites with nitrogen-doped 

as an anode. Carbon alleviates the volume change of MoO2 and enhances 

the electron transfer of the electrode. They produced a core structure of 

MoO2, in that carbon shell, doped with nitrogen, as a result, a strong Mo–N 

bond was obtained. The strongly coupled MoS2/C nanocomposites show 

well electrochemical performance. 

2.1. Green approach for carbon-based nanocomposites 

There are several methods till date which are impregnations the 

polymeric precursor like chemical vapour deposition (CVD), ball milling, 

and sol-gel. 

Da silva et al. (2019) used an amperometric biosensor for tyramine (Tyr) 

measurement in food and beverages. A glassy carbon electrode modified by 

gold nanoparticles (AuNPs) was synthesized using green reducing agent. 

This biosensor under optimized experimental condition exhibits a linear 

response to tyramine in the range of 10–123 μM. 
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Xu et al. (2019) produced water compatible polymer/carbon 

nanocomposites with beads on a string nanostructure. This is developed by 

a facile one-step co-assembly of an amphiphilic random copolymer with 

MWCNTs; it is successfully applied as an effective electrode material for 

electrochemical sensing. This is actually prepared by green approach, 

firstly an ambiphilic photo cross–linked co-polymerpoly (AA–co–VMc–

co–EHA) (PAVE) synthesized from one step radical generation, then this 

copolymer was co-assembled with MWCNTs in selective solvent non 

covalently (Figure 2). The excellence of this sensor is due to large surface 

area and high electric conductance of “Beads on a string" structured 

PAVE–CNTs NCs. 

 

Figure 2. Schematic description of the green preparative process of PAVA–CNTs 

NCs 

 

Zaho et al. (2019) used a green synthesis process for the synthesis of 

carbon-based FeS nanocomposites (FeS/C). They used bio waste eggshell 

membrane as intrinsic source material for C and S, and FeS NPs were 

fabricated via in situ adsorption–carbonization approach. The FeS NPs are 

well dispersed in carbon nanowires. It has been used in energy application 

as an anode material of the electrochemical cell, where it shows the good 

reversible capacity of 503.5 mAh/g after 100 cycles at 200 mA/g. 

Sun et al. (2018) reported a green method to prepare sandwich–like 

reduced graphene oxide/carbon black/amorphous cobalt borate 
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nanocomposites (rGO/CB/Co–B). Cobalt ions were mixed with graphene 

oxide via electrostatic interaction, then some amount carbon black (CB) 

particle were added and sonicated for few hours, this whole process 

reduced disperse Co(II)/Go/CB composites. The additions of sodium 

borohydrate reduced GO and at the same time it simultaneously grew up 

the amorphous cobalt borate nanosheets. These nanocomposites are used as 

bifunctional cathode electrocatalyst in zinc air batteries 

Atchudan et al. (2018) produced nitrogen-doped carbon dot (N–CDs) 

and titanium dioxide nanoparticles@ carbon (TiO2NPs@C) at once 

applying green affordable hydrothermal method. TiO2NPs were prepared 

from titanium isopropoxide, alcohol and water mixture in optimum amount, 

after vigorous mixing concentrated H2SO4 was added to this until the pH 

reached 3.5, this mixture was then centrifuged, washed with deionised 

water, dried and calcinated, finally obtained TiO2NPs. They used peach 

juice to prepare TiO2NPs@C. Peach juice, and aqueous ammonia mixed 

well and transferred into the Teflon lined stainless steel autoclave. The 

resultant TiO2NPs@C nanocomposites show good photocatalytic activity 

towards degradation of organic pollutant, and N–CDs show 

biocompatibility as for it is used as a fluorescent probe in cell imagining. 

Moradi et al. (2018) synthesized photo luminescent nano carbon dots 

through environmentally friendly biopolymers, gum tragacanth (GT), and 

chitosan via hydrothermal method. Two types of carbon dot were prepared 

by pure GT solution and an equal amount of GT and chitosan solution, both 

were taken in an autoclave for 45 min, after that filtration, washed followed 

by centrifugation, the supernatant collected and dried. Carbon dots based 

on biopolymer have been used as ideal non–toxic markers, in biosensing, 

biological labeling, medical diagnostics, optoelectronic devices, and 

bioimaging. 
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Muthuchamy et al. (2018) prepared zinc nanoparticle embedded 

nitrogen-doped carbon nanosheet based composites (ZnO@NDCS) for 

enzymatic glucose sensing. The peach extract, Zn powder and ammonia 

solution were used as a precursor for the synthesis NPs as mentioned above 

for synthesis of TiO2NPs. This shows high reproducible sensitivity; the 

lower range of detection limit is 6.3 	M with R2 = 0.998. This result is 

encouraging us to obtain an electrode material as an enzymatic sensor by 

green approach. 

Another green route used by Karmakar et al. (2018) for the synthesis of 

carbon nanocomposites, they used solvothermal treatment of banana (Musa 

balbisiana) bark extract to produce TiO2@carbon nanocomposites. These 

so produced nanocomposites demonstrated yellow–green photoluminescent 

features as well as photocatalytic activity towards degradation off 

methylene blue under UV–Vis irradiation. 

Aravind et al. (2011) developed a solvent-free preparative method to 

synthesize graphene–MWNT composites. Graphene oxide (GO) is used as 

starting material, GO was expose to intense solar radiation via a convex 

lens of 90 mm diameter, after getting a hydrophobic GO further 

functionalized by refluxing with conc HNO3, this process is needed so that 

the produced GO will be much dispersible in a polar medium such as water 

or ethylene glycol. By the same way MWNT (prepared from catalytic 

vapor decomposition) are functionalized, thus a 1:1 GO–fMWNT is 

formed. The exfoliated product, i.e. sG–f–MWNT was employed for the 

synthesis of nanofluids without further chemical treatment. 

2.2. Carbon dot conjugated gold nanocomposites 

Alarfaj et al. (2018) synthesized a low–cost simple carbon quantum 

dot/gold nanocomposite, a fluorescence immunosensing solution via a 

green method. It was synthesized by 15% aqueous solution of AuNPs. The 

solution was heated by microwave heating, after that CDQs/Au composites 
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were obtained by simple reduction reaction using CDQs and NH3 as 

reducing reagent. It detects CA 19–9(pancreatic tumor maker) from human 

serum. In the surface of CQDs/Au–nanocomposites, anti–CA 19–9–labeled 

horseradish peroxidase enzyme (Ab–HRP) was tied up though peptide 

interaction between carboxylic acid and amine group. A sandwich capping 

antibody-antigen enzyme formed by trapping another monoclonal antibody 

coated with microliter wells, this exhibit tunable fluorescence property 

detection limit 420–530 nm. The fluorescence intensity of nanocomposites 

immunosensing solutios proportional with CA 19–9 antigen concentration. 

Guo et al. (2019) prepared composite by using a green efficient 

nanocatalyst for removal of organic pollutant. This composite actively 

degrades peroxymonosulfate (PMS) from 2, 4– dichlorophenol (DCP), acid 

orange II, reactive brilliant red X–3B, rhodamine B and methylene blue. 

Ruiying et al. (2018) used naphthol and talcum composite film modified 

hydrogen peroxide electrochem sensor. The preparation method includes 

preparation of aqueous talcum nanosheet colloidal solution 

and green naphthol solution treated with negative charge 

glassy carbon electrode sheet in the two kinds of solution to assemble 

alternately with water to obtain green naphthol talcum 

multilayer composite film modified electrochemical sensor.  The invention 

has the advantages of water talcum nanosheet as electrochemically active 

substances through its own redox reaction of hydrogen peroxide to generate 

electrocatalytic layer–by–layer self–assembly method, so that the active 

ingredient in the molecular level with controllable nano level in the film, 

the resulting high orientation film so that the sensor has good response 

current. 
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2.3. Special properties of carbon nanotubes (CNTs) 

Carbon nanotubes are longfiberlike structure, made up by sp2 bonded 

carbon atoms. These are classified as single-walled carbon nanotubes 

(SWCNTs) and multi-walled carbon nanotube (MWCNTs), SWCNTs are 

consisted a single graphene layer rolling into seamless tube whereas 

MWCNTs are consists a bunch of SWCNTs in a close-packed manner. 

CNTs are of having hexagonal close packing structure, with some sp3 

carbon at the edges as a defect. The uniqueness of CNTs arises as there is 

strong interaction between the atoms in layers but little interaction between 

adjacent layers. 

Carbon nanotubes are considered as a flexible low cost and high–

performance thermoelectric material as these have excellent thermal and 

mechanical properties. Through special strategies called thermoelectric 

carbon nanotubes are shows desirable features for both n-type and p-type 

semiconductor. CNT–polymer hybrids are creating a good record in 

thermoelectric (TE) performance in organic materials now potentially used 

for flexible electric devices. Mg–CNTs matrix was fabricated using 

nanoscale Mg grains through insitu on the surface of carbon nanotubes. 

Here a nanoscale contacts and diffusion bonding occurred at the CNT–Mg 

surface. These composites prove special properties of microhardness, 

ultimate tensile strength and breaking elongation; therefore, composites are 

very suitable to use as in the field of light weighted structural materials. 

Carbon nanotubes are gaining much attention in drug delivery system.  

Ghasemi–Kooch et al. (2017) explored adsorption property of oleuropein 

in different types of SWCNTs at both the position inside and outside 

including the chiral, zigzag and armchair with a different diameter. In their 

study after an investigation by radial distribution graph and amount of 

Lennard–Jones energy between oleuropein and carbon nanotube, it has 

been proved that oleuropein is adsorbed on all the nanotubes. Inner surface 
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contributes to strong interaction rather than the outer side, strongest 

interaction occurs at 13 nm, whereas chirality does not play any role in that 

case. Interaction in inner became weaker with diameter but the outer 

surface is not. Outer surface interaction shows improvise with solvent 

modification. This is a reflection of the highly anisotropic property. The 

extraordinary electrical, thermal, and mechanical properties are the ideal 

properties along the axial direction inside SWCNTs. 

Ram et al. (2018) reported MWCNTs electromagnetic interference 

(EMI) shielding material as composites with polyvinylidene fluoride 

(PVDF).  Here MWCNTs play the role of reinforcing filler for PVDF 

matrix. The PVDF matrix shows MWCNT–dependent EMI shielding 

effectiveness, skin depth, and morphology, mechanical and dynamic 

mechanical properties 

Leont'ev et al. (2017) explored results of multiobjective optimization of 

lightly weighted autoclave aerated concrete modify with carbon nanotube 

dispersion. By the dispersion of CNTs, there is an enhancement of strength 

properties of thermal insulation autoclave aerated concrete. A special type 

of pours nanofiber tube was prepared to invent a novel electrode material in 

the technical field. An electrode made by two layers one is carbon 

nanolayer and another is graphene layer. A nitrogen mixed matrix was 

produced by an embedded nitrogen atom in the lower surface of the 

graphene layer, by that way a heterogeneous atomic layer matrix covers 

both upper and lower surface. The connection of the graphene layer and the 

nitrogen atomic layer in this structure constrict it as a high–performance 

anode material 

2.4. Single-walled carbon nanotubes specific chirality control growth 

In the field of nanotechnology and nanomaterial SWNTs are regarded as 

star material as it has some extraordinary properties like electrical, thermal, 

mechanical and optical. It is a challenge to control the growth of CNTs, 
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there are various methods among them chirality control growth recognizes 

as a successful method for the diameter, the wall number, the chiral angle, 

and conductive property. To use a special approach to synthesize CNTs 

with controllable properties, iron nanoparticle is produced by spin coating 

micellar solution of iron modified poly (cyclohexyl methacrylate)–block–

poly (2–vinyl pyridine) (PCMA–b–P2VP) block copolymer in methanol, 

after that a uniformly sized iron NPs are formed through thermal 

decomposition of polymer template on Si substrate. These nanoparticles are 

showing an excellent catalyst for growing CNTs by plasma enhance 

thermal chemical vapor decomposition. In addition, the diameter of the 

nanotubes is controllable by varying grow time. 

2.5. CNT/polymer recent advances in electrical and mechanical 

property 

To reach optimum mechanical property nanotube should have 

maximized insolubility, dispersion and stress transfer. Among the various 

polymers, polymethylmethacrylate (PMMA) has been extensively used to 

develop carbon nanotube composites to enhance the electrical and 

structural applications. 

Mathur et al. (2008) reported composites which mainly prepared by 

solvent casting, melt mixing and in–situ polymerization. The important 

properties associated with this composite are tensile, elastic modulus, 

fracture toughness, flexible modulus, flexural strength and so forth. 

3. Graphite 

Graphite is a crystalline allotrope of carbon. It is very light weighted and 

extremely soft a layered structure in which six-membered rings of carbons 

are arranged as a 2D atomic sheet. Graphite nanosheet has unusual 

mechanical, thermal, and electrical properties to make the researcher more 

study on this. But preparation of nongraphite sheet is typically difficult as it 

is not easily dispersible on polymer matrixes, whereas graphite oxide is 
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much suitable in polymer matrixes that’s why research is concentrated 

toward GO nanosheet. GO is dispersible in aqueous media and exhibits a 

broader range of physical properties than pure graphite due to structural 

heterogeneity. There are a various methods and huge applications on GO 

nanocomposites. 

Another important arena is graphite carbon nitride generally formulate as 

g–C3N4, a non-metallic species exhibits well semiconductor properties. It is 

mainly prepared by polymerization of cyanamide, dicyanamide or 

melamine and electrodeposition on Si. In nano range, it appears as well 

crystallized form. Various methods have been published in this field, they 

will be discussed below in the chapter. Graphite carbon nitride is very 

popular as nanocomposites materials mainly in photocatalytic reaction. It 

can also cause CO2 reduction, water splitting, environment pollution 

remediation, and production of lithium batteries. 

Nithya et al. (2016) reported composites of magnetite and graphite on 

behalf of supercapacitor as an electrode. The synthesis method single pot 

co-precipitation is quite suitable and simple method. The thing to be noted 

here that is low–cost materials being used which are considered an asset to 

sustainable manufacturing. The CV measurement shows an excellent 

supercapacitive nature of the composites, the specific conductance of the 

composites shows a much higher value than pure Fe2O3 and that of 

graphite.  

4. Nano-diamond composites 

Diamond particle in nanoscale first produced in 1960s, whereas it comes 

as a breakthrough in the begging of 1990s. Nano-diamonds exhibit very 

excellence in mechanical and optical properties, it is non–toxic as well. 

These properties make it a very useful tool in biomedical research. The 

chemical reactivity of the surface of nano-diamond allowed a variety of wet 

and gas chemistry techniques to be employed to tailor the properties of 
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nano-diamond for use as composites. Well purified nano-diamond grains 

can have an almost perfect crystalline structure with negligible fractions of 

nano-diamond carbon. 

5. Green synthesis, we can synthesize any materials by applying any 

methods, but we call it green synthesis when the process does not include 

any toxic materials, or it minimizes toxicity. In chemical synthesis, toxicity 

arises from using hazard solvents, the evolution of some toxic gases like 

CO, NO2, SO2 etc. and using toxic reagents. Recent studies very much 

focused on how to reduce these toxic materials by applying green methods. 

Green chemistry approaches use of plan mediated resources and water as a 

solvent by a great extent in the synthesis process. These methods can make 

a synthesis to be green itself. Other than these two, a green synthesis also 

reveals to use of renewable sources, use of the catalyst in place to use that 

of high cost or toxic reagent, improve atoms efficiency and minimization of 

time consumption as well as energy. Till date we have synthesized so many 

numbers of the nanoparticles by using plant resources, like plant-mediated 

synthesis of nanoparticles is a green chemistry approach that connects 

nanotechnology with plants. A few preparations methods of nanoparticles 

can make a synthesis to be green itself discuss below: 

1. Gold ions of dodecahedral and icosahedral shapes of 20–40 nm could 

be reduced and stabilized by extracts of Pelargonium graveolens (rose 

geranium), 

2. A. indica juice can reduce silver nitrate to a silver nanoparticle of 

spherical shape with 5–25 nm size. 

3. The In2O3 particle of 5–50 nm can be produced by leaf extract of Aloe 

barbadensis (aloe vera). 

4. Pain (apigenin glycoside) was extracted from Lawsonia 

inermis (lawsonite thornless, henna) and used for the synthesis of 
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anisotropic gold and quasi spherical silver nanoparticles with an average 

size of 21–30 nm 

5. Carbon-based nanocomposites are also bought into contact of green 

synthesis. 

Liu et al. (2015) synthesized single and multilayer graphene through 

exfoliation of graphite sheets collaborated with intercalant (FeCl2) under 

hydrothermal conditions. Hydrothermal exfoliation nowadays gets attention 

over the potential application in the exfoliation carbon nanotube, 

nanoribbon, nanoparticle and also another layer compound like BN (boron 

nitride), MoS2 etc. Likewise, hydrothermal process there are other methods 

included in the green synthesis process, the simple ultrasonic method 

produces carbon nanohorn–carbon nanotube by Zhu et al. (2019). 

By application carbon-based nanocomposites are captured top interest in 

the research field as well we need to discover these materials through green 

approach so that society and environment both would feed by such 

materials. Advances in application still progress with high expectation. 

6. Biobased green adsorbent  

Mahmoodi et al. (2018) used activated carbon as a nucleation agent for 

Cr–MOF with different ratios. Here activated carbon (AC) as taken from 

cucumber peel purchased from local market. To get AC synthesis process 

includes the following steps as shown in the flow chart given below (Figure 

3). 
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Figure 3.  Flow chart of AC synthesis process 

Carbon/Cr–MOF are used for removing acid green 25 (AG25) and 

Reactive Yellow 186 (RY186) dyes from the binary systems. 

Shi et al. (2018) prepared g–C3N4/carbon nanosphere/Cu by using green 

template named sodium alginate. Sodium alginate is prepared from Alginic 

acid which basically distributed in the cell wall brown algae (seaweeds). 

This is a high–performance polymeric material showing highly desirable 

fire safety property. Here the Cu particle and g–C3N4 were dispersed in 

carbon nanoparticle, this ternary monohybrid was well distributed in 

thermoplastic polyurethane (TPU) solution. 

In 2018, Al Enizi et al. synthesized nitrogen–doped carbon–based 

nanocomposites with Sn/SnO2 nanoparticles to use as fast and high–

performance NH3 gas sensor. The composites have 148.09 m2g–1 surface 

area. After SEM imagination it shows that both Sn and SnO2 particles are 

well dispersed in nitrogen–doped carbon matrix. After characterization 

with various concentrations of NH3 gas this sensor response excellent at 65 

� and 300 ppm concentration of NH3, and recovery time is 55 s and 60 s. 

So, with all these sensing reports and characterization techniques, these 

composites could be used as an industrial scale. 

7. Oxygen reduction reaction (ORR) catalysis 

Tang et al. (2018) reported well–known ORR catalyst, Pt/C is 

commercially high–cost material, carbon-based nanocomposites have 
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shown a promising role in this field as an electrocatalyst. Recently, a 

composite is developed which shows facile electrocatalytic activity towards 

ORR. One-dimension porous nitrogen doped graphite nanofiber embedded 

with metal/metal oxide (M/MO) nanoparticle produced by two-step 

method: electrospinning followed by annealing. Among metal/metal oxide 

couples, Co3O4 shows comparable more catalytic activity with superior 

stability and methanol tolerance. 

8. Applications of Carbon–Based Nanocomposites 

Ma et al. (2018) synthesized the novel magnetic CNTs/Fe@C through a 

one-pot method for the dye removal and achieved high specific surface area 

186.3 m2/g which confirmed through BET. It has been further characterized 

by various techniques like SEM, XRD, FTIR, XPS, and Raman 

spectroscopy. Adsorption experiments showed significant differences 

between single and binary dye systems. It showed maximum adsorption 

capacities 132.58, 16.53, and 98.81 mg/g for methylene blue, methyl 

orange and neutral red, respectively. Adsorption equilibrium time with 

initial adsorption capacities was reported 80, 40, and 10 min, respectively. 

Both methylene blue and methyl orange exhibited cooperative adsorption 

whereas methylene blue and neutral red showed competitive adsorption. 

The electrostatic attraction and �−� stacking interactions and change of 

surface charge on CNTs/Fe@C make the favorable to the cooperative 

adsorption. Whereas the competitive adsorption occurred mainly due to the 

electrostatic repulsion and active site competition between methylene blue 

and neutral red onto CNTs/Fe@C. The adsorption data and their 

mechanism have been checked by using several kinetic and isotherms 

models. The mechanism of interactions between dyes and their 

corresponding solution, and adsorption mechanisms onto CNTs/Fe@C 

were described via FTIR, Raman spectra and zeta potential techniques. 
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Wang et al. (2018) prepared hybrid nanocomposite as anionic 

polypeptide poly(�–glutamic acid) (�–PGA) functionalized magnetic 

Fe3O4–GO–(o–MWCNTs) by using simple one–pot reaction. The 

involvement of o–MWCNTs solved the biggest problem aggregation of GO 

and provides the more grafted sites to the GO for the bonding to a large 

amount of �–PGA molecule chains. This novel composite showed higher 

specific surface area and provides many surface adsorption sites. The 

hybrid nanocomposite also could be separated easily from solution 

medium. It shows the adsorption behavior towards the heavy metals like 

Cd(II), Cu(II) and Ni(II)  and showed the very good adsorption capacity. 

Adsorption capacity was checked by varying optimizing parameters 

including solutions pH, initial concentrations of ions and contact time. 

They attained good adsorption capacity between the pH range of 2–10. The 

adsorption capacity well described by the Langmuir model and the pseudo–

second-order kinetics model in given optimizing conditions. The highest 

removal capacity was 625.00, 574.71 384.62 mg/g for Cd(II), Cu(II) and 

Ni(II), respectively. Additionally, the adsorption mechanism may involve 

characteristic coordination bonding and electrostatic attraction between �–

PGA–Fe3O4–GO–(o–MWCNTs) and metal ions. This composite might be 

recycled and regenerated up to consequently three adsorption-desorption 

cycles. All properties like good adsorption capacity and the easy 

interactions with toxic heavy metals make the composite highly promising 

as an advanced adsorbent material for the removal of health hazardous 

metals. 

Sahu et al. (2018) demonstrated a hydrothermal technique for the 

synthesis of novel CeO2/Fe2O3/graphene nanocomposite for the removal 

arsenic. They were employed the Box–Behnken design to optimize 

adsorptive removal of As(III) and As(V) from aqueous solutions. The batch 

study was performed for the adsorption experiments in which three input 
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variables have been given including adsorbent dosage 0.1 –0.2 g/L, initial 

concentration 10–50 mg/L, and pH 3–10. The adsorption experiment data 

showed good fitness with the quadratic polynomial model. They obtained 

the higher regression (R2) value for As(III) and As(V) was 0.9957 and 

0.9929 respectively. The maximum removal of As(III) achieved at 

optimum initial concentration, adsorbent dose, and pH, 10.52 mg/L, 0.198 

g/L and 7.84, respectively. For the removal of As(V), they were achieved 

maximum performance at initial concentration 10.78 mg/L, adsorbent dose 

0.197 g/L, and pH 3.05. Overall removal percentage of 

CeO2/Fe2O3/graphene nanocomposite for the As(III) and As(V) was 

reported to be 98.53% and 97.26% at given optimal conditions. These all 

results favored CeO2/Fe2O3/graphene nanocomposite seems to be an 

efficient adsorbent. 

Luan et al. (2018) reported the functionalized of CNTs through harsh 

chemical conditions. Magnetron sputtering technique was utilized to 

functionalize the CNTs. The deposition of Cu onto pre-synthesized CNTs 

membranes without given chemical treatment. This synthesis determines 

that magnetron sputtering seems to be a promising greener technology for 

the productions of metal−CNTs composite membranes for environmental 

applications. Among substrate mixed cellulose ester membranes, the 

polymeric membrane sputtered with Cu, or the polymeric membrane coated 

with CNTs, Cu/CNTs membrane showed the good adsorption capacity of 

the arsenite from aqueous solutions under maintaining ionic strength and 

pH conditions. Other co-existing ions like SO4
2– and PO4

3– compete with 

the As(III) plays a negative role in the removal of As(III). So, therefore, 

pretreatment is required for the source water which contains competing 

anions and inhibits the target metal ion in removal. With the help of 

HPLC−ICP–MS and XPS results they determined the mechanism of the 

removal Cu/CNTs membrane of As(III). Basically, two major steps are 



�

����

involved; firstly oxidation occurred from As(III)  to As(V)  by aqueous 

oxygen under the catalysis of sputtered Cu nanoparticles, and second is the 

adsorption of As(V) onto copper hydroxides on the composite membrane. 

Mehta et al. (2018) designed a novel method for the detection of highly 

toxic ion lead based on kill waste by the waste approach. Fluorescence 

carbon quantum dots (CQDs) utilized for the detection of Pb(II) present in 

the wastewater. Further with the Pb–CQDs TiO2 were impregnated and 

works for the photodegradation of health hazardous industrial dyes. The 

CQDs act as nanosensor for detection of Pb(II) ion with good sensitivity 

(0.070 	M) and effective selectivity. By implication, wet impregnation 

method fabrication Pb–CQDs–TiO2 (PCT) nanocomposite occurred with 

3.2 to 2.8 eV energy gaps which makes the composite highly active in 

visible light irradiation. The TiO2 nanocomposite showed the 100% 

removal for the reactive brilliant red X–3BS(RB)X dye and 1.8 	mols of 

CO2 evolution was observed 1in 60 min. 

Ali et al. (2018) prepared the low-cost MWCNTs of 10–40 nm with 9.0 

m2/g surface area. These MWCNTs were used for the elimination of 

fenuronpesticide from the wastewater. At various optimizing conditions 

such as the effect of contact time (60 min), adsorbent dosage (2.0 g/L), pH 

(2.0), initial concentration (100.0 	g/L), and temperature (25 °C) and 

showed 90% removal of fenuron pesticide. The adsorption experimental 

data was well explained by Langmuir, Freundlich, Temkin, and Dubinin–

Radushkevich models. The supramolecular mechanism of fenuron 

adsorption onto CNTs was fixed by simulation studies and the binding 

energy and binding affinity of fenuron with CNTs were −6.5 kcal/mol and 

5.85 × 104 M−1, respectively. 

Agrawal et al. (2018) synthesized the micron or nano size filters which 

have needed for the separation of adsorbent from the water after the 

rejection of adsorbate. There is a serious problem like even after filtration 
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some amount of adsorbent remains in purified water, which has worsened 

the quality of water for drinking purpose. So, by using a sacrificial template 

process MWCNTs loaded carbon foam (CF) was fabricated to eradicate 

these problems. In the present method for the impregnation of the 

polyurethane (PU) template MWCNTs and phenolic resin mixture played 

an important role.  After the impregnation, PU foam stabilized and 

carbonized to get MWCNTs embedded and further utilizes to trap the 

As(V) from the water. The maximum adsorption capacity achieved 90.5 

	g/g at the optimized condition of time, pH, and initial concentration of 

metal ion, which is excellent in comparison to several other materials 

utilized for removal of As(V). 

Sharma et al. (2018) utilized combustion technique for the development 

of nanosized tin ferrous oxide (Sn0.95Fe0.05O2−�) decorated graphene oxide 

(GO) based adsorbents. In terms of material morphology, structures, 

stability, binding, and the specific surface area developed adsorbents were 

characterized by SEM, XRD, TGA, XPS, and BET. In comparison to bare 

GO and nano tin ferrous oxide, Sn0.95Fe0.05O2−� decorated GO sheets 

showed four times higher adsorption capacity. The adsorption kinetics and 

the thermodynamics well described by the pseudo-second–order and the 

Langmuir isotherm model equilibrium. Sn0.95Fe0.05O2−� decorated GO NPs 

attained higher adsorption capacity at equilibrium was 105 mg/g than   

Sn0.95Fe0.05O2−� and GO was 27, 23 mg/g respectively. The adsorption 

study also checked in a packed bed column and investigated its feasibility 

for large–scale operations. 

Samuel et al. (2018) demonstrated the removal of chromium (VI) from 

aqueous solution by the utilization of magnetically modified graphene 

oxide/chitosan/ferrite nanocomposite (GCF). To check the notable 

adsorption capacity nanocomposite goes through various parameters like a 

dose of adsorbent, pH condition, initial metal ion concentration, contact 
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time in the batch experiment. The higher adsorption value for Cr (VI) was 

observed at pH 2.0 was 270.27 mg/g. The GCF adsorption experiment data 

was well defined by Langmuir isotherm and pseudo–second-order kinetic 

model, with a high regression coefficient. On the basis of all these results, 

GCF nanocomposite material proved as an efficient adsorbent for rejection 

of Cr(VI) from wastewater. 

 Wu et al. (2019) developed three–dimensional �–Fe2O3/amino–

functionalization carbon nanotube as a �–Fe2O3/CNT–N sponge for the 

removal of organic pollutant Tetrabromobisphenol A (TBBPA) present in 

the aqueous system. The adsorption capacity was 41.35 ± 6.09 mg/g at 303 

K and pH 7.0 ± 0. Maximum adsorption capacity was maintained in the pH 

range of 3–7. The adsorbed organic pollutant TBBPA on the �–

Fe2O3/CNT–N sponge could degrade after addition of peroxymonosulfate 

(PMS) which generate hydroxyl and sulfate radicals. The functional groups 

such as –CONH2, –C=O and �–�� bonds played a significant role in the 

activation of PMS.  After four to five cycles of adsorption-desorption it still 

maintained the adsorption efficiency. Therefore, it can be considered good 

adsorbent for the wastewater treatment due to their higher adsorption 

capacity, good regeneration tendency and easy separation from water. 

Sherlala et al. (2018) demonstrated the adsorption As(III) from aqueous 

solution. They synthesized the high potential magnetic graphene oxide 

(MGO). The adsorption experiment performed to check the adoption 

capacity of the adsorbent. During the batch experiment, various parameters 

were considered and played an important role in the adsorption. They 

carried change in the adsorbent dosage amount, pH range, and contact time. 

The maximum adsorption capacity attained by MGO at optimum 

conditions of utilized parameters. At initial As(III) concentration was 100 

mg/L, pH at 7, adsorbent dosage at  0.3 g/L and contact time around 77 min 

showed 99.95% of As(III)  removal. The adsorbent dosage and pH 
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parameters were the most significant parameters which affect the 

adsorption efficiency. As(III) adsorbed over the surface of MGO through 

the complexation between surface functional groups of the MGO and the 

oxyanions of As(III). Resultant adsorption mechanism of As(III) on to 

MGO confirmed by the  FTIR analysis. After even four cycles of 

adsorption-desorption still maintained the significant adsorption capacity of 

MGO. Hence, the synthesized MGO has great potential to be used for the 

exclusion of arsenic from aqueous solution. 

Hayati et al. (2018) used CNT coated polyamidoamine dendrimer 

(PAMAM) for the adsorption of As(III), Co(II), and Zn(II) from aqueous 

system. Based on their results confirmed that the dendrimer functionalized 

CNTs have been favorably synthesized. The fixed bed adsorption results 

outcome indicates that a decline flow rate, as well as initial concentration 

and increment in bed height, enhances the breakthrough time and removal 

capacity. The maximum adsorption reported at fixed bed breakthrough 

were 432, 494, 470 mg g–1 for As(III), Co(II), Zn(II) at 12.0 cm, 100 mg L–

1, 0.5 m/L/min bed height, influent concentration, flow rate, respectively. 

At last adsorption, results were checked using the Yoon–Nelson, Bohart–

Adams and Thomas models. They found that the empirical breakthrough 

best–fitted curves which produced by the Thomas and Yoon–Nelson 

equations. 

9. Conclusions 

Nanocomposites materials are most important discovery in our material 

science, where carbon-based nanocomposites bring highest attention due to 

its day by day increasing application in various fields of catalysis, water 

purification, solar cell, bio sensor, energy storage, bio medical etc. Recent 

days, scientist take one step more to developed efficient and economical 

method to apply carbon-based nanocomposites. Advances in application 

still progress with high expectation. We have discussed some of green 
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approaches that already been discovered, to benefited   more quantifiably 

from these nanocarbon composites further investigation should be focused 

on their reproducibility and reusability. Research need to consider mostly 

on health and energy issue related problems deals by greenery produced 

carbon nanomaterial. 
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Abstract: 

The anthropogenic activities have increased the water related 

environmental problems creating havoc in both human life and aquatic 

system. Among the environmental pollutants, heavy metals such as arsenic 

and chromium are known to have detrimental effect on human health and 

also is one of the root causes of environmental hazards. A significant 

development has been made to remediate these heavy metals, but the 

treatment technology is still in embryonic stage. Most of the treatment 

technologies uses different classes of materials in combination with 

remediation methodologies. In concern to the environmental credential and 

sustainability of the material, functional ‘green’ composites has emerged as 

promising materials due to its biodegradable nature. The constituent of 

these composites are derived from natural occurring resources which makes 

them fascinating. This chapter will discuss about different classes of green 

composites that includes, natural fibers as reinforcement, biodegradable 

polymer as matrix, and functionalization of these derived composites for 
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effective utilization in removal of arsenic and chromium from aqueous 

solution. The factors governing the removal efficiency depends on the 

material attributes such as processing technique and its properties for 

improving the interfacial characteristics. The challenges and problems 

concerned towards green composites in the mean to increase the removal 

efficiency has been addressed in this chapter.  

1. Background  

Heavy metal pollution has become a matter of global concern due to 

rapid growth in industrial sectors. The mere presence of the heavy metals in 

certain forms in both water and surrounding atmosphere is accumulating 

due to the anthropogenic activities making the human survival in threat [1]. 

The elements such as arsenic, copper, chromium, lead, mercury, nickel, 

zinc, and cadmium are considered as potential heavy metals. The specific 

characteristic of these heavy metals are their density being greater than 5 

g/cm3. Based on the geological factors, these change their chemical 

compositions which are vital along with their mobility to travel large 

distances, if present in surface waters and soil [2]. The major sources of 

these heavy metals include mining, metal-based industries, foundries, metal 

refineries, coal and petroleum power plants, and nuclear power plants as 

well, whereas other sources like paper processing plants, textiles, and 

microelectronics, which also contribute in their exposure and 

corresponding contamination [3]. The poisoning of heavy metals in humans 

and other anthropogens could be partially through the food chain process 

due to metal corrosion, soil erosion or leaching of metal ions in soil and 

atmospheric deposition [4]. Among all the heavy metals, arsenic and 

chromium hold potential and serious environmental risks. However, WHO 

(World Health Organization), US-EPA (United states Environmental 

Protection Agency) and other national environmental agency of different 

developing countries constantly monitors the limits of these heavy metals 
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in different waterbodies with simultaneous understanding of their effects on 

human health [5, 6]. Today, the technological advancement has made 

possible remediation of such potential contaminants in the anthroposphere.   

2. Hazards of Arsenic 

Arsenic, the 53rd abundant element on earth with a density of 5.72 g cm-3 

is known to be a human carcinogen. Arsenic is considered as a weak acid 

oxyanion forming complexes for easy removal with hydroxides of metal. It 

can be found in both organic and inorganic forms in air and water. 

Although, arsenic is found in four oxidation states namely arsenide (-3), 

arsenite (+3), arsenate (+5); and metal arsenic (0), but the most 

predominant species is in the form of pentavalent arsenate (AsO4
3-), 

existing as arsenic acid or dihydrogen arsenate in strong and weak acidic 

conditions. Another species commonly found is trivalent arsenite (AsO3
3-) 

[7, 8]. The mentioned species can be frequently found in water sources as 

well as in sediments, where As(III) exhibits anaerobic stability and As(V) 

shows aerobic stability thermodynamically. The toxicity of arsenite is sixty 

times more than the arsenate because of its high mobility and its prevalence 

in reducing atmosphere [8]. However, high amount of arsenic in 

groundwater is not related to the high content present in source rocks, but 

environmental factors such as closed basins, dry climate and reducing 

aquifers originating from alluvial and regions certain geothermal influence 

affects the presence of arsenic in the ground water [9]. The choice of 

method to remove arsenic depends on several factors such as the species of 

arsenic, the influence of other chemical species present in the environment, 

hardness, capacity and complexity level with the technique and finally the 

cost effectiveness. The safe limit in drinking water as recommended by 

World Health Organization (WHO) is 10 	g/L [10]. In accordance with the 

U.S. Environmental Protection Agency (US-EPA), the methodologies that 

are well recognized for removal of arsenic from water are membrane 
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filtration, ion-exchange, precipitation/co-precipitation and also permeable 

reactive barriers (PRBs) [11]. The efficiency of such treatment techniques 

is via development and use of active materials that are cheap, exhibits high 

removal efficiency, easy recovery, low cost of operation and less 

requirement of energy.  

3. Hazards of Chromium

Chromium (Cr), a geochemical element is both mutagenic and

carcinogenic to human beings and every living organism. In the recent 

years, the level of chromium has increased significantly affecting the 

aquatic and ecosystem [12]. The most stable oxidation states of Cr are 

trivalent Cr(III) and hexavalent Cr(VI) which are mostly released from 

industries such as metallurgy, textile, tanneries, pigments, electroplating 

and other anthropogenic sources [13]. Among both the prevalent 

chromium, Cr(VI) is quite toxic and harmful causing teratogenic effects 

due to intermediate transition formed by Cr(V/IV) intracellular reduction. 

However, Cr(III) is helpful in carbohydrate metabolism [14]. According to 

USEPA, the chromium discharge to surface water has a permissible limit to 

0.05 mg/L, whereas WHO allows a limit of about 50 	g/L in drinking 

water and from 5- 500 	g/L in the waste water systems [15]. The presence 

of Cr(VI) in the drinking water is from the percolation of waste water to 

soil which reaches the ground water and finally consumed for drinking 

purpose exhibiting serious health effects. The nanoparticles of chromium if 

inhaled can cause serious respiratory problems such as asthma, bronchitis, 

pulmonary fibrosis larynx inflammation, pneumonia, trachea and lung 

cancer as well [16]. Cr(VI) is known for less interaction with inorganic 

materials advocating the high stability of this species, whereas any type of 

Cr(III) species is removable under alkaline and neutral pH through 

adsorption. Industrial wastewater contains oxyanions of Cr(VI) such as 

CrO4
2-, Cr2O7

2-, and HCrO4
- depending on the parameters of the pre-
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processing in industries [17]. Technologies such as reverse osmosis, electro 

dialysis, ultrafiltration, adsorption and ion-exchange are quite famous in 

this perspective for chromium removal [18]. In the perspective of available 

technologies, the waste formation after the treatment process is huge and 

disposed to the very environment and which has led to development of 

green nanocomposites which are biodegradable, sustainable and 

environment friendly. 

4. Green Composites  

Lately, there have been interest in the functional green composites in the 

mean to develop sustainable materials that are commonly biodegradable 

and cost effective [19]. Complimentary reports on green composites have 

been well documented by Dicker et al. [20] and Shekar et al. [21]. Green 

composites are composed of natural fibers and biopolymers, where the 

natural fibers are from vegetable, animal and plant, however, biopolymers 

are artificial fibers mainly thermosetting or thermoplastic polymers which 

contain the composition of natural fibers derived chemically [22]. These 

polymers include cellulose and alginate mimicking the animal fiber; 

poly(lactic acid), and polysaccharides impersonating the plant fibers. In 

comparison to the man-made biopolymers, the structure of natural fibers 

are quite complex [23]. The advantages of green composites are that they 

exhibit high mechanical properties, and variation in the properties is 

observed due to difference in the fiber nature, they are renewable, 

biodegradable, cost effective, and they also exhibit high hydrophilicity 

which enhances the water absorption. These materials are also non-toxic, 

biocompatible and bioactive having lower impact on the sustainability of 

the environment [20]. Despite these advantages, the green composites 

suffer from non-stability at elevated temperatures ranging between 170oC -

200oC liming its versatility [20, 21].  
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Figure 1. Flowchart classifying the types of green composites and sub-composites. 

The durability of the green composites are quite low and is rapidly 

affected by the presence of moisture with time forming fungus and bacteria 

degrading the material [22]. In this perspective, the green composites are 

functionally modified with incorporation of different materials that could 

enhance the durability of the materials on the basis of practical 

applicability. Looking through the active applications of the green 

composites includes tissue engineering and scaffold development in 

biomedical applications [24], equipment development for sports such as 

bicycle frames, and snowboards which are non-biodegradable and also they 

have been applicable in many electronics companies [25-27]. They are also 

actively applied for automotive applications [28]. Recently, environmental 

remediation via green composites has become hot topic due to concern over 

good sustainability after the processing. Apart from the mechanical and 

characteristic development of the composite, another important criterion is 

to minimize the environmental hazard through the advantageous 

compatibility of green composites with the environment. In this 

perspective, a detail study of the removal of heavy metals specifically, 
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arsenic and chromium using the green composites via different processing 

has been presented in the later sections. A flowchart classifying of different 

green composites is shown in Figure 1. 

5. Functional green composites for arsenic and chromium removal 

5.1. Natural/Reinforced Bio-fibers 

5.1.1. Rice Husk 

Reinforced bio-fibers are naturally derived from plants, such as bagasse, 

rice husk, sawdust and others. High cellulose containing rice husk is an 

active material which can be effectively used for removal of arsenic and 

chromium from aqueous solutions after chemical modifications. Acid and 

alkali treatment of rice husk can reduce the content of hemicellulose, 

lignin, and also increases the porosity of rice husk by decreasing the 

cellulose crystallinity [29]. A study by Pehlivan et al. [30], presented the 

modification of rice husk by extracting the lignocellulosic material which 

was further surface modified by coating iron using the process of 

hydrolization using ferric nitrate. The modified material was effectively 

used for removal of arsenic. The positive charge developed due to surface 

RH-FeOOH group and formation of chelated complexes with rice husk due 

to presence of carbonyl and carbonyl functional groups were responsible 

for the 94% adsorption of arsenate species via Coulombic interactions at an 

optimum pH 4.0. In another study, rice husk has been transformed to 

biochars and similar biochars were formed from sewage sludge, municipal 

solid waste and also sandy loam soil for aqueous removal of As(V), Cr(III) 

and Cr(VI). Although soil is an effective material for removing As(V) but 

the transformed anions are not stable in them in comparison to the biochars. 

The biochar from sewage sludge was effective in removal of Cr(VI) due to 

more Fe2O3 content [31].  
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5.1.2. Sugarcane bagasse/fly ash 

Sugarcane bagasse is another plant fiber and a prominent solid waste 

from sugar industries. This component is rich in cellulose, polyols and 

lignin making it a composition having high hydroxyl and phenolic groups 

[32]. The bagasse fly ash has been proved as efficient adsorbent for uptake 

of chromium and lead by Gupta and Ali et al. [33]. The obtained bagasse 

fly ash were chemically treated with hydrogen peroxide to get rid of any 

organic matter adhered and then dried at 100 oC flowed by grinding and 

sieving for further use. The mechanism behind the uptake of chromium and 

lead was particle diffusion and the nature of adsorption reported to be 

exothermic in nature. The flow column operated at the flow rate of 0.5 

ml/min was able to remove about 95% of both the metal ions. The study 

also indicated high adsorption capacity for chromium than lead, where 

reasons were not discussed. In another study, bagasse fly ash (BFA) was 

obtained from a bio fuel producer and sponge iron char (SIC, industrial 

waste) was obtained from a sponge iron industry. There was no iron 

detected in the BFA after acidification, thus it was soaked in 2M FeCl3 

solution followed by drying at 105oC to be used as final adsorbent (BFA-

IC). SIC was granuled by ball milling and sieved to obtain a size of 110 

microns. Both the modified materials BFA-IC and SIC measured the 

respective surface areas to be 168 and 78.63 m2/g, which were used to test 

the adsorption capacity of the arsenic in aqueous solution. The Langmuir 

isotherm determined the monolayer adsorption capacity of As(V) and 

As(III) to be 25.82 mg/g and 39.53 mg/g; and 28.58 mg/g and 27.85 mg/g 

for BFA-IC and SIC, respectively [34]. This study proves that some heavy 

industrial waste such as sponge iron could be a potential material for 

removal of hazardous environmental heavy metals. 
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5.1.3. Bamboo fiber 

In a mean to develop low cost adsorbents, bamboo-based materials are 

also studied for heavy metal remediation. Iron-modified bamboo biochar 

(BC-Fe) was developed by alkali treatment of bamboo charcoal followed 

by treatment with FeCl3 solution with pH adjusted to 2.5. The SEM 

micrograph of raw and iron modified bamboo charcoal has been presented 

in Figure 2a and 2b, respectively. The micrographs well shows that the 

porosity in BC-Fe with surface area of 277.89 m2/g, which is 4% less due 

to iron impregnation in comparison to the pristine bamboo charcoal. The 

maximum arsenic adsorption capacity of BC-Fe were 7.23 and 19.77 mg/g 

for As(III) and As(V),  respectively. There was significant influence of pH 

on adsorption of both the species of arsenic, where As(V) exhibited 

decrease in removal upon increase in pH, however, wide pH range from 2-

9 exhibited fairly good removal efficiency. The rate of adsorption was 

controlled by both intra-particle and film diffusion mechanism [35]. Wang 

et al. [36] chemically modified the bamboo charcoal by iron and cobalt 

forming binary oxide loaded adsorbent with microwave heating technique 

for effective removal of Cr(VI) from aqueous solution. The formation of 

bamboo biochar was via carbonization of four-year old Makino bamboo at 

500oC under nitrogen atmosphere at flow rate 500 ml/min with heating rate 

10oC/min. Prior to use, biochar was washed by soaking in boiling water to 

get rid of impurities, if any followed by desiccation. Cr(VI) adsorption over 

the designed adsorbent decreased with increasing alkalinity and 

temperature suggesting the reaction dominant by the spontaneous ion-

exchange process, which is exothermic and the maximum chromium 

adsorption capacity derived from Langmuir model is 51.7 mg/. Among the 

efficient sorption materials, activated carbon has been the most applicable 

material for adsorption of heavy metals due to the high surface area. 

Researchers have been trying to find a mean to develop low cost activated 
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carbon using the plant waste. Activated carbon derived from cheap plant 

waste like bamboo, date pits, jute fiber, rice husk and palm-shell waste are 

used as cheap starting materials. Jais et al. [37] used the palm-shell waste to 

produce activated carbon (PSAC), which was magnetized by hydrothermal 

wet impregnation (MPSAC) and further lanthanum was wet-impregnated 

followed by calcination at 500 oC (MPSAC-La). The preparation 

methodology has been shown in Figure 2c with the mechanism for arsenic 

removal and its magnetic separation has been presented as well. The La to 

Fe weight ratio of 0.36 in MPSAC-La showed the highest arsenic removal 

efficiency in aqueous solution with maximum adsorption capacity of 227.6 

mg/g in comparison to other adsorbents. The removal of arsenate is via 

precipitation at pH lower than 8, whereas at higher pH arsenate complexes 

with the La(OH)3 on its surface. However, it is worth mentioning that the 

Nano magnetite stabilizes the lanthanum due to strong bonding and also 

does not allow dissolution of lanthanum in aqueous medium. 

Figure 2. SEM micrographs of (a) raw bamboo charcoal; (b) iron modified bamboo 

charcoal; and (c) Schematic of preparation of MPSAC-La (La to Fe ratio 0.36) and 

arsenate removal mechanism with images of magnetic separation.  
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5.1.4. Coconut coir/husk 

Coconut waste has also been explored for treatment of heavy metals. The 

presence of functional groups such as hydroxyl and carboxyl are beneficial 

for sorption. Both coconut shell and coir pith are useful in the perspective 

to be used for heavy metal remediation. The raw coconut coir has been 

effectively used for the treatment of sulphochromic waste as an active bio-

adsorbent. The hexavalent chromium sorption was via oxidation of organic 

matter and the uptake of chromium as confirmed from the Fourier 

transform infrared spectra (FTIR). It was also confirmed that more than 

73% of the active adsorption sites were phenolic compounds from lignin in 

the bio-sorbent, determined from the potentiometric titration. The 

adsorption capacity of the coconut coir was improved by grinding the coir 

to increase the overall surface area of the material. The chromium sorption 

capacity was estimated to be 26.8 mg/g which was observed to be better 

than the other reported values. Consequently, the results indicated that 

coconut coir are effective in sulphochromic waste water treatment and 

greater than 60% of chromium in original mass can be reduced to Cr2O3 by 

calcination [38]. Activated carbon derived from coconut husk was 

impregnated with copper to use as sorbent for arsenite adsorption where the 

sorbent can be easily regenerated with the 30% hydrogen peroxide solution 

in 0.5M nitric acid solution [39]. 

5.1.5. Sawdust 

Sawdust from different plants is highly fibrous containing all the three 

important compounds namely hemicellulose, cellulose and lignin with 

some polyphenolic groups which is beneficial for binding the toxic metal 

ions via different mechanism [40]. There are two different types of sawdust 

such as hardwood and softwood [41]. The pristine sawdust can remove the 

arsenic species but for anion extraction, the sawdust surface should be 
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chemically modified with functional groups which are electron deficient. 

Taking this into account, sawdust was modified with incorporation of 

lanthanum and zirconium oxide for easy adsorption and extraction of 

arsenic anions. Prior to the oxide incorporation, the sawdust surface was 

modified with glutamic acid after lignin removal with alkali treatment. 

Surface immobilization of ZrO2 and La2O3 were prepared by mixing salts 

of Zr and La followed by keeping in the ammonia chamber to form 

respective oxides on the surface of sawdust. The experimental observation 

revealed that ZrO2-sawdust had enhanced extraction capacities of arsenite 

and arsenate as 29 and 12 mg/g, whereas with La2O3-modified sawdust 

showed 22 and 28 mg/g of extraction of anions. They also reported on 

complete regeneration of La2O3-sawdust, whereas, ZrO2-based exhibited 

half the adsorption efficiency. The adsorption of arsenic was via 

electrostatic interaction in La2O3-sawdust by surface hydroxyl groups and 

from ligand exchange, which was the main reason for arsenic binding in 

ZrO2 sawdust with enhanced selectivity [42]. Diethylenediamine 

crosslinked with pine sawdust has also been explored for active aqueous 

removal of both chromium and arsenic [43]. The mechanistic probability 

for removal was electrostatic interaction at acidic pH as presented in 

equations below (Eq. 1 and Eq.2), where the amine groups provided the 

protonation effect. The presence of co-existing anions was sequentially 

selective as dichromate>bicarbonate>sulfate>nitrate>chloride>dihydrogen 

arsenate. 

(1) 

(2)
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The sorption capacity of the modified sawdust was observed to be 238.6 

mg/g and 71.23 mg/g for chromium and arsenic at pH-6 having adsorbent 

dose of 0.5g at controlled temperature of 50oC. The pH variation revealed 

maximum adsorption capacity of Cr(VI) between the values 2-6 and for 

As(V), pH 5-6 was found to be favorable. 

5.1.6. Wheat  

Agricultural bio wastes from wheat such as wheat bran and straw from 

wheat milling industries has been explored widely for the effective usage in 

treatment of heavy metals [44, 45]. The initial acid treatment of any natural 

waste helps in increasing the affinity towards further functionalization or 

adsorption process. Sulfuric acid treatment of wheat bran is helpful in 

increasing the surface area of the bran by converting macrospores to micro 

pores for adsorption of heavy metals [46]. The magnetic Fe3O4 

nanoparticles were embedded into wheat straw using in-situ co-

precipitation method for enhanced adsorption of arsenic. Wheat straw has 

been used as template for embedding the magnetic nanoparticles and also 

as matrix so that feasible separation of the composite becomes easy by 

using the magnetic field. High magnetic nanoparticles in the template led to 

enhanced adsorption capacity by well-fitting the Langmuir model. Arsenate 

adsorption was depleted with increasing pH, whereas arsenite had the 

highest adsorption capacity between pH 7-9. The developed adsorbent was 

easily regenerated using 0.1 mol/L NaOH solution [47]. The well 

exploitation of wheat bran has been carried out for environmentally 

hazardous heavy metals. In another study, wheat straw was amine treated to 

be used as adsorbent for chromium ions. Initially, wheat straw was 

oxidized using nitric acid for availability of more carboxyl and hydroxyl 

groups for grafting of tetraethylenepentamine on the surface of wheat 

straw. The enhancement in the amine groups on the wheat straw surface 
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showed positive zeta potential below pH 9.8. According to Langmuir 

fitting, at pH 2.2, the maximum sorption capacity was 454 mg/g. The 

amino functionalized adsorbent showed enhanced hexavalent chromium 

selectivity and high adsorption capacity in the presence of co-existing 

anions. The electrostatic attraction was the main reason for chromium 

adsorption on the amino functionalized wheat straw, where Cr(VI) 

adsorbed on the surface was reduced to Cr(III) followed by chelation of the 

formed Cr(III) cations on the surface again after getting released in the 

solution [48]. 

5.1.7. Others 

There are few other natural fibers such as maize corncobs, cotton, and 

spent grain that has been used with potential surface modifications or 

functionalization to be used as adsorbent. The acid and amine based 

modifying agents such as phosphoric acid, triethanolamine, 

diethyelenetriamine and 1, 4-diaminobutane were used for estimated 

removal of methyl orange and arsenic species. The study plays with the 

natural surface chemistry of the maize as natural sorbent. Phosphorylation 

of maize corncobs in the presence of ammonia shows arsenite adsorption 

capacity of 11 mg/g (total concentration - 550 g As), corresponding to 

98% removal efficiency with adsorbent dose of about 50 mg/ml. The maize 

corncobs modified with phosphoric acid and urea removed about 11 mg/g 

arsenate from the total concentration of 300 mg/g of As solution [49]. 

Hexavalent chromium has been treated with chitosan coated cotton 

fibers, where the role of ester bonds was crucial for the adsorption process. 

Alkali treated cotton fibers exhibited five times greater reactivity with 

further modification using citric acid and chitosan solution. NaOH 

treatment of cotton fiber favors the formation of ester bonds than the amide 

bonds on the cotton fiber surface. The formed ester bonds increase the 
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surface exposure of amino groups from chitosan which increases the 

adsorption capacity of the modified cotton fibers and hence removal is 

significantly higher. The mechanism behind the efficient removal was 

electrostatic attraction observed due to negative charge chromium ions in 

aqueous solution and the surface of the adsorbent containing protonated 

amino groups [50]. The results have opened ventures of functionalized 

cotton fiber for heavy metal remediation. 

Most of the breweries disposes spent grain (SG, a solid waste) having 

lignin and cellulose as basic composition. From the past studies, it is quite 

well understood that adsorbent surface functionalized with carboxyl, 

hydroxyl, amino, amide and others have led to high removal efficiency and 

selectivity in the presence of co-existing anions. Some studies have 

revealed a pre-oxidation step to convert As(III) to As(V) for enhancing the 

removal efficiency of As(III) [51]. This step may cause generation of 

unwanted contaminants which could be fatal. A study uses anionic, 

cationic, and nonionic polyacrylamide polymers (PAM) have been used to 

functionalize the spent grain for direct removal of arsenite from aqueous 

solutions. The experimental study revealed a trend of arsenite adsorption on 

the modified sorbent as anionic PAM-SG> cationic PAM-SG> nonionic 

PAM-SG. The functional group contributing for the arsenite adsorption 

were amino group (-NH2), carbonyl group (C=O), C-N bond from amide 

group (CONH2) and also surface hydroxyl groups (O-H). The tubular 

structure developed on the surface of anionic PAM modified spent grain 

increased the surface area favoring the arsenite adsorption [52].  

5.2. Biopolymer composites 

In general, the polymeric materials derived from biological resources are 

termed biopolymers. Biopolymers are emerging materials that can be 

effectively used for treatment of heavy metals [53]. They are extensively 
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used due to their non-toxicity, eco-friendliness and biodegradable nature. 

Some of the renowned biopolymers that has been used for treatment and 

removal of heavy metals are cellulose, chitin, chitosan, and alginate [54-

56]. The characteristic of these biopolymers, and their functional 

modifications has been discussed with their application towards removal of 

chromium and arsenic.  

5.2.1. Cellulose 

Cellulose is basically derived from natural wood and cotton. It is a 

polysaccharide which consist of linear polymer chains having numerous 

hydroxyl groups. The adsorption of heavy metals via cellulose is possible 

by chemical modification of the polysaccharide surface starting with 

carbon 6 due to availability of primary hydroxyl groups with probability of 

modification in secondary hydroxyl groups at carbon 2 and 3 [54, 57]. 

Functionalization of cellulose takes place through processes such as 

oxidation, esterification and halogenation.  

Biopolymer cellulose-montmorillonite was designed for chromium 

detoxification and prior to the polymerization, surfactant as 

cetyltrimethylammoniumbromide (CTABr) was used to modify sodium 

montmorillonite (Na-MMT) clay to make it more organophilic and to 

enhance the molecular interaction between Na-MMT and cellulose. The 

maximum adsorption capacity with the designed biopolymer composite 

was estimated to be 22.2 mg/g with a good Langmuir model fit. Chromium 

uptake in the biopolymer-clay composite is via hydrogen bonding between 

oxygen atoms in dichromate anion and hydroxyl protons in cellulose [58]. 

Hybrid magnetic bio-composites were developed using cellulose (Cel), 

hydrotalcite (CelHT) and hydroxyapatite (CelHAp), which were coated 

with iron oxide nanoparticles for remediating the hexavalent chromium. 

Three possible mechanism were put forward for chromium removal, which 
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is electrostatic interaction, ion exchange mechanism and reduction of 

Cr(VI). The positive metal ions in the bio-composite electrostatically 

attracts the HCrO4- anion. The CO3
2-, in interlayer of Fe3O4@CelHT gets 

exchanged with the HCrO4
- ions, whereas OH- ions gets exchanged in 

Fe3O4@CelHAp bio-composite. Also, the matrix of cellulose contains 

reducing aldehyde groups that can possibly reduce Cr(VI) to Cr(III). The 

mechanism of the preparation of bio-composite and chromium uptake has 

been shown in Figure 3 [59]. Medical cotton has been used as cellulose 

source to prepare cellulose@iron oxide magnetic nanoparticles via one-step 

co-precipitation and using an aqueous solution containing NaOH-thiourea-

urea, where alkali was used to precipitate the iron oxide nanoparticles. The 

green pathway synthesized cellulose@ironoxide nanoparticles showed 

enhanced magnetically induced sensitivity towards external magnetic field. 

The maximum adsorption capacity of the arsenite and arsenate was 

estimated to 23.16 and 32.11 mg/g using Langmuir isotherm model [60]. 

 

Figure 3. Possible Cr(VI) sorption mechanism pathway onto Fe3O4@CelHT and 

Fe3O4@CelHAp bio-composite.  

5.2.2. Chitin 

Chitin is also a polysaccharide, known for its reinforcement and strength 

and mostly found in the anthropods. It is the second most abundant 
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biopolymer. Apart from the monomer units of glucose, it has amine and 

acetamide functional groups at carbon 2 position, which makes it different 

from cellulose. It is hydrophobic in nature and shows insolubility in water 

and common organic solvents [55]. The poor solubility of chitin has led to 

surface modification using different functional groups to be used as active 

material. Functionalization of chitin with polypyrrole was carried out via 

in-situ polymerization method for adsorption of chromate anions. The 

percentage removal of hexavalent chromium was quite low at alkaline 

conditions in comparison to acidic pH explaining the sorption mechanism 

through electrostatic interaction between the protonated -NH groups with 

the HCrO4
- or Cr2O7

2- ions under acidic conditions. In alkaline conditions, 

competition to occupy the sorption sites among OH- and Cr(VI) ions 

increases and also the electrostatic repulsion increases due to negative 

surface charge of the adsorbent. Langmuir model fitting determines the 

maximum adsorption capacity to be 35.22 mg/g [61]. Chemical and 

mechanical treatment of chitin nanofiber was performed after extraction 

from shrimp shells and cysteine was grafted by mixing cysteine, 

N-hydroxysuccinimide and

1-ethyl-3-[3-dimethylaminopropyl]  carbodiimidehydrochloride. Thiol-

modified chitin nanofibers with cysteine availed a greater number of active

sites for arsenic sorption, which was quantified for Thiol groups with

Ellman’s reagent. Arsenic ions exhibited strong affinity towards the

functionalized thiol groups at pH-7 for enhanced adsorption showing

maximum adsorption capacity of 149 mg/g [62]. A study reported onto

production of micron-sized chitin loaded with magnetic nanoparticles for

adsorption of hexavalent chromium. The ephippial eggs of Daphnia

longispina which is a crustacean was used for extraction of chitin micro

cages which was further deproteinized and acid treated for depigmentation

from ephippia. For magnetic particle loading, it was mixed with salts of
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iron to produce magnetite particles. Chemical ion-exchange led to removal 

of chromium ions as estimated from the sorption study with higher removal 

of 1.29 mmol/g in comparison to pristine chitin microcages which 

exhibited 0.77 mmol/g of capacity. Surface negativity after magnetic 

particles loading eliminated the chance of adsorption by electrostatic 

process [63]. The functionalization based on the surface groups in 

biopolymers are beneficial to targeted sorption of heavy metals. 

5.2.3. Chitosan 

Chitosan is a linear co-polymer which is derived from chitin. It is 

polyaminosaccharide derived from alkaline n-deacetylation of chitin which 

involves deprotonation and deacetylation [64]. Chitosan is a very useful 

biopolymer for heavy metal removal due to the presence of amino group (-

NH2) and hydroxyl group (-OH) as its backbone [65]. Chitosan is known 

for its sensitivity towards pH of the solution. Chitosan upon cross-linking 

with other functional reagents is beneficial for metal binding [66]. Chitosan 

has been modified using polyhexamethylene biguanide (Ch-PHMB) and 

simultaneously magnetic chitosan (M-Ch) was also prepared to have a 

comparative study for removal of hexavalent chromium. Response surface 

methodology was implemented to understand the behavior of both the 

adsorbents. Above neutral pH efficient removal of chromium ions was 

observed where higher removal efficiency found with Ch-PHMB of about 

70% in comparison of M-Ch, but the former was more toxic than the later 

as evaluated from toxicity tests [67]. Nanofiber of chitosan was fabricated 

by electrospinning process and doped with iron for trace evaluation of 

arsenate in water. Exceptional adsorption was observed with the designed 

adsorbent with more than 90% removal under neutral pH conditions with 

maximum adsorption capacity to be 11.2 mg/g. The adsorbent was easily 

regenerated, and the removal rate was about 98% after ten consecutive 
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cycles of adsorption-desorption. As(V) adsorption over adsorbent was via 

chemisorption which indicates significant interaction between the surface 

functional group and arsenic ions. Weber and Morris model put forward 

three possible steps for adsorption which includes controlled pore 

diffusion, controlled intra-particle pore diffusion in the pore and stereo-

hindrance from adsorbed species leading to slow sorption. The dominant 

contribution towards arsenic adsorption was from -NH, -OH and -CO 

group in the adsorbent [68]. 

Chitosan is also used as a stabilizing agent in some studies. Chitosan 

stabilized bimetallic Fe/Cu (Ch-Fe-Cu) nanoparticles were synthesized to 

be used for hexavalent chromium removal. Higher removal efficiency was 

achieved with Ch-Fe/Cu in comparison with the bare nZVI and bimetallic 

Fe/Cu nanoparticles. The reactivity and stabilization of zerovalent iron was 

compromised due to surface coated with chitosan and Cu. Higher 

efficiency was explained with the increased surface area and the galvanic 

cell. The zerovalent iron has some oxidized iron as well, thus, after 

reaction, the complete oxidation of trivalent iron takes place due to electron 

contribution. On the other hand, Cu exists as metal Cu and Cu2O 

converting to CuO after the reaction. This process is governed by 

precipitation and co-precipitation phenomena, where the initiation take 

place from Cu2+ accepting electrons from zerovalent iron forming Fe2+ and 

hydroxides of iron (FexOy) proceeding to cover all metallic Cu 

nanoparticles. FexOy precipitates Cr(VI) during the process and adsorption 

of chitosan increases the precipitation and co-precipitation of metallic 

copper which is responsible for effective removal of chromium. 

Conclusively, the designed Ch-Fe/Cu exhibited dual functionalization from 

copper being galvanic and chitosan adsorption to enhance the removal of 

hexavalent chromium with high concentration in aqueous under wide pH 
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range 3-9 [69]. The schematic of the possible synthesis and mechanism of 

chromium removal is shown in Figure 4a. 

 

Figure 4. (a) Hypothesizing the possible synthesis process of chitosan-stabilized 

Fe/Cu and removal mechanism of Cr(VI). (b) Schematic diagram of mechanisms 

involved in the adsorptive-photoactive removal of As by n.TiO2.FS.CS. 

 

An eco-friendly bio-photocatalytic composite with nano-TiO2/feldspar 

embedded with chitosan developed for abatement of the arsenic in aqueous 

solution. The chitosan matrix was immobilized with nano-TiO2 and fine 

particles of feldspar (Figure 4b). Removal of arsenate using the bio-

photocatalyst was over a wide pH range with a negligible drop in the 

removal upon increasing the pH. However, there was no significant 

influence of pH over arsenite removal using the biocatalyst. Arsenate 

removal as quite selective in the presence of foreign ions which includes 

fluoride and sulfate with little competition from phosphate ions at higher 

concentrations was observed. Linear and non-linear Langmuir modeling 

estimated the maximum adsorption capacities to be 2000 and 2025 mg/g in 

respective. High removal efficiency was achieved for both the species of 

arsenic under UV light irradiation varying from 33% to 73% for arsenate 

and 23% to 84% for arsenite, respectively. The reaction was experimentally 

proved to be thermodynamically favorable and spontaneous. The 
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adsorptive-photoactive sites was provided by -NH2 and -OH group in 

chitosan and also metal oxide [70]. 

5.2.4. Alginate 

Alginate, a natural polysaccharide (having sequences of uronic units: 1–

4 linked �-l-guluronic and �-d-mannuronic acids) is known for its non-

toxicity, renewable, biodegradable and biocompatible nature [71]. It is 

extracted naturally from brown seaweeds. These biopolymers can be 

altered to tailor the materials pristine form for excellent sorption properties 

[72]. Upon cross-linking alginate with divalent and trivalent cations, gel 

phased adsorbents are prepared which makes the handling much easier than 

the powder counterparts. Such gel-based formulations occur due to the 

presence of carboxylic acids in the gel phase that helps in the formation of 

complexes in aqueous solutions with metal ions [73]. Pentavalent arsenic 

ions were removed in a fixed bed column using the Fe(III) crosslinked 

alginate nanoparticles. The removal of arsenic in bed column was 

dependent of factors like bed depth, concentration of arsenic as influent and 

also the flow rate of influent played major role. Lowest flow rate exhibited 

better removal performance and the increase in bed height increases the 

column bed capacity and the time of exhaustion. The adsorption bed 

capacity decreases significantly from 0.066 to 0.022 mg/g upon varying the 

initial arsenic concentration from 0.5 mg/L to 1.5 mg/L. The experimental 

data were also further fitted with Bed Depth Service Time model which 

was in agreement with the breakthrough curves [74]. The removal of 

hexavalent chromium was carried out with nanocomposite of alginate and 

chitosan cross linked using glutaraldehyde. Prior to nanocomposite 

formation, ionic gelation method was followed to form alginate 

nanoparticles using Rajaonarivony’s method. Gelification with sodium 

alginate and calcium chloride was carried out followed by suspension 
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stabilization through aging and finally centrifuged and free dried to obtain 

the alginate nanoparticles. The higher adsorption of chromium onto 

nanocomposite was via multilayer adsorption as confirmed from the well-

fitted experimental data to Freundlich isotherm. The developed 

nanocomposite proved to be a potential bio-sorbent for chromium removal 

from wastewater [75]. The separation of the sorbent using magnetic 

nanoparticles is not only fascinating but also the presence of magnetic 

nanoparticles contributes in the heavy metals remediation processes. 

However, the instability of magnetic particles limits its application in 

treatment process. In this perspective, magnetite graphene oxide has been 

encapsulated inside alginate for high and efficient uptake of Cr(VI) and 

As(V) from waste water. Alginate helps in stabilization of the magnetite 

graphene oxide and also hinders the aggregation of the powdered magnetite 

graphene oxide enhancing the performance towards extraction of heavy 

metals. The present study was also compared with carbon nanotube and 

activated carbon and superior adsorption efficiency were observed with the 

developed magnetic graphene oxide alginate bead upon comparison. There 

was no leaching observed for the developed magnetic graphene oxide 

embedded into alginate beads.  Fe3+-crosslinked with magnetic graphene 

oxide on alginate beads aided the release of Fe3+ ions favoring the 

chromium removal. The uptake of Cr(VI) was controlled by the pH 

changes in the solution. On the contrary, there was no alteration observed 

in As(V) uptake over a wide range of pH. The release of Fe3+ forms 

hydronium ions in the solution which decreases the pH of the solution 

favoring chromium adsorption with selectivity. However, Ca2+ crosslinked 

with magnetic graphene oxide on alginate beads reduces the pH below 3 

favoring chromate species adsorption under acidic condition. The results 

suggested that Fe3+ binds strongly with the available functional groups of 

alginate [76]. Detailed mechanism in schematic has been displayed in 
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Figure 5 . Crosslinking of polyvinyl alcohol (PVA), with sodium alginate 

has been carried out using boric acid and calcium chloride for formation of 

alginate beads to be effectively used as adsorbent for removal of hexavalent 

chromium. The main functionalization of PVA is to provide mechanical 

strength, biodegradability and high solubility for crosslinking. It was 

justified that UV light illumination to PVA-alginate beads enhanced the 

adsorption rates tremendously due to increased surface sites and is affected 

by the initial dose of PVA and sodium alginate. Superior adsorption 

activity was observed with optimum 12 g PVA and 2.5 g sodium alginate 

forming beads with complete removal within 1.5 hours [77]. The study also 

put forward another strategy of alginate functionalization for enhancing the 

surface-active sites and can be a very potential candidate for removal of 

heavy metals from the industrial waste water systems. 

 

Figure 5. Fabrication and mechanism of Cr sorption with alginate-derived beads and 

others. 
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5.3. Synthetic polymer composites 

5.3.1. Bio-thermoplastic polymers  

Bio-thermoplastic polymers are another group of green composites 

which includes compounds like poly lactic acid (PLA), polyvinyl alcohol, 

polyhydroxylbutyrate, polyanhydrides and others [20, 78]. There are two 

categories of polylactic acid available namely poly(l-lactide) (PLLA) and 

poly(DL-lactide)(PDLLA) with major difference between them being 

chiral polyester with semi crystallinity and amorphous, respectively [79]. 

Electro spun PLLA fibers have been synthesized and architecture of ZnO 

nanorod arrays has been grown on PLLA as functional materials for 

adsorption of Cr(VI). The SEM image of electrospun PLLA nanofibers and 

grown ZnO on PLLA has been presented in Figure 6a and 6b, 

respectively. Both electrostatic and surface interactions were responsible 

for the adsorption of chromium onto ZnO-PLLA composite with maximum 

efficiency achieved at pH< 3.5 with desorption efficiency of about 60% 

[80]. Another study develops a composite of chitosan/PVA/zeolite for 

removal of chromium, methyl orange and Congo red dye from aqueous 

solutions. The composite was observed to be stable in both acidic and basic 

pH conditions, where Congo red adsorption followed flocculation process 

for removal and methyl orange was adsorbed with flocculation at higher 

concentrations. The capacity of adsorption of chromium was estimated to 

be 450 mg/g following the pseudo-second order kinetics [81].  
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Figure 6. (a) SEM micrographs of electrospun PLLA nanofibers; (b) ZnO grown on 

PLLA nanofibers. (inset presents high resolution cross-sectional images) ; and (c) 

Schematic showing membrane composed with bayerite and arsenic rejection with the 

composite. 

 

Fe3+ ion immobilized into PVA matrix has been explored for arsenic 

removal from water. Electrospun nanofiber mats of PVA/Fe3+ was cross 

linked with saturated ammonia in a desiccator. The increase in Fe3+ 

immobilization led to rise in glass transition temperature with lower 

melting peak enthalpy. The maximum adsorption of arsenite and arsenate 

from spiked aqueous solution were 67 mg/g and 36 mg/g, respectively [82]. 

A hybrid composite was designed using emulsion-polymerization process 

without any emulsifier using chitosan, polymethylmethacrylate (PMMA) 

used for grafting and crosslinked with silica for mechanical strength. The 

preparation was carried out under nitrogen atmosphere using ammonium 

persulfate to initiate the chemical reactions. The recovery of Cr (VI) was 

about 98% with high removal efficiency [83]. Membranes composed of 
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poly (vinylidene fluoride-hexafluoropropylene) (PVDF-HFP) having 

aluminum hydroxide as filler and bayerite polymorph were solvent casted 

to be used as membrane filter for arsenic adsorption and filtration (Figure 

6c). The porosity degree was estimated between 65-75% with high 

homogeneity. Dead-end cell filtration tests led to 60% arsenic rejection in 1 

hour with standard arsenic solution of 100 	g/L. The positively charged 

surface from bayerite causes coulombic interaction between the As anions 

and Al3+ in bayerite. The study claims that formation of hydroxides of 

aluminum is favorable for arsenic adsorption [84].  

5.4. Others 

Epoxies, polypropylene and polyester are among few other polymers that 

are processed for effective use of heavy metal remediation. Membranes of 

polypropylene is known for its ion-exchange properties that can explicitly 

use for transport of metal ions through the system with high selectivity 

[85]. In-situ radical polymerization method was used to modify the 

polymers such as, poly[(ar-vinylbenzyl) trimethylammonium chloride], 

poly[2 (acryloyloxy) ethyl]trimethylammonium chloride], poly(acrylic 

acid), poly(2-acrylamidoglycolic acid), poly (glycidylmethacrylate-N-

methyl-d-glucamine), poly(2-acrylamido-2-methyl-1-propane sulfonic 

acid), and poly [sodium (styrene sulfonate)] designated as P(ClVBTA), 

(P(ClAETA), P(AA), P(AGA), P(GMA-NMG), P(AMPS), and P(SSNa), 

respectively. Furthermore, to make the membranes hydrophilic, the surface 

was grafted with polyelectrolyte. The modified membranes with 

P(ClVBTA) was effective in transporting hexavalent chromium ions, 

whereas P(SSNa) was effective in transport of trivalent chromium ions 

[86]. Availability of different functional groups from polymers increases 

the selectivity towards particular chromium ions in the system. 
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6. Future of functional green nanocomposites

The use of functional green composites will be a boon to the

environmental sustainability because of its biodegradable nature and 

enhancement in the uptake of heavy metals from the environment. These 

will overtake the market for commercialization because of its self-

degrading property after overcoming the basic problems associated with the 

green composites. The above studies have cleared the picture of 

functionalization and property enhancement in the green composite by 

using natural and synthetic biopolymers due to changes in chemical, 

physical and mechanical properties. Efficient separation after 

environmental remediation could be addressed by immobilizing magnetic 

nanoparticles into the green composite. The polymeric structures not only 

provide surface for functionality but also participate in stabilization and 

chelation, as support host and also as reducing agents in some cases. In 

context to the heavy metal adsorption, strong chelation with surface 

functional groups is of prior significance with high selectivity and 

sensitivity in the presence of foreign species. It could be speculated that 

green composites apart from its usage in environmental remediation could 

be effective in structural applications as well.  
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Abstract 

The chapter describes the preparation, characterization techniques and 

various biomedical applications of green synthesized nanocomposites. 

Himalayan plants are a major contributor to the herbal pharmaceutical 

industry both of India and other countries. The use of medicinal herbs has 

increased in biomedical applications as they have negligible side effects 

than that of modern synthetic drugs. Green synthesis of nanocomposites 

using plant material is an inexpensive and eco-friendly approach. As single 

component materials cannot satisfy the basic requirements such as 

biocompatibility, biodegradability and appropriate mechanical properties 

for effective therapy. The biomedical use of nanocomposite depends on 

their properties of interaction between the chosen matrix and the filler. In 

the present chapter, the use of green nanocomposites to improve drug 

delivery, targeted drug delivery to cells, co-delivery of drugs for combined 

treatment and visualization and biodistribution of the therapeutic agents 

with imaging modalities has been employed successfully for treating 

cancer. 
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1.1 Cancer 

Cancer is a group of diseases involving abnormal cell growth having the 

potential to invade other parts of the body. It has become a big threat to 

human beings globally and also major causes of death in developed 

countries, together with cardiac and cerebrovascular diseases (Velusamy et

al., 2016). Cancer is a major public health problem worldwide and is the 

second leading cause of death in the United States. Around 1,688,780 new 

cancer cases and 600,920 cancer deaths occurred in the United States in 

2017.  In men, the cancer incidence rate is 20% higher and the cancer death 

rate is 40% higher than in women (Siegel et al., 2017). The world’s 

population is expected to be 7.5 billion by 2020 and it is predicted that 

about 15.0 million new cancer cases will be diagnosed with the deaths of 

about 12.0 million cancer patients in India (Ali et al., 2011). It has been 

predicted by the International Agency for Research on Cancer 

GLOBOCAN that in India cancer burden will nearly double in the next 20 

years. So, from a million new cases in 2012 to more than 1·7 million by 

2035 (Ferlay et al., 2015). The cancer treatment is targeted at its 

proliferation potential and its ability to metastasize, and hence the majority 

of treatments are targeted at rapidly dividing cells and at molecular targets 

that represent the bulk of the tumor. The type of treatment depends on the 

type of cancer and its stage (Reya et al., 2001). The most common types of 

cancer treatments are surgery, chemotherapy, radiation therapy, and many 

others. Current therapies may treat cancer, but all these are limited due to 

their side effects. 

1.2  Nanobiotechnology and Cancer treatment 

A nanotechnology-based therapeutics is an essential tool for improving 

efficacy and safety of cancer treatments it has become one of the most 

promising technologies for treating and diagnosing cancer. Nano-strategies 

has been shown to improve delivery of weakly water soluble drugs, longer 
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circulating lifetime of drugs in the body, targeted drugs delivery to cells, 

co-delivery of drugs for combined treatment and visualization of sites of 

drug delivery (Chen et al., 2015). Nanotechnology alters electrical, 

magnetic, structural, morphological, chemical, and physical properties of 

nanomaterials which are comparable in size to naturally occurring 

biomolecules that makes them applicable for biological applications. Thus 

nanomaterials have the potential to be used in medicine and especially in 

the area of cancer. Quantum dots (QD), gold nanoparticles, magnetic 

nanoparticles, carbon nanotubes, gold nanowires are the `nanostructures 

that have been developed from the past few years which can be used as 

biomarkers for cancer detection. Biomarkers in relation to nanotechnology 

and biosensors have opened up a new era of early cancer diagnosis and 

precise drug delivery (Choi, et al., 2010). 

1.3 Green Nanotechnology 

Nature has a stake of comrades to help the developing world that is 

tending to several diseases. Consumption of naturally available plant 

derived products has been used to prevent as well as treat various diseases 

for many centuries by mankind. The natural compounds present in the 

plants, namely phytochemicals has been extensively exploited for its 

anticancer property. Green nanobiotechnology means synthesizing 

nanoparticles or nanomaterials using biological routes such as those 

involving microorganisms, plants, and viruses or their byproducts, such as 

proteins and lipids, with the help of various biotechnological tools. The 

principles of green chemistry can be applied to produce safer and more 

sustainable nanomaterials and more efficient and sustainable nano-

manufacturing processes. Plants have shown great potential to accumulate 

heavy metal and detoxification (Yang et al., 2005). It has been shown that 

the metal nanoformulations produced by plants are more stable in 
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comparison with those produced by other organisms. Plants (especially 

plant extracts) can reduce metal ions faster than fungi or bacteria. 

Furthermore, in order to use an easy and safe green method in scale-up and 

industrial production of well-dispersed metal nanoparticles, using plant 

extracts is a better approach (Iravani, 2011). 

Nanoparticles/nanocomposite synthesized by chemical and physical 

approaches are expensive and harmful to the environment. Therefore, there 

is a need for biodegradable and biocompatible material for the synthesis of 

nano-formulations with enhanced target specificity and effective drug 

delivery system (Dziadek et al., 2017). Plants have a unique property of 

heavy metal tolerance that can be exploited for nanoparticles synthesis. 

Plant-mediated synthesis of nanoparticles is conferred due to the presence 

of biomolecules such as proteins, amino acids, vitamins, polysaccharides, 

polyphenols, terpenoids etc. These molecules also stabilize the 

nanoparticles formed with desired size and shape. Studies have indicated 

that biomolecules not only play a role in reducing the ions to the nanosize, 

but also play an important role in the capping of nanoparticles (Collera-

Zuniga et al., 2005). Zinc oxide nanocomposite has been synthesised using 

seaweed Sargassum muticum water extract and hyaluronan biopolymer 

(HA/ZnO nanocomposite). In vitro cytotoxicity assay depicted significant 

toxicity of HA/ZnO nanocomposite towards pancreatic adenocarcinoma 

(PANC-1), ovarian adenocarcinoma (CaOV-3), colonic adenocarcinoma 

(COLO205) and acute promyelocytic leukemia (HL-60), but no toxicity 

was exhibited towards normal human lung fibroblast (MRC-5) cell line 

(Namvar et al., 2016). Another green nanocomposite has been synthesized 

by encapsulating chlorophyll (Chl) extracted from vegetables into polymer 

(pluronic F68, Plu) micelles. It has been shown that Chl encapsulated 

nanocomposite could be used for cancer imaging after vein injection or oral 

administration. The Chl encapsulated nanocomposite also exhibited 
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therapeutic effects as mouse melanoma tumours were eliminated after 15 

days of irradiation via intratumorally injected nanocomposites mainly due 

to photothermal and photodynamic properties of Chl (Chu et al., 2014). 

Recently, graphene and graphene-based materials have been used 

increasingly for various biological applications due to their extraordinary 

physicochemical properties. Silver doped highly reduced graphene oxide 

nanocomposites (PGE-HRG-Ag) were synthesized by using Pulicaria 

glutinosa extract (PGE) as a reducing agent. The PGE-HRG-Ag 

nanocomposite was able to induce apoptotic pathways and were more toxic 

than the standard drug in A549 cells (lung adenocarcinomas) (Khan et al., 

2016). Similarly, gold-reduced graphene oxide (Au- rGO) nanocomposite 

was developed using the fruit of Piper pedicellatum  and was found to be 

cytotoxic towards PC3 (human prostate carcinoma cell line) and RWPE-

1(non-malignant human prostate epithelial cells) (Saikia et al., 2016). 

Further, reduced graphene oxide–silver nanoparticle nanocomposites 

(rGO–Ag) were synthesized using R-phycoerythrin (RPE) and were shown 

to mediate cell death in human ovarian cancer cells (A2780 cell line) via 

apoptosis (Gurunathan et al., 2015). The green graphene oxide–metal 

nanocomposites synthesised by using a black pepper extract have been 

shown to detect epidermal growth factor receptor, a biomarker for cancer 

detection (Ali et al., 2017).  

1.4 Different methods for synthesizing green nanocomposite. 

Various methods of formulating novel nanocomposites with desired 

properties and functions have been developed. These methods produce 

materials in which the unique properties of the nanoparticles were 

preserved. These methods can be classified into two general approaches; as 

direct compounding, and in situ synthesis. The direct compounding refers 

to the mixing of already synthesised nanomaterials and polymers followed 
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by blending using a different method. Different techniques applied for 

blending are solvent casting, melt blending, template synthesis, 

electrospinning and self-assembly. In situ polymer nanocomposite 

synthesis involves a combination of precursors of nanocomposite (metal 

ions for nanomaterials or monomers for polymer) leading to the generation 

of nano-entity. These reactions can be catalyzed with heat, radiation or an 

agent initiator (Nadagouda., 2012). The biological synthesis of 

nanoparticles/nanocomposite using plant tissue extracts is a suitable 

alternative to chemical procedures and physical methods as discussed 

above. Green Synthesis of nanoformulations using plant extracts is very 

cost effective and efficient.  

Synthesis of nanocomposite using a biological method has been shown 

in Fig. 1. The method includes the choice of solvent, an ecofriendly 

reducing agent, and a nontoxic material as a capping agent for stabilization 

of synthesized nanocomposite (Mohanpuria et al., 2008; Ingale and 

Chaudhari, 2013). The pH of the solution, temperature, the concentration of 

extracts, the concentration of the raw materials used, size, and method 

followed for the synthesis process are various factors that affect the 

synthesis of nanoparticles/nanocomposite.  (Baker et al., 2013). Target 

specific NPs might change the stability, solubility, and pharmacokinetic 

properties of the carried drugs and shelf life, aggregation, leakage, and 

toxicity of materials that were used to make nanoparticles (Jain et al., 2011; 

Kendall and Holgate, 2012).  
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Figure 1: Scheme for biosynthesis of green nanocomposite 

1.5 Characterization techniques for green nanocomposite  

Many different nanoparticles/nanocomposite characterization techniques 

are available. The techniques include thermogravimetric analysis (TGA), 

FT-IR differential scanning calorimetry, transmission electron microscopy 

(TEM), scanning electron microscopy (SEM), X - ray diffraction (XRD), 

nuclear magnetic resonance (NMR), IR spectroscopy, Raman spectroscopy, 

X-ray photoelectron spectroscopy, dielectric relaxation spectroscopy, 

atomic force microscopy, electron spin resonance, continuous - wave and 

pulsed ESR spectroscopy, etc. (Bana and Banthia, (2009); Sain and 

Oksman , 2014). 

Nanoparticles/nanocomposites synthesized using biological methods or 

green technology have diverse natures, with greater stability and 

appropriate dimensions since they are synthesized using a one-step 

procedure. Various undesirable processing conditions are thus eliminated 

by allowing the synthesis to proceed at physiological temperatures, pH, 

pressure, and, at the same time, a negligible cost (Ingale and Chaudhari, 

2013).  Thus, specific characterization techniques may be employed to 

characterize the physiochemical components of the synthesized 

nanoformulations. 
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1.6 Applications of the green nanocomposite in cancer therapy and 

detection 

The green synthesis of nanocomposite from plants sources has become 

an emerging field due to their safer, eco-friendly, simple, fast, energy 

efficient, low cost and less toxic nature. The applications of green 

nanocomposite include cellular visualization, targeted drug delivery, anti-

cancer activity, photo-thermal therapy for cancer.  

1.6.1 Nanotechnological Approaches for Screening of Cancer 

The number of research developments in the nanotechnology area has 

been conducted to utilize nanomaterials to detect cancers at early stages. 

Nanomaterials have unique physical, optical and electrical properties that 

have proven to be very useful in sensing. Quantum dots, gold 

nanoparticles, carbon nanotubes, gold nanowires and proteins, antibody 

fragments, DNA fragments, and RNA fragments have been served as 

cancer biomarkers that have been used as targets in cancer detection and 

monitoring (Lungu et al., 1995; Choi et al., 2010). 

The nanocomposites containing biomarkers especially antibodies/ 

antigens are generally termed as immunosensors. Martirosyan et al., 2009 

has developed a biodegradable nanocomposite of poly (methyl 

methacrylate) with single-walled carbon nanotubes (SWCNT) to visualize 

the precise location of radioactive titanium seeds by using magnetic 

resonance imaging (MRI). The nanocomposite was used as an 

encapsulating material containing cobalt based and gadolinium-based 

contrast agents for monitoring and treatment of prostate cancer. 

(Martirosyan et al., 2009).    

Deng et al., has developed a novel aptamer-guided nanocomposite 

consisting of mesoporous metal-organic frameworks (MOFs) based on iron 

(III) carboxylate materials and up-conversion luminescent 
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NaYF4:Yb3+/Er3+nanoparticles (UCNPs) core. Anticancer aptamer AS1411 

(a 26-mer guanine-rich oligonucleotide), was used for targeting cancer cells 

and enhancing intracellular uptake, since it has an affinity for nucleolin, a 

tumor cells specific membrane receptor. The 5’ end of AS1411 aptamer 

was conjugated to fluorescein isothiocyanate for fluorescence labelling. 

The doxorubicin (DOX) loaded UCNPs@MOF nanocomposite showed 

specificity towards cancer cells, enhanced cellular internalization and 

unique up-converting green emission under laser excitation at 980 nm 

(Deng et al., 2015).   

The reduced graphene oxide silver (RGO–Ag) nanocomposite was 

prepared utilizing the extract of a medicinal mushroom, Ganoderma 

lucidum. The green and one-step synthesis approaches were developed for 

the formulation of RGO-Ag nanocomposite that can be utilized for the 

detection of H2O2, an important biomarker for cancer progression (Bai et 

al., 2016). 

A multifunctional nanoparticle with biomolecules conjugated to QDs 

have been used in cancer detection and targeted drug delivery. (Rosenthal 

et al., 2011) Cadmium telluride (CdTe) QD-attached nanogels (QD-NGs) 

were found to be another type of nanoformulation with potential drug 

delivery and cell imaging abilities. Nanogels were synthesized using 

lysozyme and carboxymethylcellulose. The cellular uptake indicated that 

the QDs-NGs can protect QDsfrom decomposition in cytoplasm and retain 

the native fluorescence intensity. MTT assay demonstrated that the QDs-

NGs greatly decreased the cytotoxicity of the QDs. Moreover, the 

methotrexate (MTX) loaded QDs-NGs distinctly enhanced the availability 

of drug. The QDs-NGs are potential nanocarriers for the cell imaging and 

drug delivery (Li et al., 2015). 



�

����

Additionally, Bwatanglang et al., synthesized a green nanocomposite by 

encapsulating luminescent Mn:ZnS quantum dots (QDs) in chitosan and 

conjugated to folic acid (FA) for specific targeting of folate receptor (FR) 

expressing cancer cells. The cell viability and proliferation studies 

demonstrated that the synthesized composites do not exhibit any toxicity 

toward the human breast cell lines. The in vitro fluorescence imaging 

studies showed that the composite conjugated with FA demonstrated 

specific attachment towards human breast cancer lines (MCF-7 and MDA-

MB-231) that expressed FRs and are emitting fluorescence from the QDs. 

Therefore, this nanocomposite can be used as a theranostic agent for 

simultaneous targeted drug delivery and cellular imaging (Bwatanglang et 

al., 2016). 

Another nano-formulation was fabricated through complexing 

dimethylmaleic acid (DMMA) and PEG functionalized poly(allyamine) 

(PEG-(PAH/DMMA)) with cisplatin(IV) prodrug covalently functionalized 

carbon dots (CDs-Pt(IV)) by electrostatic interaction. This CDs-

Pt(IV)@PEG-(PAH/DMMA) carrier was tumor extracellular 

microenvironment-sensitive prepared for image-guided drug delivery. In 

vivo experiments of these CDs exhibited high tumor inhibition ability and 

minimal side effects (Feng et al., 2016).  

1.6.2 Green nanocarriers for drug delivery system for cancer cells 

targeting 

Nanocarriers, owing to their high surface area to volume ratio, have the 

ability to alter basic properties and bioactivity of drugs. Improved 

pharmacokinetics and biodistribution, decreased toxicities, improved 

solubility and stability, controlled release and site-specific delivery of 

therapeutic agents are some of the features that nanocarriers can 

incorporate in drug delivery systems. The common carriers that were 
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employed ranged from micelles with the polymeric base, dendrimers, 

liposomes and nanoparticles. The phytochemicals were found to become 

more soluble when delivered by the nanocarriers and exhibited a 

remarkable effect on the cancer cells compared to its free form. 

1.6.2.1. Polymeric nanocomposite as a drug delivery system 

Polymers, both natural and synthetic, due to their versatility and 

characteristics have been widely used in the development of a drug delivery 

system. Natural polymers are highly biocompatible and biodegradable and 

present functional groups (e.g., -OH, -NH2) that can be easily modified 

(Ulery et al., 2011). Synthetic polymers, in turn, have the possibility of 

being prepared with tailored compositions, and their properties can be 

easily adjusted, to match a specific application (Nair and Laurencin, 2005).  

Polymer nanocomposite consist of polymer or copolymer with 

nanoparticles dispersed in the polymer matrix which is the one way to 

decrease toxicity and increase safety of the loaded drugs. 

The bioabsorbable materials that are commonly used in cancer therapy 

are polyesters, polyanhydrides, polyphosphoesters, polysaccharides 

(chitosan, dextran, hyaluronic acid), and proteins (albumin, gelatin). The 

aliphatic polyester poly(lactic acid) (PLA), the copolymer poly(lactic-co-

glycolic acid) (PLGA), and poly(�-caprolactone) (PCL) are by far the most 

used bioabsorbable synthetic polymers in the biomedical field (Ratner et 

al., 2004).  

A conventional radical polymerization technique was used to prepare 

nanogel from dextrin and poly(lactide) by using a homo-bifunctional cross-

linker. In vitro cytocompatibility studies against human mesenchymal stem 

cells (hMSCs) proposed that the native nanogel had nontoxic effects on 

cancer cells, while doxorubicin (DOX)-loaded nanogels demonstrated high 

toxicity toward MG 63 cancer cells (Human osteosarcoma cell lines) (Das 
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et al., 2016). A novel reactive oxygen species-cleavable diblock polymer 

was prepared with hydrophilic PEG shells and a hydrophobic PLGA core. 

This new nanocompound with high stability, efficient drug delivery, 

excellent sensitivity, and good compatibility has been used for cancer 

chemotherapy (Li et al., 2016) 

Chen et al synthesized biodegradable tricomponent graft copolymers, 

chitosan-PCL-PEG (chitosan�poly(��caprolactone)�poly(ethylene glycol) 

(CPP)) using paclitaxel and rutin as model drugs for the evaluation of the 

controlled released capacity of copolymers (Chen et al., 2011). 

Tu et al prepared QC/BSA, QC-REC/BSA and QC-REC/BSA/DOX 

nanoparticles (Quaternized chitosan –Bovine Serum Albumin – Rectorite) 

and concluded that the release of doxorubicin was effectively decreased 

with the addition of REC, decreasing more in basic conditions (stimulated 

intestinal fluid) than in the acidic conditions (stimulated gastric fluid) (Tu 

et al., 2015). 

The choice of polymers for drug conjugation is very critical. Polymers 

must be water-soluble with functional groups for covalent attachment of 

the drugs. The simplest form of polymer-drug conjugates is the attachment 

of poly(ethylenne glycol) (PEG) to drugs, a process known as pegylation. 

Various proteins therapeutics have been modified by PEG to improve 

proteins' solubility and reduce immunogenicity. Polymeric nanocomposites 

consist of a combination of polymers and nanofillers, which are used to 

support the polymer and to provide better characteristics. Polymeric 

nanocomposites are of two types, carbon nanotubes (CNTs) and layered 

silicates, in which they differ in the nanofillers used (Bhattacharya et al., 

2008). Drug delivery using polymers as matrix/ encapsulation material 

involves the embedding of the NPs within organic particles that serve as 

delivery vectors for the drugs. EPR effect can facilitate the enhanced and 
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targeted drug delivery inside tumors. Drug circulation time and cancer 

specificity can be further enhanced by encapsulation of the NPs by 

polymers with active targeting biomarkers. 

It has been shown that Her–Fe3O4@PLGA–PVP (HER-2 ligand 

conjugated, Poly-Vinyl-Pyrrolidone (PVP) stabilized core-shell iron oxide 

nanocomposite), nanocomposites facilitated the encapsulation of 

Tamoxifen. Nanocomposite recognized the target breast cancer cells 

through binding of Herceptin antibody to HER2, a cell surface receptor 

expressed by to promote HER2 receptor mediated endocytosis and induced 

apoptosis in breast cancer cells (Vivek R, 2016).  

Green synthesis of CNTs was shown to be green catalyst-assisted to 

overcome the cytotoxic effect of metals. The synthesis has been shown to 

be non-toxic in nature as green catalysts used were organic compounds 

and were free from metal impurities. An eco-friendly and safe graphene 

nanosheet–CNT–iron oxide (GN–CNT–Fe823O) NP hybrid has been used 

as a new composite for attaching and carrying antitumor drugs (Fan et al., 

2013) Additionaly, a transactivator of transcription (TAT) peptide was 

conjugated to chitosan followed by addition of multiwalled CNTs 

(MWCNTs). The TAT–chitosan-conjugated MWCNTs (MWCNTs-TC) 

showed significant promising properties, such as water solubility, low 

toxicity, cell-penetrating capability, and accumulation in tumors (Dong et 

al., 2015).  

PEG 2000N modified Fe3O4@carbon quantum dots (CQDs) coated 

SWNTs were fabricated. These magnetofluorescent SWCNTs-PEG-

Fe3O4@CQDs were conjugated with a sgc8c aptamer and doxorubicin for 

targeted dual modal fluorescence/magnetic resonance imaging, for 

inducing photodynamic and photothermal ablations, and was found to 

release DOX following irradiation with pH/NIR laser (Zhang et al., 2018). 
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It has been shown in our previous work that nanocomposite of pectin-

guar gum- zinc oxide prepared by coprecipitation method (Fig. 2) acts as a 

immunostimulator of human peripheral-blood lymphocyte thus increasing 

their cytotoxicity towards lung cancer (A549 cell lines) and breast cancer 

cells (MCF-7 cell lines). It was also concluded that with increase in 

effector: target ratios from 2.5:1 to 20:1 there was increase in cancer cell 

death (Hira et al., 2018) 

Figure 2: Synthesis and immunomodulatory potential of pectin-guar gum-zinc 

oxide nanocomposite (Hira et al., 2018) 

1.6.2.2. Liposomal nanocarriers as drug delivery for cancer  

Liposomes have been widely used as a carrier for delivering both in vitro 

and  in vivo (Deng et al., 2013) Since their bilayer membrane structure is 

similar to cell membrane composing of lipid and cholesterol molecules, 

liposomes exhibit a number of unique characteristics such as good 

biocompatibility and biodegradability. Particularly, the hydrophilic drugs 
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can be encapsulated into the hydrophilous core and hydrophobic drugs into 

the lipid bilayer (Allen and Cullis, 2013).  Kang et al., reported the 

synthesis of lipid-coated gold nanocomposites using thermosensitive 

phospholipids onto the surface of anisotropic gold nanoparticles 

(AuNPs).These lipid-coated nanohybrids were loaded with the drug 

docetaxel (DTX)  by a thin-film formation, hydration, and sonication 

method. The results showed that DTX-loaded anionic lipid-coated gold 

nanorod (AL_AuNR_DTX) and cationic lipid-coated gold nanoparticle 

(CL_AuNP_DTX) possess effective anticancer abilities (Kang and Ko, 

2015). 

Rengan et al., 2015, has reported that the liposome gold nanoparticles 

(LiposAu NPs) were capable of killing MCF-7 (breast) and HT1080 

(fibrosarcoma) cancer cells through photothermal therapy. The 

pharmacokinetic study of LiposAu NPs performed in a small animal model 

indicates in situ degradation in hepatocytes and further getting cleared 

through the hepato-biliary and renal route (Rengan, et al., 2015) 

1.6.2.3. Micelles as the drug delivery system 

Polymeric micelles, core–shell-type nanoparticles formed through the 

self-assembly of block copolymers, are one of the most promising 

nanocarriers. The release rate and drug incorporation efficiency can be 

altered by designing the constituent block copolymers because of their 

critical features such as size, stability. Indocyanine green (ICG) was 

encapsulated in the core of a polymeric micelle, which self-assembled from 

ampiphilic PEG-polypeptide hybrid triblock copolymers of poly(ethylene 

glycol)-b-poly(L-lysine)-b-poly(L-leucine) (PEG-PLL-PLLeu), with 

PLLeu as the hydrophobic core and PEG as the hydrophilic shell. PEG-

PLL-PLLeu-ICG micelles displayed high cellular uptake rate, passive 

tumor targeting and long circulation time under in vivo conditions. Besides 
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its application in tumor diagnosis and imaging, PEG-PLL-PLLeu-ICG also 

exhibited utility in tumor photothermal therapy (Wu et al., 2013). 

Drug conjugated micellar constructs were fabricated using triblock 

dendron-linear polymer conjugates where a hydrophilic linear polyethylene 

glycol (PEG) chain was flanked by well-defined hydrophobic 

biodegradable polyester dendrons bearing an antiangiogenic drug, 

combretastatin-A4 (CA4). The hydrophobic-hydrophilic-hydrophobic 

character of these constructs made them suitable for passive tumor 

targeting through enhanced permeability and retention (EPR) effect thus 

acting as controlled drug delivery agents (Sumer et al., 2016).  

Conclusions 

Nanomedicine plays an essential role in developing alternative and more 

effective treatment strategies for cancer theranostics. The green synthesis 

of nanocomposites from plants and microbial sources has become an 

emerging field due to their safer, eco-friendly, simple, fast, energy 

efficient, low cost and less toxic nature. Green nanotechnology-driven drug 

delivery systems, receive great attention in the biomedical research area. 

Cancer is one of the most common health problems responsible for 

outnumbered deaths worldwide. The present chapter discussed the use of 

green chemistry design, and application principles and eco-friendly 

synthesis techniques of green nanocomposite for the treatment of cancer 

with low side effects. Green nanoformulations are effective in the diagnosis 

of tumor at the initial stage by allowing cellular visualization. Furthermore, 

prospective applications of green nanocomposite include targeted drug 

delivery, anti-cancer activity, photo-thermal therapy and bio-imaging. The 

present chapter provides perspective on the use of anti-cancer green 

bionanomaterials with a focus on their present status and prospects in the 

theranostics of cancer.  
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Abstract 

Hydrogels are three-dimensional high molecular weight materials. These 

are also known as crosslinked polymeric networks which have the capacity 

to hold water or biological fluids within its porous structure without getting 

disintegrated. These are also called as super absorbents because they can 

absorb water more than 90%. In 1960, first time hydrogel was synthesized 

the based on 2-hydroxymethylmethacrylate and ethylene dimethacrylate. 

This copolymer was used in ophthalmology. Such properties are because of 

presence of functional groups like –OH, –COOH, –CONH2 and –SO3H. 

Maximum biocompatible materials can be synthesized through hydrogels 

because they look like natural tissues. They have high absorption capacity, 

smoothness, elasticity and low interfacial tension with solutions which 

makes it worthy for that. They are also called as smart materials because 

they can react with modification in external environments such as 

physiological pH, ionic strength, temperature and electric currents. These 

three-dimensional hydrophilic networks have been used extensively in 

various fields including biomedical, pharmaceutical, agriculture, 

horticulture and waste-water treatment.  
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Classification of hydrogels  

Hydrogels can be classified on the basis of their source of origin, 

monomer composition, structure and ionic charges. 

Classification based on origin of source 

Natural hydrogels 

Hydrogels derived from natural backbones are termed as natural 

hydrogels e.g. Gum xanthan, Guar gum, Psyllium,Gum acacia. 

Synthetic hydrogels 

Synthetic hydrogels are derived from synthetic monomers or polymers. 

For example poly(vinylalcohol), poly(acrylicacid), poly(hydroxyethyl 

methacrylate) and poly(vinylacetate). 

Classification based on monomer composition 

Homopolymer hydrogels 

These hydrogels are referred to polymer network derived from a basic 

structural unit i.e. monomer. Homopolymers can be crosslinked according 

to the nature of the monomer and polymerization method used. For 

example poly(2-hydroxypropylmethacrylate), poly(2-hydroxyethyl 

methacrylate), poly(ethylene glycol), poly(acrylonitrile), poly(acrylamide) 

and poly(crotonic acid). 

Copolymer hydrogels 

Hydrogels of these types have two or more different monomeric units 

and atleast one of the monomers is hydrophilic in nature. These hydrogels 

exist in different arrangements for example random, block and alternative 

on the basis of main polymeric chain. Triblock hydrogel of poly(ethylene 

glycol)-poly(�-caprolactone)-poly(ethyleneglycol) has been prepared by 

some researcher and used it for drug delivery system. 
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Interpenetrating Polymeric Hydrogels (IPN) 

These hydrogels comprise of two unrestricted polymeric networks. In 

this case, one of the polymeric networks swells within the network of other 

and resulted the development of IPN possessing cross-linked uncross-

linked components. 

Classification based on structure 

Amorphous hydrogels 

These types of hydrogels are optically transparent isotropic networks 

with unsystematically arranged polymeric chains. The amorphous hydrogel 

network contained non-homogenous arrangements. They undergo 

transformation between two phases i.e. from rubbery to glassy state without 

any demarcation at temperature conditions. Because of such properties, 

these materials are used in biomedical applications requiring optical 

transmittance. 

Semi-crystalline hydrogels 

They consist of complex mixtures of amorphous and crystalline phases 

with compressed areas of arranged polymeric chains. In these materials, 

semi-crystalline polymers are immersed in an aqueous medium resulting in 

the swelling of amorphous regions without any effect on the crystalline 

part. 

Classification based on charge 

Neutral Hydrogels 

Hydrogels consists of neutral monomeric units are known as neutral 

hydrogels. Crosslinked monomeric units to form three-dimensional 

networks might be homopolymeric or copolymeric in nature. Some 

examples of these type of hydrogels are poly(acrylamide) derivatives, 

poly(N-vinyl caprolactam) and poly(N-vinyl pyrrolidinone). 
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Ionic Hydrogels 

Monomers with negative and positive charge used to prepare these 

hydrogels. They can be made through changes in neutral polymers by 

adding additional of polyelectrolytes. 

Anionic hydrogels 

These are homopolymers or copolymers of negatively charged acidic or 

anionic monomers. Nonionic hydrogels can be converted into anionic 

hydrogels through modification like partial hydrolysis with poly(hydroxyl 

alkyl methacrylates) or by using additional polyanions. The swelling ratio 

of anionic hydrogels increases with increase in pH. For example 

poly(crotonic acid) and poly(acrylicacid). 

Cationic hydrogels 

Cationic hydrogels are the homopolymers or copolymers of positively 

charged basic or cationic monomers. These hydrogels can also be 

synthesized by the modifications of the existing neutral hydrogels. 

Examples of cationic hydrogels are poly(4-vinyl pyridine) and 

poly(aminoethyl methacrylate). 

Ampholytic Hydrogels 

Hydrogels with both cationic and anionic monomeric units are called 

ampholytic hydrogels. Proteins have positive charge below than its 

isoelectric point and estimated to react with hydrocolloids with negative 

charge to get polyion complex hydrogels. 

Metals with relatively densities and atomic weight are known as heavy 

metals. These metals are less reactive than lighter metals and have less 

soluble sulfides and hydroxides. These metals are using in nearly all 

aspects of life such as in electronic components, electrodes, and wiring, 

solar panels, diagnostic imaging, electron microscopy, nuclear science, 
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colour of glass, ceramic glazes, paints, pigments, and plastics, etc. Heavy 

metals have serious toxic effects also such as cancer, brain damage, skin 

and other body parts damage. So, many researchers are working to remove 

heavy metal ions from the environment. 

In this chapter synthesis of zirconium-tungstoiodophosphate based multi-

component ion exchangers by incorporating into crosslinked graft 

copolymers and various parameters such as ion-exchange capacity, thermal 

stability, pH, chemical stability and distribution studies were studied. Ion-

exchangers were characterized using FT-IR, SEM and XRD. Further, they 

have been evaluated for their thermal behaviorusing TGA/DTA/DTG 

techniques. After that, synthesized sample has been used to remove heavy 

metal ions. 

GrA-cl-poly(AAm)-ZTIP was synthesized under pressure reaction 

condition and it showed ion exchange capacity 1.9 meqg-1. Effect of 

temperature on ion exchange capacity was studied and it was observed that 

hybrid cation exchanger found to possessed higher thermal stability and 

could retain ion-exchange capacity 0.12 meqg-1 at 160oC in GrA-cl-

poly(AAm)-ZTIP-UP, respectively. pH titration studies were done with 

NaCl-NaOH and KCl-KOH solutions and it was observed that cation 

exchangers synthesized under different reaction conditions are strong 

exchangers. This study was done with different chemical solutions to find 

out the effect of ion exchange capacity of the cation exchangers and it was 

observed that the synthesized cation exchangers are quite stable in water, 

fairly stable with acids of moderate concentration and unstable in basic 

solutions. Distribution studies clearly showed that the cation exchangers 

were found to possess high preference in Kd values in the following order 

Pb+2> Cd+2> Ca+2> Mg+2 in DMW and hence considered to be selective for 

Pb(II).  
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FTIR spectrum of GrA-cl-poly(AAm)-ZTIP cation exchanger revealed 

that peak at 3193.27 cm-1 was due to the grafting of poly(acrylamide) 

chains containing –NH functional groups. Peaks at 1655.09 cm-1 and at 

1316.36 cm-1 were due to –C=O stretching and –NH bending of an amide 

group, respectively. FTIR spectrum of cation exchanger also revealed the 

presence of  PO4
3-, IO3

-, WO4
2- and ZrO groups by exhibiting a peak at 

1070.90 cm-1, 810.72 cm-1, 612.73 cm-1 and 494.90 cm-1, respectively. 

Cation exchanger showed coherence length more than Gum rosin and less 

than reduced Gum rosin which indicated semi-crystalline nature of the 

sample. SEM showed changes in the surface morphology which confirmed 

the functionalization of crosslinked graft copolymers with inorganic 

materials (zirconium-tungstoiodophosphate). Thermal studies of cation 

exchanger showed that it has good thermal stability due to the 

functionalization of crosslinked graft copolymers with zirconium-

tungstoiodophosphate inorganic materials. IDT of synthesized cation 

exchangers under pressure was at 186.8 oC and FDT was also observed at 

743.3 oC, respectively. TGA data was also confirmed by DTA and DTG 

results.  

Biodegradation of ion-exchangers were studied using soil composting 

method and soil burial methods. It was observed that Gum rosin was not 

degraded but derivatized Gum rosin degraded completely within 7days. 

Zirconium(iv)tungstoiodophophate ion-exchanger was found to degrade to 

the extent of 71.34% after 70 days. 

In soil burial method, ion-exchangers synthesized under pressure 

conditions GrA-cl-poly(AAm)-ZTIP-UP showed 65.28% degradation, after 

70 days. 

Biodegradation through soil burial was found to show lower weight loss 

in comparison to the composting method. This can be explained on the 
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basis that soil contains a lesser number of essential micro-organism 

colonies required for the biodegradation of the samples, in comparison to 

the active species of microorganism present in the compost. 

The % organic carbon was 0.70%, and 0.74% in control soil and GrA-cl-

poly(AAm)-ZTIP-UP, respectively. Thus, % organic carbon was observed 

higher in polymer degraded samples than control soil sample. Phosphorus 

and potassium components in control soil sample have been observed 16.9 

gm-2 and 29.1 gm-2, respectively, whereas, in polymer degraded samples it 

was found to be in the range of 10.3 gm-2 and 25.8 gm-2, respectively. 

1.1 Introduction 

This chapter deals with the synthesis and characterization of GrA-cl-

poly(AAm)-ZTIP crosslinked ion-exchanger synthesized by graft 

copolymerization using zirconium-tungustoiodophosphate as 

multicomponent ions with acrylamide-N’N-methylene bisacrylamide 

monomer-crosslinker system onto derivatized Gum rosin with potassium 

persulphate as an initiator in-air reaction condition. Various parameters 

such as ion-exchange capacity, thermal stability, pH, chemical stability and 

distribution studies were studied.  

Ion exchangers play prominent role in water processing and chemical 

industries. During last 2-3 decades, many researchers focused on the 

synthesis of different types of ion-exchangers. The term ion-exchange 

denotes the processes of decontamination of aqueous solutions with solid 

ion exchangers. Topp and Pepper (1949) studied cation-exchange 

properties due to the presence of strongly acidic -SO3H, weakly acidic -

COOH or very weak phenolic -OH group. However, in case of anion-

exchanger weakly basic amino groups are responsible for anion-exchange. 

Hu and Peter (1998) synthesized zirconia based polymeric cation 

exchangers for the HPLC analysis of proteins. Tetravalent metal acid salts 
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derivatized by organic moieties in the presence of such groups –OH, –

COOH, –SO3H and –NH into organo–inorganic ion exchangers. A 

polymeric ion-exchanger is an interesting material, because it has good 

mechanical stability. Alberti et al. (1979) synthesized zirconium bis-

(carboxymethanephosphonate) and studied its properties. Khan and Alam 

(2003) synthesized polymeric ion exchanger,polyanilineSn(IV) 

tungstoarsenate, with high ion-exchange capacity and stability. Poly(methyl 

methacrylate) Zr(1V)phosphate ion-exchanger was prepared by methyl 

methacrylate and Zr(IV) phosphate (Siddiqui et al., 2007). Many 

researchers worked on masking of the unpleasant taste of drugs using ion-

exchange resins. Sriwongjanya and Bodmeier (1998) observed drug release 

behaviour of ion exchange resins. Kankkunen et al, (2002) studied effect of 

pH-adjusted ion exchange fibers on levodopa drug. Bhise et al, (2008) used 

ion-exchange resins as drug carrier and tastemaker. Junyaprasert and 

Manwiwattanakul (2008) studied the sustained release behaviour of 

diltiazem-resin microcapsules. 

In the present work an attempt has been made to synthesize the 

multicomponent organic-inorganic ion-exchanger GrA-cl-poly(AAm)-

ZTIP ion under pressure reaction condition. 

1.2 Materials and method 

1.2.1 Ion-exchange materials 

Gum rosin (Gr) and potassium persulphate (KPS) were procured from 

Himedia and Sd-Fine Chemicals Pvt. Ltd., respectively. N, N’-methylene-

bis-acrylamide (MBA) and acrylamide (AAm) were purchased from 

MERCK and used as received. Zirconium oxychloride, sodium tungstate, 

potassium iodate and orthophosphoric acid were purchased from Sd-Fine 

Chemicals Pvt. Ltd. Deionized water was used for all types of reactions.  
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1.2.2 Synthesis 

A solution of 0.1 molar zirconium oxychloride was mixed with the 0.5 

molar solution of sodium tungstate, potassium iodate and 1 molar solution 

of orthophosphoric acid, in various volume proportions. Preoptimized 

amounts of potassium persulphate, MBA and AAm were mixed with 

reduced Gum rosin (1g) and taken in a reaction flask. Reaction was 

accomplished at preoptimized temperature for a definite time. After 

completion of reaction the resulting ion-exchanger was cooled to room 

temperature followed by washing with acetone and was dried. The sample 

was placed into distilled water (DW) and finally dried at 40ºC. The sample 

was kept for 24 hours in 1M HNO3 to adapt the hydrogen ion form. Excess 

of acid from the obtained material was removed by washing with DW and 

dried at 40 oC. The resulting organo-inorganic hybrid ion-exchanger GrA-

cl-poly(AAm)-ZTIP was crushed to fine powder (Siddiqui and Khan, 

2007). 

1.3 Physico-chemical properties of ion-exchanger 

1.3.1 Ion exchange capacity (IEC) 

The column process was used to determine the IEC of cation exchanger 

synthesized under pressure, in diverse alkali and alkaline earth metal 

solutions (Table 1). 0.5g ion-exchanger in H+ manner was positioned in 

glass column over the glass wool and excess of acid was removed with 

distilled water from the cation exchanger. 1.0M solution of diverse alkali 

and alkaline earth metal chlorides were used in ion exchanger process. The 

effluent was collected and titrated in contradiction of 1.0M NaOH standard 

solution of using phenolphthalein indicator to determine total H+ ions 

released.   

Maximum IEC for K+ ion was observed to be 1.66 meqg-1 for GrA-cl-

poly(AAm)-ZTIP-UP. The alkali and alkaline metal ions showed the 
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following sequence K+ > Na+ > Li+ and Ca+2 > Mg+2. The trend in IEC 

confirmed that it is dependent upon both ionic radii and hydrated form of 

the ions (Chand et al., 2011).   

Table 1: Ion-exchange capacity of GrA-cl-poly(AAm)-ZTIP-UP with respect to 

various ions 

Exchanging 

Ions  
pH 

Ionic Radii 

(Å) 

Hydrated 

Ionic 

Radii (Å) 

IEC (meqg-

1) 

Li + 7.0 0.68 3.40 0.73 

Na+ 7.0 0.97 2.76 0.89 

K+ 7.0 1.33 2.32 1.93 

Mg2+ 7.0 0.78 7.00 0.81 

Ca2+ 7.0 1.06 6.30 0.95 

where, IEC = maximum ion exchange capacity 

1.3.2 Effect of temperature on ion-exchange capacity 

The consequences of heat on weight and IEC of the cation exchanger 

was studied using hot-air oven in which temperature up to 200 oC was 

maintained. For studying the thermal stability, six equal parts of 0.5 g each 

of the cation exchanger were heated at different temperatures (40-160 oC) 

for one hour in hot-air oven. After heating at specific temperature for a 

fixed time the samples were cooled down to room temperature in desiccator 

and were weighed to find the weight loss. IEC of sample was also 

determined in order to find out the effect of temperature on IECs (Table 2). 

It was detected from the results that hybrid cation exchanger found to 

possessed higher thermal stability and could retain ion-exchange capacity 

0.23meqg-1 at 160oC in GrA-cl-poly(AAm)-ZTIP-UP (Kunhikrishnan and 

Janardanan, 2002). 
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Table 2: Ion exchange capacity of GrA-cl-poly(AAm)-ZTIP-UP after heating at 

different temperatures for 1hr  

Temperature (oC) Change in colour IEC (meqg-1) 

50 Light orange 1.93 

80 Light orange 0.63 

100 Light orange 0.53 

120 Light orange 0.44 

140 Light orange 0.23 

160 Light orange 0.12 

where, IEC = maximum ion-exchange capacity 

1.3.3 pH Titrations 

pH titrations were done by using batch performance (Topp and Pepper, 

1949; Chand et al., 2011) (Table 3, 4). The cation exchanger (0.5g) was 

treated separately using 50 ml NaCl-NaOH and KCl-KOH solutions. 

Samples were prepared by varying NaCl-NaOH and KCl-KOH solution 

ratios. Samples were shaked for 6 hours using Electric Rotary shaker and 

were kept undisturbed for 24 hours to maintain the equilibrium. This was 

followed by the determination of pH of each solution. It was observed that 

cation exchangers synthesized under different reaction conditions are 

strong cation exchangers as showed by the pH value of the solutions at the 

initial stage when no hydroxyl ions were mixed in system. This might be 

due to placing the sample in H+ form in NaOH solution, the ion exchange 

initiates and the solution become acidic. This was further confirmed 

through pH titration curves that showed the monofunctional behavior (Pan 

et al., 2007).    
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Table 3: pH titrations using different NaCl – NaOH solutions through GrA-cl-

poly(AAm)-ZTIP-UP 

NaCl Solution (ml) NaOH Solution (ml) pH Value 

50 0 2.101 

45 5 2.108 

40 10 2.111 

35 15 2.121 

30 20 2.137 

25 25 2.139 

20 30 2.156 

15 35 2.159 

10 40 2.169 

5 45 2.178 

0 50 2.204 

Table 4: pH titration using different KCl – KOH solutions through GrA-cl-

poly(AAm)-ZTIP-UP  

KCl Solution (ml)  KOH Solution (ml)  pH Value 

50 0 2.181 

45 5 2.216 

40 10 2.229 

35 15 2.242 

30 20 2.253 

25 25 2.256 

20 30 2.261 
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15 35 2.268 

10 40 2.278 

5 45 2.288 

0 50 2.305 

 

1.3.4 Chemical stability 

This study was done to find out the consequences of diverse chemical 

solutions on IEC of the cation exchangers. 0.5g of sample was equilibrated 

separately with 25 ml of different chemical solutions for 24 hours. After 

equilibration, filtration and washing of sample was done by purified water. 

It was followed by drying at 40 oC. IEC of the material was observed 

(Reilley et al., 1959; Chand et al., 2011) and it is clear from the Tables 5 

that the synthesized cation exchangers are quite stable in water, acids of 

moderate concentration and unstable in basic solutions as the weight loss 

was observed.  

Table 5: Chemical stability of GrA-cl-poly(AAm)-ZTIP-UP in different 

solutions  

Solution 
Weight Before 

Treatment (g) 

Weight After 

Treatment (g) 

IEC 

(meqg-1) 

DMW 0.50 0.50 1.93 

1M HCl 0.50 0.41 0.48 

2M HCl 0.50 0.35 1.71 

1M HNO3 0.50 0.40 0.50 

2M HNO3 0.50 0.36 1.66 

1M H2SO4 0.50 0.41 0.73 

2M H2SO4 0.50 0.38 2.63 
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1M 

CH3COOH 
0.50 0.36 0.27 

2M 

CH3COOH 
0.50 0.34 1.17 

1M NaOH 0.50 Dissolve Completely - 

2M NaOH 0.50 Dissolve Completely - 

1M KOH 0.50 Dissolve Completely - 

2M KOH 0.50 Dissolve Completely - 

 

1.3.5 Distribution studies 

In case of cation exchangers synthesized under different reaction 

conditions distribution studies are shown in Table 6. 0.5g of each cation 

exchanger sample was treated with 20 ml of diverse metal ion solutions. 

These solutions were shaked for 6hrs to maintain the equilibrium using 

Electric Rotary shaker and afterwards were kept undisturbed for some time 

at room temperature. This was followed by titration of the solution against 

EDTA solution (Reilley et al., 1959). Simultaneously metal ion solutions 

without cation exchanger were also titrated against EDTA solution. The 

distribution coefficient (Kd) values were calculated for different metal ions 

with the help of the following equation: 

 

where, I = burette reading for the different metal ion solutions before 

treatment with a cation exchanger. 

F = burette reading for the different metal ion solutions after treatment 

with a cation exchanger. 

A = capacity of different metal ion solution taken 
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W = weight of the sample 

Distribution studies clearly revealed that the cation exchangers have high 

preference of Kd values in the following order Pb+2> Cd+2 > Ca+2 > Mg+2 in 

DMW and hence considered to be selective for Pb(II) which is a main 

contaminating agent in water. This could be explain on the basis of the 

Donnan membrane effect which is known for the performance of charged 

particles near a semi-permeable membrane which occasionally fail to 

distribute consistently across the dual sides of the membrane. Thus, the 

charged groups in cation exchanger improve permeation of the metal ions 

and significantly uptake the lead (Pan et al., 2007). 

 

Table 6: Kd values of metal ions in DMW using GrA-cl-poly(AAm)-ZTIP-UP  

Metal 

Ion 
Taken as 

Titrated 

against 

Indicato

r used 

Endpoint 

color change 

Kd 

(mLg-1) 

Ca (II) Nitrate EDTA Calcon Red-Blue 38.70 

Mg (II) Nitrate EDTA Erio T Red-Blue 25.00 

Cd (II) Nitrate EDTA Erio T Red-Blue 57.00 

Pb (II) Nitrate EDTA Erio T Violet-Blue 60.00 

where, EDTA = ethylenediaminetetraacetic acid; Kd = distribution coefficient 

1.3.6 Dye adsorption studies  

The adsorption of industrial dyes such as malachite green (MG) and 

methylene blue (MB) was studied by batch experiments. Solutions with 

varied concentrations ranging from 10-50 ppm were prepared. A known 

weight of ion-exchanger sample was placed in 500 mL dye solution and the 

effects of initial concentration of dye, physiological pH, sample 

concentration and temperature on adsorption behaviour were studied. The 

absorbance of dye solution was measured at 618 nm. The amount of dye 
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adsorbed per unit mass of hydrogel (qt) was determined using following 

equation (Shirsath et al., 2013):  

 

where, V = volume of the dye solution, M = the mass of dry hydrogel, C0 

and Ct are the initial and at different time concentrations of dye in mgL-1.  

% dye removal was evaluated by the equation.  

 

where, Co is the initial concentration and Ceq is the equilibrium 

concentration of dyes solutions in mgL-1. 

1.4 Malachite green and methylene blue dyes removal  

Synthesized sample GrA-cl-poly(AAm)-ZTIP cation-exchanger was 

evaluated for its efficiency in the removal of  MG from the water. Different 

parameters like initial concentration of dye, feed concentrations, 

physiological pH and temperature were optimized in order to get the 

maximum uptake of dye through the test sample. 

1.4.1 Effect of initial concentration of dye 

The effect of malachite green and methylene blue dyes were investigated 

by varying the initial concentration of dye from 10-50 ppm. It was 

observed that the percentage dye removal (Figs. 1a-2a) through GrA-cl-

poly(AAm)-ZTIP-UP cation-exchanger decreases from 96%-80.1% and 

95%-73%, respectively. The obtained trends can be due to strong 

electrostatic interaction between functional groups of the GrA-cl-

poly(AAm) and dye molecules resulting in high adsorption and removal. 

Thus, at concentration 10-50 ppm of MG dye, percentage dye removal 

decreases (Zheng et al., 2014). 
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1.4.2 Effect of feed concentration 

The effect of GrA-cl-poly(AAm)-ZTIP dose on the removal of MG dye 

was observed by using different amounts of sample. Percentage dye 

removal was found to increase with increase in feed dose. The higher dye 

removal 96.4% and 95% was obtained with 500mg dose through GrA-cl-

poly(AAm)-ZTIP-UP cation-exchanger (Figs. 1b-2b). It was observed that 

higher amount of sample dose provides a large number of active adsorbent 

sites for the removal of dye (Patel and Patel, 2013). 

1.4.3 Effect of pH of aqueous medium 

The pH of aqueous medium interrupts the external charge of the cation-

exchanger alongwith and adsorption of other ions. The adsorptive process 

also affected by a change of pH through disconnection of functional groups 

on the active spots of the exchanger. Effect of pH on % removal of MG 

with GrA-cl-poly(AAm)-ZTIP cation-exchanger is shown in Figs. 1c-2c. 

GrA-cl-poly(AAm)-ZTIP cation-exchanger prepared in-air had maximum 

adsorption 96% over the pH 7.0. Malachite green becomes protonated at 

lesser pH and deprotonated at greater pH. Since, dye molecules have great 

positive charge density at a lesser pH, so, an electrostatic repulsion 

occurred between the +ve charged exchanger and dye molecule at lower 

pH. Thus, it is comprehended that adsorption increases with rise in pH. 

However, at higher pH (more than 7.0) lower adsorption of dye was found 

because of the presence of an excess of negative ions which forms a screen 

between surface ions and dye ions. Thus, it may be seen that dye removal is 

extreme at pH 7.0 (Iqbal et al., 2007). 

 

 

 



�

����

1.4.4 Effect of temperature 

The effect of temperature on % dye removal has been studied ranging 

from 30 oC–70 oC and results are shown in Figs 1d-2d. Maximum 

percentage dye removal 97% and 96% observed at 30 oC followed by 

decreasing trend at higher temperature as the adsorption process exists as 

an exothermic procedure. It could be clarified basis of solubility of dye; 

adsorbate–adsorbent interactions decreased with increase in solubility and 

resulted in decreased percentage dye removal at a higher temperature. 

Desorption process was also observed at higher temperature (Bajpai et al., 

2012). 

 

Figs 1.0 a-d: (a) Effect of MG dye concentration, (b) Effect of sample dose, (c) 

Effect of pH and (d) Effect of temperature on MG dye removal using GrA-cl-

poly(AAm)-UP 
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Figs. 2.0 a-d: (a) Effect of MB dye concentration, (b) Effect of sample dose, (c) 

Effect of pH and (d) Effect of temperature on MB dye removal using GrA-cl-

poly(AAm)-UP 

1.5 Biodegradation studies of the synthesized hydrogels and ion-

exchangers 

1.5.1 Composting method 

Gum rosin and synthesized crosslinked samples were exposed to 

biodegrade by composting method (Mittal et al., 2013; Saruchi et al., 

2015). The compost was contained in the pots. 10 samples with known 

weights were taken and hidden in the compost at equidistance. As we 

know, the compost contained the diversities of actively developing 

microbial species to degrade the samples. Therefore, aqueous solution from 

the dump release was used regularly to feed the microbial species in the 

compost to preserve the population balance. The aqueous level of the pots 

was sustained in a way that it was just touched to the outside of the 

compost. Water was added at each alternative day to prevent drying 

through evaporation. Weights of polymers were taken at regular interval of 

7days by rinsing with water and drying at 50 oC. Percentage degradation 
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(%D) was calculated as using following equation (Saruchi et al., 2015; 

Sharma et al., 2016). 

where, Wi is initial weight and Wf is and final weight of samples, 

respectively. 

 1.5.2 Soil burial method 

Gum rosin and synthesized samples were exposed to biodegrade by soil 

burial process. The soil for these studies was collected from the garden of 

NIT Jalandhar and the samples were hidden into soil. The water level was 

sustained in a way that it was just touched to the outside of the soil. Water 

was added each day to refill the drying through vaporization. The polymers 

were placed 3cm spaced out in the soil. Weights of polymers were 

observed at each 7 days.  

1.5.3 Biodegradation study using composting method 

Biodegradation of Gum rosin based hydrogels and ion-exchangers were 

studied using soil composting method. No degradation was observed in 

case of Gum rosin because of hydrophobic nature which is mainly due to 

hydrophenanthrene group but derivatized Gum rosin degraded completely 

due to hydrophilic nature within 7 days (Table 6). Ion-exchanger prepared 

under pressure condition with zirconium(iv)tungstoiodophophate was 

found to degrade to the extent of 71.34% after 70 days (Table 6, Fig. 3a).  

During soil composting method, calculation of % wt loss is a significant 

technique to check the biodegradation performance of samples. Moreover, 

biodegradation of samples under composting medium occurred because of 

attack of microbes that caused in discontinuity of chemical bonds.  
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1.5.4 Biodegradation Studies using Soil Burial Method 

No degradation was observed in case of Gum rosin even after 70 days 

but instead, derivatized Gum rosin was completely degraded after 7 days 

(Table 7). Ion-exchangers synthesized under pressure reaction condition 

i.e., GrA-cl-poly(AAm)-ZTIP-UP showed 65.28% degradation after 70 

days (Table 7, Fig. 3b). 

Biodegradation through soil burial method was observed with lesser 

weight loss than the composting method. The reason behind this might be 

presence of less microbe colonies in soil burial in comparison to the 

microorganism existing in the compost. The ion-exchangers synthesized 

under pressure reaction conditions degraded underneath soil burial method 

as a result of destruction of the big molecular chains into low molecular 

weight parts and breakage of covalent bonds by active bacterial species 

present in the soil (Mittal et al., 2013a).   

 

Figs. 3.0a-b: Biodegradation Studies of Samples Synthesized Under Pressure (a) 

Soil Composting Method (b) Burial Method  
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1.5.5 Impact of biodegradation of synthesized samples on soil 

Soil analysis has been done to study the impact of biodegradation of samples on 

soil fertility. Sandy loam soil was used for soil burial method. Soil pH, organic C, 

K and P contents were analyzed.  

Control soil and samples of degraded soil were chemically analyzed and it was 

observed that control soil possessed pH 7.5 (i.e. neutral pH), whereas soil 

containing degraded ion-exchanger sample showed pH 7.2. It is clear that there 

was no extreme change in pH of soil samples and it was found under permissible 

range (6.5-8.7). The % organic carbon was 0.70% and 0.74% in control soil and 

GrA-cl-poly(AAm)-ZTIP-UP, respectively. Thus, %organic carbon was observed 

higher in degraded ion-exchanger samples than control soil sample. Phosphorus 

and potassium components in control soil sample have been observed 16.9 gm-2 

and 29.1 gm-2, respectively, whereas, in degraded ion-exchanger samples it was 

found to be in the range of 10.3 gm-2 and 25.8 gm-2, respectively (Table 8).  

Table 8: Analysis of soil samples containing biodegraded chemically synthesized 

candidate polymers  

S. 

No. 
Samples 

p

H 
C (%) 

P 

(g/m2) 

K 

(g/m2) 

1 Control 
7

.5 
0.70 16.9 29.1 

2 GrA-cl-poly(AAm)-ZTIP-UP 
7

.2 
0.74 10.3 25.8 

where, C = organic carbon; P = phosphorus; K = potassium. 
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1.6 Conclusions 

GrA-cl-poly(AAm)-UP exhibited good ion-exchange capacity. This was due to 

more functionalization of organic matrix with inorganic ions as compared to the 

samples synthesized in-air and under vacuum. The synthesized ion exchangers 

were found to be more selective towards the removal of Pb2+ followed by Cd2+> 

Ca2+ and Mg2+ metal ions. The synthesized ion exchangers were further found to 

remove efficiently the malachite green and methylene blue dyes from aqueous 

medium. 

In case of soil composting method, it has been found that %D was higher in 

synthesized hydrogels as compared to ion-exchangers. After the period of 70 days, 

ion-exchangers exhibited 71% degradation, respectively. In ion-exchanger, there is 

ZTIP interpenetrates in hydrogels matrix, which makes it more complex and 

difficult for bacteria to degrade the samples. Similar behavior of percentage 

degradation has been found in case of burial conditions. It has also been observed 

that degradation of ion-exchangers was higher in case of composting method as 

compared to soil burial method. Presence of the large number of bacterial colony 

in compost degraded the samples through the cleavage of both primary and 

secondary bonding at a faster rate.  
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Abstract: 

Nanoscale understanding and development of eco-friendly materials with 

cognizance of other techniques assist in introducing new, innovative and 

sustainable energy efficient alternatives. Climate change is a long term 

consequence of human expansion and it may further amplify with increasing green 

house gases (GHGs) emissions and particulate pollution. The use of eco-friendly 

nano-composites with low cost and biodegradable nature such as bio-fibers and 

bio-polymers can replace plastics and thus provide a green and clean solution. 

Nanotechnology provides a two way approach in providing respite from the 

problem of climate change. The development and application of green composites 

reduce the burden on usage of fossil fuels, decrease GHGs emissions and as are 

biodegradable, need no expensive waste disposal techniques. On the other hand, 

nanotechnology helps in developing energy efficient innovations to meet the 

increasing demand for living. From testing of nanomaterial based batteries and fuel 

cells for electric vehicles to the revolution of photovoltaics for harnessing solar 

energy, biodegradable nanomaterials have shown an opportunity to address the 

issue of climate change. The advanced solar cells with nanoparticles are cheaper as 

well as efficient in producing more solar energy than the traditional ones. Recent 

research shows that the use of nanoparticles as fuel additives has resulted into 
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saving of tonnes of carbon dioxide per year. This chapter summarizes the priority 

areas where testing and usage of biodegradable nanoparticles has shown the 

climate change mitigation potential.  

1. Introduction 

The climate system is complex and it is important to understand the climate and 

its associated short term and long term variations. Global warming is defined as an 

increase in combined surface air and sea surface temperatures averaged over the 

globe and over a 30-year period. The Global warming of 1.5 °C or so has resulted 

into consequences like sea level rise, floods hazards, intense droughts and extreme 

events, which has further posed a major threat to human health and biodiversity 

(IPCC special report on Global warming of 1.5 °C). The present warming levels 

are due to anthropogenic influence and thus the scientific community is searching 

for solutions to combat the alarming levels of pollution and greenhouse gases. 

Nanotechnology has emerged as a promising field and can be used in various 

sectors to control and contribute towards combating the problem of global 

warming and alarming levels of pollution. The important areas where 

nanotechnology can be applied are: a) environmental remediation, b) clean energy 

alternatives, c) energy storage devices, d) fuel additives, e) green synthesis of 

noble metals etc. Figure 1 shows the application of nanotechnology in various 

sectors. The application of nanomaterials has significant direct and indirect 

implications on the climate system.  
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Figure 1: Application of nanotechnology in various sectors. 

The environmental friendly approaches to use natural products in nanomaterials 

result in pollution control at source, while the nanodevices to measure and control 

the pollutants already present in environment offer promising solutions to the 

increasing problem of pollution. The nano scale fuel additives can cut down the 

Green house gas emissions and can directly contribute to reduce the threats posed 

by global warming. The usage of fuel additives should result in improved engine 

efficiency, saving of millions of carbon dioxide per annum and also reduction of 

the harmful emissions in form of particulates and gases. Though, the impacts of 

fuel additives on human health, biodiversity and overall environment need to be 

evaluated. There is an ongoing quest to test and produce newly improved and 

advanced nanomaterials to address the challenge of climate change.  
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2. Nanomaterials and environmental remediation 

Industrialization along with increasing population pressure has led to high levels 

of environmental pollution in the form of air, water and soil contaminants. These 

environmental pollutants have adverse health effects and also results in long term 

implications to our climate. Nanomaterials consisting of organic and inorganic 

constituents are commonly used in purification of air, water and soil through 

physical, chemical and biological treatment. Their nano size allows much greater 

surface area, better adsorbtion properties and efficient interactions/reactions to 

remove impurities (Yunus et al. 2012). The waste water treatment plants use 

nanomaterials in beads, powder or slurry form to remove heavy metals and other 

contaminants. The two methods of water purification include: a) Pump and Treat 

Method (PTM) and b) Permeable Reactive Barrier (PRB). The nanometrials made 

up of zero valent Iron (ZVI) are efficiently used in treatment of contaminants like 

Cu2+, CrO2
2− etc. The antimicrobial nanomaterials fall into two broad categories: 

Naturally occurring and artificially engineered nanomaterials. They directly and 

indirectly interact with microbes (Li et al., 2008). Nanotechnology and 

Nanomaterials have been used to abate the problem of air pollution in several 

different ways. Nano-catalysts with increased surface area could be used in 

catalytic convertors to transform harmful exhaust gases/vapours from vehicles and 

industries into harmless gases. One such catalyst is manganese oxide nano particle 

based nanofibre catalyst that has been used to treat industrial emissions for volatile 

organic compounds. Nano particles of Gold have also been proved very effective 

in catalyzing the conversion of highly toxic CO to CO2. Chen and Goodman (2006) 

hypothesized that it is the quantum size effect of gold nanoparticles responsible for 

this oxidative conversion of CO into CO2. 
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2.1 Removal (Reduction) of Air Pollution 

Carbon nanotubes (CNTs) have exhaustively been studied for their role in 

purification of air owing to their unique structural features with abundant pores, 

large surface-to-volume ratio, and strong adsorption and desorption capabilities for 

gases. The use of CNTs as efficient gas absorbent is based on the findings that 

absorption of gas molecules on the surface of CNTs changes the shape of CNTs 

and trigger redistribution of electrons, leading to a macroscopic change in 

resistance (Zhang et al. 2010). CNT can trap gases up to a hundred times faster 

than other methods, allowing integration into large-scale industrial plants and 

power stations feasible. 

Use of nanostructured membranes having pores small enough to separate 

methane or CO2 from exhaust could be another approach, which can be used to 

reduce air pollution at source. Kowalczyk and Holyst (2008) reported that 

nanostructured membranes composed of single-walled carbon nanotubes 

(SWCNTs) can efficiently be utilized as nanoscale vessels for selective 

encapsulation of tetrafluoromethane and, the rate of adsorption is directly related to 

the pore size of the nanotubes. Unlike conventional membranes that can either only 

separate or process gaseous substances, this CNT-based technology is capable of 

doing both separation and processing effectively even for large volumes of gas. 

Using CNT-based technology, a method has been developed to filter and collect 

soot particles from diesel fuel emissions and recycle it to synthesize the SWCNT 

filter through laser vaporization (Uchida et al., 2006). Long and Yang (2001) 

reported that CNTs could also be used as an adsorbent for the removal of NO. Here 

also, NOx adsorption relied on the unique structures, electronic properties and 

surface functional groups of CNTs. When NO and O2 pass through CNTs, NO is 
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oxidized to NO2 and then adsorbed on the surface of nitrate species. This idea was 

also supported by Mochida et al. (1997).  

Pitoniak et al. (2005) studied mercury vapour removal efficacy of Silica-Titania 

nanocomposites. They tried to amalgamate, high surface area of nanosilica and 

unique photoctalytic property of titania molecules to make a novel nanocomposite 

for improved mercury absorption. They have shown that reduced contact angle up 

to 10° ensures superior mercury removal efficiency by this silica-titania 

nanocomposite. Sinha and Suzuki (2007) developed a new material comprising of 

highly porous manganese oxide with gold nanoparticles that is very effective for 

removing Volatile Organic Compounds (VOCs) from air at room temperature. 

They also tested the performance of this material three major indoor organic air 

pollutants: acetaldehyde, toluene and hexane and found that all three pollutants in 

the air were very effectively removed and degraded by this catalyst compared with 

the conventional catalyst systems based on photocatalysts, adsorbents such as 

activated carbon or ozonolysis.  

Nanofiber based membrane air filters, with fiber diameters in the range of 10 to 

1000 nm, have demonstrated better efficiency in comparison to conventional 

microfibrous air filters for PM2.5 removal. These nanofibrous membrane air filters 

are endowed with high specific surface area, high porosity, inter-connected porous 

structure, low resistance to airflow, more active sites, easy functionalization 

ability, and good mechanical strength (Chang et al., 2018). As PM2.5 particles are 

mostly polar in chemical nature as comprised of different ionic species, 

nanofibrous membranes with high polarity have been made to aim at high adhesion 

interactions between PM2.5 and the nanofibers. It has also been observed that the 

PM2.5 capture continues with the attachment of incoming particles onto a pre-
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existing particle along the fibers and finally merge together leading to stable 

sphere-shaped aggregates around the nanofibers (Liu et al., 2015). 

2.2 Sensors for Air Pollutants 

Fast, precise and sensitive sensors able to detect pollutants at low level of 

concentrations are highly desirable in the present era of rapid urbanization to 

monitor criteria pollutants ensuring healthy ambient atmosphere. Nanocontact 

sensors have been developed with potential to detect some metal ions without 

preconcentration. With the development of such sensors, it has been possible to 

detect some heavy metals including radioactive elements onsite in very economical 

manner. Because of their miniature size construction and their automatic 

operations, these nanocontact sensors can easily be used onsite. In addition, as 

these sensors are made with conventional microelectronics manufacturing 

equipment using simple electrochemical techniques, their use in large monitoring 

networks becomes very cost effective (Masciangioli and Zhang, 2011). 

Detection of gaseous pollutants such as NO2 and NH3 using single walled carbon 

nanotubes (SWCNTs) based sensors have shown a faster response and higher 

sensitivity than the conventional probes those are currently used. In these sensors, 

pollutant gas molecules are directly bonded to the surface of SWCNTs leading to 

corresponding change in electrical resistance of the sensor. These SWCNTs based 

sensors have been proved advantageous as they achieve high sensitivity at room 

temperature (Smart et al., 2006). 

2.3 Carbon dioxide Capture 

In this era of industrialization, we are forced to depend in fossil fuels. In such 

scenario, to reduce ever-increasing effects of the global warming, it is a pressing 

need to develop cost effective and energy efficient technologies for carbon dioxide 
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(CO2) capture (Ashley et al., 2012). Yaghi et al. (1995) have also developed new 

materials for inexpensively capture of CO2 efficiently and selectively. This 

development was based on the organic ligand molecules that can get associated 

with multiple metal ions forming an extended porous network. So, materials based 

on metal organic frameworks (MOFs) were used to make tiny “cages” capable of 

capturing CO2. These MOFs were found to be 2–3 times more efficient than 

conventional sorbents in absorbing CO2. The captured CO2 can be released from 

the MOF by pull of a vacuum and can then be pumped deep into the Earth where it 

becomes stable in the form of carbonate minerals. For the purpose of CO2 capture, 

MOF 210, with highest surface area and highest selectivity, an amine 

functionalized mmen-CuBTri MOF have been used most routinely. Recently, new 

materials have been developed based on MOFs having potential for gas separation 

and CO2 capture (Eddaoudi et al., 2002; Wang et al., 2008; Furukawa et al., 2010). 

These MOFs are built of self-assembly of metal ions and organic linkers and have 

large surface areas, adjustable pore sizes, and controllable surface properties, 

imparting them unique characteristics, including high selectivity for CO2 (Wu et 

al., 2010). Significant amount of CO2 can be absorbed even at low pressure by 

high-density of open metal sites present in these MOFs (Yazaydın et al., 2009). 

Now, it is the ability of the investigator to design these MOFs as adsorbents that 

can be fine-tuned in pore size, shape, and chemical functionality. Researchers have 

also been attempting to increase the adsorption capacity of MOFs along with 

increasing CO2 selectivity. In order to accomplish this, they have to use a nitrogen-

functionalized organic linker while retaining a porous MOF that interacts with CO2 

(Ortiz et al., 2011). Overall, studies focusing on the carbon capture by MOFs based 

nano-materials suggest the significant advantage of MOFs over the more 

traditional zeolites in both adsorption selectivity and capacity (Rajamani, 2012). 
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Microporous organic polymers (MOPs), in which the processability of polymers 

are combined with the high surface area of porous materials, are also of great 

interest for carbon capture. Specifically, polymers of intrinsic microporosity 

(PIMs) have been studied as they display good solubility, high gas permeability 

and selectivity, and slow physical aging. In order to improve CO2 separation in 

MOPs, tetrazole groups, which have a high CO2 affinity, have also been combined 

with PIMs (Du et al., 2011). Recently Supported Ionic Liquid Membranes (SILMs) 

technique has attracted the interest of scientific community for their usage in CO2 

capture. SILMs comprises of organic cation balancing with an inorganic anion 

embedded in porous membrane support such as polyvinylidene fluoride, nylon and 

Nafion membrane etc. In these membranes, ionic liquids are liquids at room 

temperature with various advantages such as non-flammability, high thermal 

stability, low volatility (Rogers and Seddon, 2003; Noble and Gin 2011). 

3. Clean energy options for sustainable future 

The development of clean energy solutions is the need of hour to combat climate 

change and associated implications. To follow and sustain on the path of 

development which is environment friendly, economically viable and socially 

acceptable, there is an urgent need to search for technological advancement in this 

field. Renewable sources of energy present a practical, environment friendly and 

cost effective solution to the increasing energy demand. The use of nanomaterials 

in various types of renewable energy sources viz. solar, wind, tidal, biomass, 

hydrogen, geothermal has improved the renewable energy sources to the next level. 

The solar collectors and devices depend upon the amount of solar energy reaching 

the earth’s surface, which generally varies at different times of the day and in 

different seasons in a year. The efficiency of these devices has been improved by 

intervention of nanomaterials. The use of nanomaterials facilitates the larger 
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exposure of conducting surface and also result in enhanced release of electrons per 

photon received from sun. Three types of solar cells with nanomaterial based 

improvements include: a) Dye-sensitized solar cell (DSSC), b) Organic-polymer-

based PV solar cell (OPV) and c) Hot carrier solar cells. The details are described 

elsewhere (Hussein 2015). The use of advanced nanomaterials in solar devices 

increase the efficiency in various ways: Efficient absorption of sunlight falling on 

the panel, improved performance of the receiver, selective absorption of solar 

energy by nanofluids, easy passage of nano scale size particles through pumps, 

improved thermal conductivity of nanofuids, decreased pollution levels, diverted 

angle of exciton diffusion by unique nano-wire based solar collector  etc. (Taylor 

et al., 2011; Otanicar and golden, 2009, Yuhas and Yang. 2009).  

The hydrogen energy capture by fuel cells has resulted into a new revolution for 

providing alternative energy source. The fuel cell works on the principle of 

conversion of chemical energy of selected fuels like hydrogen into the electrical 

energy in presence of an oxidizing agent. The larger surface to volume ratio allows 

the use of nanomaterials as catalysts and electrodes in fuel cells. In harnessing 

hydrogen energy, one of the biggest challenges remains is the efficient storage of 

hydrogen. The eco-friendly carbon nanotubes, nanofilters and nanoblades are 

increasingly used for efficient storage of hydrogen. The use of carbon nanotubes in 

fuel cells results in improvement of mechanical strength of electrolyte membranes, 

efficient adsorption of hydrogen and thus overall performance of the fuel cell, 

(Zuttel et. al, 2002, Zhang and Silva, 2011). Hydrogen energy in internal 

combustion engines is considered a cleaner fuel as it does not result in emission of 

harmful gases. The new and improved designs of diesel engines also include the 

usage of nanomaterials for efficient combustion processes. The alumina coated 
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aluminium nanoparticles have shown a promising alternative for highly efficient 

designs of diesel engines (Kao et al., 2005).  

Another form of renewable source of energy is the biomass energy. The easy 

availability of biomass (Organic material coming from plants and animals) and the 

cost effective approach of harnessing biomass energy with almost no harmful 

environmental effects has made it a very attractive source of energy in today’s 

scenario. The biomass stores the sun’s energy through a very natural process of 

photosynthesis. The important types of biomass include: animal waste and sewage, 

woods, agricultural waste, crop residue, plant refuse, garbage etc. When biomass is 

burnt, the chemical energy stored in biomass is released as heat. Apart from this, 

biomass can be used to produce biofuels and biogas. The efficient conversion of 

biomass energy into other forms is done by a process called nanobiocatalysis. The 

intervention of nanotechnology in biocatalysis has made the process quite cost 

effective and less time consuming. The nano scale enzyme immobilization with the 

advancement in coatings of enzyme aggregates have resulted in reduced enzyme 

loadings and increased stability. Nanomaterials based upon nickel and cobalt have 

resulted into very efficient biofuel production. When used separately or in 

combination, these nanomaterials have resulted into increased biofuel yields and 

selective reduction of certain functional groups. The nanosize TiO2 based 

photocatalysts are used as very good substitutes in many applications. The 

conventional methods often result in low yields and time consuming processes. 

Another good example is the biofuel production from spent tea. It has been noticed 

that the biofuel production from spent tea can be efficiently done at a much faster 

rate in the presence of nanoparticles of cobalt as green catalysts. The use of 

nanoparticles as catalysts in biofuel production from algal biomass has been 

optimized in recent times and the best added advantage of this relatively faster 
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process is organism survival at the end of the process (Malik and Sangwan, 2012 

and references therein). 

The green synthesis of Titanium dioxide nanoparticles for usage in Lithium ion 

batteries can improve the electrochemical efficiency and overall performance of 

Lithium ion batteries. Kashale et al., 2016 discussed the biosynthesis of Titanium 

dioxide nanoparticles using waste water from soaked Bengal gram beans. Their 

experiments show that on soaking, the autolysis of cell wall results in release of 

pectin from Bengal gram beans, which gets bound to Titanium, on addition of 

TiCl4 and at the end nano scale TiO2 particles are formed after calcinations 

(Kashale et al. 2016). 

4. Cellulose based nanomaterials and their role in combating Global

warming 

Cellulose is a most abundant naturally occurring polymer with unique 

morphological structure. It is a polysaccharide with highly porous network 

consisting of microfibrils, which permits the passage of ions, and other molecules 

through cell wall. The unique properties of cellulose allow ion diffusion 

applications and thus have resulted in its increased usage in energy storing devices, 

green synthesis of nanoparticles of noble metals etc. Figure 2 shows the products, 

advantages and applications of various nanomaterials derived from cellulose. The 

use of cellulosic nanomaterials has an added advantage of holding the carbon 

dioxide captured during the process of photosynthesis. However ultimately, the 

cellulosic products will return the carbon dioxide to the atmosphere through the 

process of burning or decaying but atleast for some time the process will remain on 

hold and will lead to transitory carbon sequestration mechanism. This small 

contribution from the usage and application of cellulosic nanomaterials will 

contribute to reduce the increasing burden of global warming and its associated 
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effects. The embedded network of fibers with semicrystalline structure of cellulose 

allows the usage of cellulose in production of cellulosic nanofibers and colloidal 

nanocrystals. The cellulosic nanofibers retain some of the amorphous part of 

cellulose and are manufactured through mechanical treatment like grinding or 

paper beating etc. The dried form of these nanofibers is used as nanopapers. The 

cellulose derived nanopapers possess a much improved intrinsic strength and is 

used further in many applications like thermoelectric products, transparent paper.  

The unique optical properties of cellulosic nanofibers has been used to form 

transparent papers termed as ‘glassine’. The process of formation of colloidal 

nanocrystals includes hydrolysis of cellulose in presence of strong acids. These 

cellulose derived nanocrystals are known to have interesting properties like 

stabilization oil-water emulsions. However, the biggest challenge in this area is the 

sustenance of aqueous dispersions and self assembly of cellulosic nanocrystals. In 

the process of hydrolysis, several acids are used for this purpose but recent 

investigations show that phosphoric acid works best in maintaining the aqueous 

dispersions of cellulosic nanocrystals. The cellulosic nanocrystals and their 

composite products are used in inks, paints and several other industrial applications 

(Eichhorn et al. 2018). 
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Figure 2: Products from cellulosic nanomaterial and its advantages and applications in 

various fields 

Supercapacitors are important devices for energy storage. The paper made up of 

cellulose fibre can be used in multiple ways in these energy storing devices. The 

application of cellulose fibers as a) substrate with higher surface area, b) interior 

electrolyte reservoir and c) electrode when coated with additional carbon 

nanotubes coating provides a greener alternative to increase the performance of 

supercapacitors. Paper made up of cellulose in combination with carbon nanotubes 

is used in hybrid electrodes for improved capacitor performance (Gui et al. 2013). 

Apart from energy storing devices, the cellulose fibers have also been used in 

synthesis of nanoparticles of noble metals like silver, gold, platinum and 

palladium. The nanoparticles can further be used for many applications in 

nanotechnology. The two main characteristics of cellulose fibers include: 1) Highly 



�

����

nanoporous structure and 2) High oxygen density. These two unique properties 

make them ideal nanoreactors, where the insitu synthesis of nanoparticles of 

important noble metals is possible (He et al., 2003). Though there is a considerable 

advancement in understanding the structure of cellulose for making its best use in 

several applications, still there are some limitations which need more research and 

developmental interventions.  
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Abstract 

Our surrounding air, water and soil are being contaminated by industrial by-

products due to increasing human activities and the population burden on our 

planet. We need to overcome those problems with the best use of green material. 

Sustainable and eco-friendly biopolymers are mostly derived from the renewable 

resources like polysaccharides and proteins, which have received a great deal of 

research attention as probable substitutes to the conventional petrochemical-based 

materials. Carbon Nanotubes (CNTs) are one-dimensional and one of allotropic 

form of carbon. Variety of CNTs ranging from single walled to multi walled and 

crosslinking through functionalized biopolymers are promising candidates as green 

nanocomposites in various applications, such as waste water treatment, enzyme 

mobilization, pharmaceutics, biotechnological and bioengineering applications. 

CNT’s and biopolymers based green nanocomposites are efficient, cost-effective, 

environmentally benign CNT dispersion and alignment technologies. Its versatility 

scale-up CNT dispersion and alignment methods for nanomanipulation, 
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nanopatterning, and nanocomposite fabrication without any limitations on 

synthetic polymer/biopolymer system selection. This chapter will include various 

advances in CNTs and CNT-biopolymer based findings in biomedical applications, 

energy storage applications, waste water treatments, catalysis, molecular 

electronics, as conductive adhesives, as thermal materials and water filtration etc. 

for environmental remediation and concerns.  

1.1. Introduction 

  Carbon is the most versatile element in the Periodic Table. In many ways it 

is a unique element, it is crucial for life on earth as we know it since the human 

body is to a large extent made up out of carbon (Iijima, (1991)). Technically, the 

whole huge field of organic chemistry deals entirely with carbon and its 

compounds, whereas; in the field of physics it is one of the most intensively 

studied materials. There exists an international journal named “Carbon” 

specifically devoted to carbon. Carbon is as beautiful as diamond and fullerenes

but, as ugly as charcoal. Pure carbon compounds are known as allotropes in the 

language of chemistry and they come in many different incarnations with different 

effective dimensionalities. These are molecules and structures entirely made up of 

carbon atoms, some of which have generated much excitement over the last three 

decades. Diamond and graphite are three dimensional allotropes of carbon, which 

are crystalline solids. Diamonds is the hardest substance on this planet, because 

carbon atom exhibits sp3 hybridization and all the four C-atoms are oriented at the 

corners of tetrahedron which makes 3-dimensional rigid network with high 

stiffness, poor electrical conductivity but, high thermal conductivity. Graphites 

have layer over layer structure in which its C-atom are  sp2 hybridized and each C-

atom is connected evenly to three other carbons with 120° bond angle each in a 

trigonal plane (xy) as a result, a weak � bond is present in the perpendicular z-axis 
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in a hexagonal (honeycomb) lattice. This makes its slippery nature and used as 

lubricant and it is electrical conductor, but less stiff than diamond. Carbon also 

forms low-dimensional allotropes (which may be two-dimensional, one-

dimensional or zero-dimensional) collectively known as carbon nanomaterials. 

Examples of such nanomaterials are 0D fullerenes, 1D carbon nanotubes (CNTs) 

and 2D graphenes (Thakur et al. (2016)). Korto and his coworkers discovered a 

new form of zero-dimensional carbon allotropic nano-material, Buckminster 

fullerene in 1985 which are known to show superconductivity! Their discoveries 

have marked the development of nanoscale carbon allotropes followed by one 

dimensional carbon nanotubes and more recently graphenes in two-dimension 

(Hwang et al. (2010).). In the list of carbon nanomaterials, graphene is known as 

2D single layer of graphite. Chen et al. (2011) reported that sp2 bonds in graphene 

are stronger than sp3 bonds in diamond and it makes graphene the strongest 

material.  

One-dimensional carbon nanotubes (CNTs) are obtained when a graphene layer 

is rolled along the longitudinal axis. A zero-dimensional (0D) fullerene is obtained 

when the same graphene sheet is wrapped in a ball structure (Bianco et al. (2005)). 

Thus, quasi-one-dimensional carbon nanotubes (CNTs) were first reported by 

Ijima in 1991 when he discovered multi-walled carbon nanotubes (MWCNTs) in 

carbon soot made by an arc-discharge method (Iijima, (1991)). CNTs have tubular 

shape and made out of graphite with a typical diameter of a few nanometers (from 

which the name stems) and their lengths can be as large as a few mm. Carbon 

nanotubes are interesting in many ways and can be both, metallic or 

semiconducting depending on the diameter and how the tube is rolled up. The 

finite size of graphene layers has dangling bonds, which corresponds to higher 

energy states (Thakur et al. (2017)). Carbon nanotubes formation eliminates 
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dangling bonds and increases strain energy as a consequence the total energy of the 

molecules decreases (Guldi & Costa (2013).).  

Paul McEuen, an American Physicist quoted that, “Carbon nanotubes are

amazing because they're really good electrical conductors, yet they are only a few 

atoms in diameter. You can make transistors out of them in the same way you can 

with silicon. At Berkeley, we made the narrowest device anybody had ever made. It 

was basically a single molecule.” 

 History and development of Carbon Nanotubes breakdown: 

1

952: 

Radushkevich and Lukyanovich publish a paper in the Soviet Journal 

of Physical Chemistry showing hollow graphitic carbon fibers that are 50 

nanometers in diameter 

1

979: 

John Abrahamson presented evidence of carbon nanotubes at the 14th 

Biennial Conference of carbon at Pennsylvania State University 

1

981: 

A group of Soviet scientists published the results of chemical and 

structural characterization of carbon nanoparticles produced by a 

thermocatalytical disproportionation of carbon monoxide 

1

991: 

Nanotubes discovered in the soot of ac discharge at NEC, by a 

Japanese researcher, Sumio Ijima 

 CNTs can be made by chemical or physical routes and broadly classified 

into two types: single-wall carbon nanotubes (SWCNTs) and multi-walled carbon 

nanotubes (MWCNTs) (Rao et al. (2018)) as shown in Figure 1. Topologically, a 

single-wall CNT (SWCNT) can be constructed by rolling up a single layer of 

graphite or graphene along a certain direction into a tiny cylinder with a possible 

diameter from sub nanometer to a few nanometers (Dillon et al. (2008)). 
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Fascinatingly, the rolling-up direction and diameter or the chirality of an SWCNT 

determine its fundamental properties. To obtain chirality-pure SWCNTs has been a 

dream for a long time, because the electrical and optical properties of SWCNTs are 

dominated by their chirality (Seo, et al. (2004)). Some SWCNTs have small energy 

band gaps, showing semiconducting characteristics, whereas others do not have the 

band gap and they are metallic ones. Structurally MWCNTs consist of multiple 

layers of graphite superimposed and rolled in on them to form a tubular shape (Han 

& Ostrikov (2012)). MWCNTs are polymers of pure carbon and can be reacted and 

manipulated using the rich chemistry of carbon (Hemraj-Benny & Wong (2006); 

Tan et al. (2011)).  

McEuen et al., (2002) and Avouris et al., (2003) have also reviewed 

experimental demonstrations of transistors made out of carbon nanotubes. The 

CNTs have amazing properties and are specifically interesting for the industry. The 

combination of these impressive properties enables a whole new variety of useful 

and beneficial applications. 

(a) CNTs have interesting electronic properties 

(b) CNTs are as conductive as copper, meaning thereby these have Electrical 

conductivity. 

(c) CNTs are up to hundred times stronger than steel. All in all, these have high 

strength. 

(d) CNTs are six times lighter than steel. These have high elastic stiffness. 

(e) CNTs are known to show high thermal conductivity. These have same 

thermal  

             conductivity as that of diamond and more than five times that of copper. 
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Table1: A comparison between SWCNTs and MWCNTs 

S

. 

No. 

Single Wall Carbon Nano Tubes 

(SWCNTs) 

Multi-Walled Carbon Nano Tubes 

(MWCNTs) 

1 Nanotubes of carbon which have only 

one cylinder wall or consist up of just one 

layer of carbon are called single-walled 

carbon nanotube (SWCNT)  

It can form multiple concentric cylinders 

made of pure carbon atoms. Each concentric 

nanotube is kept away from the other by the 

inter-atomic force. These are known as multi-

walled carbon-nanotubes (MWCNT). 

2 Average diameter of SWCNT is 0.5 to 1.5 

nm and a length of (1-3) μm 

Thin MWCNT of carbon purity (90%) 

confirms an average diameter of 20 nm  with a 

high-aspect-ratio (>150) 

3 Composed entirely of sp2 bonds and 

Band Gap is 0-1eV  

 

Composed entirely of sp2 bonds and Band 

Gap is greater than 1eV and the interlayer 

distance is 3.4 Å 

4 Well characterized structure and 

properties  

MWCNTs have many structural defects 

 

 

Parchment
Model

Russian
Doll

Model

(i)

(ii)

(a) (b)

 

Figure 1: (a) SWCNTs (b ) MWCNTs (Parchment Model & Russian Doll Model) 
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  Precisely controlling CNT synthesis parameters and carefully selecting the 

catalysts used are confirmed to be the key factors that affect the chirality 

distribution of the grown CNTs (Pierce et al. (2017)). A large number of post-

treatment processes have been reported to sort CNTs in terms of their 

semiconducting or metallic properties, their thickness and lengths, etc. (Yang et al. 

(2008)).  

Carbon nanotubes (CNTs) are distinguished for being excellent conductors of 

electricity and temperature, which finds them numerous applications all over the 

industrial spectrum: 

(a) Versatile Applications: The excellent heat and electrical conducting 

properties of these nanotubes make them excellent for numerous applications in 

material science and technology, apart from nano-technology, optics and 

electronics and therefore, are capable when it comes to conducting electricity, due 

to the loose electron in each atom forming the nano-cylinder (Avouris (2002)). 

(b) Additive:  Carbon-nanotubes (CNTs) are not always used singularly, but are 

also used as additives to other structural materials to make them stronger and safer 

(Vijayan et al. (2012)). 

(c) Strength Factor – It is formed through sp2-hybrid chemical bonding 

between the carbon atoms, which makes it stronger than most of the saturated 

hydrocarbons and even diamond. The carbon atoms for a strong bond with their 

loose electron, forming an efficient hexagonal shape of carbon molecules. 

Aforementioned makes the nanotubes of carbon stronger than conventional steel at 

least 100 times (Mora et al. (2008)). 

(d) Shapes and Sizes: Apart from being single-walled and multi-walled, 

carbon-nanotubes (CNTs) are also available as carbon peapod, nanobud, 
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nanocones and nanofibers. These are extremely thin, only about 1 nm to 3 nm in 

diameter, making them around 10,000 times thinner than a human hair (Hu et al. 

(2010)). 

(e) Prospective of Use: Carbon nanotubes are estimated to find widespread

application including, mainly, in nano-technology engineering. Apart from this, it 

is also set to be used in building blocks of three dimensional macroscopic carbon 

devices, manufacturing electrically-conductive fiber for wearable electronic 

devices (Avouris (2002)). 

(f) Significantly Safe: It has been deemed safe for use by Europe’s

Registration, Evaluation, Authorization and Restriction of Chemicals (REACH) 

regulations (Kim et al. (2014)). 

(g) Effective heat conductor: The nanotubes are also able to adequately

conduct heat, thus making them ideal for application in even high-temperature 

environments (Tan et al. (2011)). 

1.2. Threats to Environment 

 Different synthetic strategies for the production of carbon nanotubes are used 

(Yang et al. (2005).  At first sight all the CNTs material looks similar, however, on 

comparison by doing close examination; the materials vary considerably in terms 

of their crystalline structure, morphology and the content of the residues. The use 

of carbon nanotubes has increased substantially in last few decades, and is 

expected to continue to increase strongly in the future, because the properties of 

carbon nanotubes are versatile but, the exposure situations that exist during 

production, processing and the handling of products containing carbon nanotubes 

are known as the toxicology of carbon nanotubes (Bhaskar et al. (2013). Therefore, 

increased production, handling and machining have increased the risk of exposure 
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in different work environments. Nowadays, the production of carbon nanotubes 

takes place mainly in non-Nordic countries, but in the Nordic countries, carbon 

nanotubes are used in research and development work only. Carbon nanotubes are 

used mainly as a reinforcement material in various types of polymers and other 

material where this all exposure takes place (Schnorr & Swager (2010)). These are 

active materials of printed electronics (conductive ink), anti-fouling coatings, high-

durability epoxy-paints, Li-ion batteries, antistatic thermoplastic, conductive 

textile, thin heating mats, high performance sporting goods and microscopy probes 

etc. (Zhang et al. (2014); Ballesteros et al. (2007)). 

 The risk assessment for carbon nanotubes is made more difficult by a lack of 

knowledge at several levels: Carbon nanotubes can be found in a large number of 

variants that are likely to have different levels of toxicity; the toxicological data is 

inadequate but literature indicates that there is a risk of inflammatory reaction and 

pulmonary fibrosis when inhaled at relatively low doses; there is also the risk of 

producing a DNA-damaging effect; exposure levels for the commercial handling of 

carbon nanotubes are incompletely characterized even today (Alshehri et al. 

(2016); Shen et al. (2009)).  

 The production method and properties that triggers the nanotubes toxicity are 

used to interpret the observed bio-chemical effects (Ju & Papadimitrakopoulos 

(2008)).  Toxicological studies of CNTs should include a detailed description of 

the physical and chemical properties that may be relevant to the biological 

response (Baoukina et al. (2013)). Another important issue in respect of threat to 

environment and toxicological impact is whether the physical characteristics of the 

carbon nanotubes in the exposure study are the same as those what expected in an 

actual exposure situation. Examples of this are if the carbon nanotubes are inhaled 

as single tubes, or as bundles of tubes, or rolled into larger agglomerates. For 
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example, agglomerates or aggregates often have a larger aerodynamic diameter 

than individual tubes and will therefore, to a greater extent, deposit in the upper 

respiratory airways, where other mechanisms remove or degrade the tubes 

compared with those in the alveoli. To suspend the carbon nanotubes to an 

airborne state in a controlled and reproducible way is a problem in toxicological 

inhalation studies. Other models of lung deposition were also reported, such as in 

tracheal instillation or aspiration (Silva et al. (2014)); Wang et al. (2010)). The 

aggregation condition has not only an effect on where in the lung the carbon 

nanotubes are deposited but also on the biological response (Mercer et al., (2008); 

Shvedova et al., (2005). Two methods used in the suspension of carbon nanotubes 

into the air is to spray droplets of a solution of carbon nanotubes and to dry out the 

fluid so that only the tubes remain (Lee et al., 2011) or directly by suspending a 

powder (Maynard et al., 2004). The proposed international occupational exposure 

limits are at very low levels. Airborne exposure arises from the manufacture, 

handling, and use of carbon nanotubes and in the machining of products containing 

carbon nanotubes. Established technical protective measures such as encapsulation 

and process ventilation should be applied in conjunction with personal protective 

equipment such as respiratory protective equipment, protective gloves and 

protective clothing. Toxicological studies strongly indicate that exposure to certain 

CNTs may be associated with long-term adverse health effects in test-animals to 

the human beings. The primary routes of CNTs hazardous exposures are dermal 

contact, oral uptake and inhalation. Systemic effects partly depend on the ability of 

the CNTs in the translocation of the other organs of the body. Therefore, the 

toxicological overview is presented according to current knowledge on CNT fate 

and translocation, pulmonary, oral and dermal toxicology is very little in the 

literature. In the mechanistic study of CNT Toxicity it is reported that CNT 
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exposed cells undergo oxidative stress due to induction of oxidants and toxic 

enzymes as a result the higher level of oxidative stress leads to inflammation and 

cytotoxicity (Witzmann et al. (2006); Xiao et al. (2003)). 

 

Figure 2:Toxic Effects of SWCNT & MWCNT 

CNTs mainly led to the formation of free radical formation, reactive oxygen 

species (ROS), increased inflammatory responses, granuloma formation, apoptosis 

etc. are the main causes related to oxidative stress. The excess free radicals oxidize 

lipids, protein, and DNA and therefore, oxidative stress may up-regulate redox 

sensitive transcription factors, activator protein-1 and kinases that cause 

inflammatory responses. The slow clearance caused due to agglomeration as well 

as accumulation of these CNTs nanoparticles which actually produces free 

radicals, into the organs of Reticulo Endothelial System (RES) as a consequence 

organs like spleen, kidneys and lungs are made available as a soft targets for this 
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oxidative stress (Wang et al. (2011)). Reactive oxygen species are chemically 

active oxygen containing molecules that are formed as side products of the normal 

metabolism of oxygen. However, their concentration may increase due to 

environmental stress such as exposure to radiation, foreign particles etc. Therefore, 

it may lead to harmful effects in cells like apoptosis, DNA damage, amino acid 

oxidation and inactivity of enzymes (Valko et al. (2007)). It is also reported in the 

literature that SWCNTs damage DNA, cause changes in the cell cycle and 

generated apoptotic signals by generating ROS. Most cells grown in the medium 

containing CNTs changes the G1 phase of their cell cycle (Azad et al. (2013)). 

Wang et al. (2011) have determined that apoptosis of PC12 cells was induced by 4 

to 5 fold higher concentrations of ROS in cells exposed to SWCNTs (200 	g/ ml). 

MWCNTs have been shown to induce ROS in Human Umbilical Vein Endothelial 

Cells (HUVEC) at 20 	g/ml concentration (Coleman et al. (2006);  Guo et al. 

(2011)). The physical characteristic and parameters like fiber shape, length and the

aggregation status can also influence the immunological responses and their local 

deposition in tissues (Vittorio et al. (2009)). The shape and length of CNTs 

determines the internalization of CNT by macrophages and hence the immune 

response. Shorter the CNTs, less toxic they are. It is reported that when shorter 

CNTs injected subcutaneously in rat, then after 4 weeks they were found in the 

cytosol of the macrophages, whereas longer CNTs were found to be free floating 

and causing inflammation (Poland et al. (2008)). Thereupon, it is confirmed that 

the toxicity of MWCNTs was length dependent and comparable with that of 

asbestos toxicity. A Polish group compared inflammatory responses produced by 

exposing mice to MWCNTs (Poland et al. (2008)).  MWCNTs exposure enhances 

the release of polymorphonuclear leukocytes and protein exudation, indicating an 

increased inflammatory response. It was attributed that the increased inflammatory 
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response of long MWCNTs alongwith asbestos to “frustrated phagocytosis” in 

which the macropghages are not able to surround the long needle shaped CNTs. By 

contrast, in another study done on a mouse macrophage RAW 264.7 cell line, 

CNTs induced ROS related necrosis, apoptosis and chrosomal damage, but do not 

induce an inflammatory response (Di Giorgio et al. (2011)). CNTs as well as 

asbestos both were found to cause granulomas in mice exposed for 7 days (Poland 

et al. (2008)). Granuloma is a small nodule or a tiny collection of immune cells 

formed when the immune system attempts to wall off foreign substances, but is not 

able to eliminate them. Intratracheal instillation of SWCNTs (diameter 0.7-1.5 nm) 

in the lungs of rats leads to blockage of the large airways as a result of the 

formation of granulomas, with 15 % mortality within one day (Warheit et al. 

(2004)). SWCNTs caused the maximum apoptosis of five carbon-based 

nanomaterials when tested for SWCNTs and MWCNTs toxicity on human 

fibroblast cells (Cui et al. (2005)). It was hypothesized that dispersed and 

hydrophobic materials with small surface area displayed increased toxicity and 

therefore, it is proposed that the mechanism of toxicity of CNTs was due to 

extracellular matrix protein signaling which actually results in changes to the cell 

skeleton and the subsequent dislodgment of organelles, resulting in membrane 

deformation and finally apoptosis. Cui et al. (2005) have reported that CNTs 

caused apoptosis in several cell types including T- lymphocytes and HEK293 cells. 

Genes associated with apoptosis (p16, bax, hrk, bak1, p53, p57FGFR2, TGF beta 

receptor1 (TGFbetaR1) and TNFAIP2) were up-regulated by CNTs. Other studies 

also indicated the upregulation of genes responsible for apoptosis (Montes-Fonseca 

et al. (2012)). The unfunctionalized (UP-CNTs), purified (P-CNT), and FITC 

functionalized (FITC-CNTs) all caused decreased cell viability and increased 

apoptosis (Di Giorgio et al. (2011)).  
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 Carbon nanotubes toxicity also arises from the catalyst remainder left after 

their production and their synthesis involve the use of various metal catalysts like 

iron (Fe), Nickel (Ni), Cobalt (Co), Arsenic (As), Molybdenum (Mo) etc. which 

are also toxic themselves (Pulskamp et al. (2007)). These elements are necessarily 

removed during the purification step; they tend to catalyze oxidative processes by 

free radical generation. Otherwise, the reductive oxygen species (ROS) generated 

cause oxidative damage to cells as well as membranes. These catalysts too interfere 

with the immune system at the cellular level. Since CNTs are surrounded by the 

macrophages, nicotinamide adenine dinucleotide phosphate–oxidase  (NADPH-

oxidase) produces superoxides (O2
�) at the interiors of the cells. Iron based 

catalysts react with the superoxides formed and form hydroxyl ions which 

eventually results in oxidative stress and damage at the molecular level (Firme III 

& Bandaru (2010)). It is also reported in the literature that MWCNTs subjected to 

oxidation with nitric acid were more toxic to T-lymphocytes than their impure 

counterparts (Bottini et al. (2006)). It is also given in the literature that CNTs with 

added carbonyl (CO), carboxylic (COOH), and hydroxyl (-OH) groups are more 

toxic than their pristine counterparts (Magrez et al. (2006)). At low concentrations 

(5 	g-10 	g), the toxic effects of CNTs are almost negligible but, observed higher 

at higher concentrations level (50 	g-500 	g). To avoid toxicity, CNTs with 

highest purity have to be used as it minimizes the lethal effects of residual catalysts 

or surface oxidation (Vittorio et al. (2009)).  

1.3. Potential of CNTs in environment remediation 

In the area of environmental remediation, nanomaterials (nanoparticles, tubes, 

wires, fibres etc.) offer the potential for the efficient removal of pollutants and 

biological contaminants. CNTs function as adsorbents and catalysts and their 

composites with polymers/biopolymers are used for the detection and removal of 
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gases (SO2, CO, NOx, etc.), contaminated chemicals (arsenic, iron, manganese, nitrate, 

heavy metals, etc.), organic pollutants (aliphatic and aromatic hydrocarbons) and 

biological substances, such as viruses, bacteria, parasites and antibiotics. These 

materials show a better performance in environmental remediation than other 

conventional techniques because of their high surface area (surface-to-volume ratio) 

and their associated high reactivity. 

The contribution of CNTs as their potential respect to sustainable environment 

and green technologies perspective in water treatment, air pollution control 

applications, energy storage applications, renewable energy technologies, super 

capacitors and green nano composites is marvelous. Because of their special 

physico-chemical properties, MWCNTs and SWCNTs are expected to play a major 

role in numerous applications. 

Saifuddin et al. 2012 has reported the remarkable properties and qualities of 

CNTs as structural materials. Their potential applications include textiles, body 

armour, concrete, polyethylene, sports equipment, bridges, flywheels and fire 

protection. In textiles, CNTs can produce waterproof and tear-resistant fabrics. As 

body armor, CNT fibers are being used as combat jackets, which are used to 

monitor the condition of the wearer and to provide protection from bullets. In 

concretes CNTs are used to increase the tensile strength and halt crack 

propagation. CNT fibers can be used as polyethylene. The CNT based 

polyethylene can increase the elastic modulus of the polymers by 30 %. CNT plays 

major role in sports equipments such as golf balls & golf clubs, stronger and lighter 

tennis rackets, bicycle parts, and baseball bats. CNTs may be able to replace steel 

in suspension and bridges. In flywheels, the high strength/weight ratios of CNTs 

enable very high rotational speeds.  
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Thin layers of buckypaper can potentially protect the object from fire. The 

dense, compact layer of CNT or carbon fibers in the form of buckypaper can 

efficiently reflect the heat. CNTs can be fabricated in electromagnetic applications 

such as in electrical conductors, semiconductors and insulators. Ji et al. 2006 

reported that the Buckypaper thin nanotube sheets are 250 times stronger and 10 

times lighter than steel and can be used as heat sink for chipboards, backlight for 

LCD screens, or Faraday cage to protect electrical devices/aeroplanes. Jornet and 

Akyildiz 2010 reported that CNTs can be used as alternative to tungsten filaments 

in incandescent lamps and the strong magnetic field can be generated using multi-

walled CNTs coated with magnetite. As solar cells, germanium CNT diode 

exploits the photovoltaic effect. In some solar cells, nanotubes are used to replace 

the ITO (indium tin-oxide) to allow the light to pass to the active layers and 

generate photocurrent as reported in literature by Jeon et al. (2015).  

As an Electromagnetic antenna CNTs can act as an antenna for radio and other 

electromagnetic devices due to its durability, light weight and conductive 

properties reported by Jornet and Akyildiz 2010. Huang et al. 2008 reported the 

skin effect in CNTs is negligible at high frequencies due to additional kinetic 

inductance which results in lowpower dissipation and high antenna efficiency.  

Howarth et al. (2016) reported and discussed the application of CNT in the field 

of electro-acoustic as Loudspeaker which can be manufactured from parallel sheets 

of CNTs. These loudspeaker can generate sound similar to the sound of lightening 

producing thunder. 

 CNTs finds remarkable applications in the chemical field also, according to 

Ong et al. (2010) CNTs are one of the best materials for air filters because they 

possess high adsorption capacity and large specific area. The conductance of CNTs 
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changes when polluted gas comes in its contact and which helps in detecting and 

filtering the polluted air. Kusworo et al. (2010) also reported that CNT membranes 

can successfully filter the carbon dioxide from biogas and CNT membranes 

assisted filtration can reduce distillation costs by three fourth. These membranes 

are so thin that small particles like water molecules can even pass through them, 

while larger particles such as the chloride ions in salt were blocked. CNTs have 

high active site and controlled distribution of pore size on their surface. This 

increases not only its sorption capabilities, but also its sorption efficiency. 

According to Ong et al. (2010) CNTs have effective sorption capacity over broad 

pH range (from 7 to 10).  Fullam et al. (2000) reported that the CNTs finds their 

applications in nanowire manufacturing using materials such as gold, zinc oxide, 

gallium arsenide, etc. The gold based CNT nanowires are very selective and 

sensitive to hydrogen sulphide (H2S) detection. The zinc oxide (ZnO) based CNT 

nanowires can be used in applications for light emitting devices and harvesters of 

vibrational energy. Kuo et al. (2007) reported that CNTs based sensors can detect 

temperature, air pressure, gases (such as CO, NH3), molecular pressure, strain, etc. 

The working of CNTs based sensor is primarily dependent on the generation of 

current and voltage. Al-zubaidi et al. (2017) reported that electric current is 

generated by the flow of free charged carrier induced in any material which is 

characteristically modulated by the adsorption of a target on the CNT surface. 

The potential application of CNTs can be found in the mechanical engineering 

as an oscillator, waterproofs etc. CNTs based Oscillators have achieved higher 

speeds than other technologies (>50 GHz). Researchers also reported a molecular 

oscillator with frequencies up to several GHz. The operation of this oscillator is 

primarily based on the low friction and low wear bearing properties of a multi-

walled CNT with a diameter ranging from one to few tens of nanometers (Jiang et 
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al. (2004)). CNTs can be used to prepare super-hydrophobic cotton fabric by dip-

coating approach. This approach is exclusively based on the chemical reactions 

caused by UV-activated nitrene solution. The solution is used to transform the 

cotton fabric surface from hydrophilic to super-hydrophobic with an apparent 

water contact angle of 154º. Since CNTs are covalently attached on the surface of 

the cotton fabric, the super-hydrophobicity possesses high stability and chemical 

durability. 

CNTs are attractive materials in fundamental science and technology as 

electrical circuits which demonstrated unique electrical properties for building 

electronic devices, such as CNT field-effect transistors (CNTFETs) and CNT 

diodes. CNTs can be used to form a p–n junction diode by chemical doping and 

polymer coating (Franklin (2013)). These types of diodes can be used to form a 

computer chip. CNT diodes can potentially dissipate heat out of the computer chips 

due to their unique thermal transmission properties. 

Avouris (2002) reported that carbon nanotubes (CNTs) have emerged as one of 

the most potential interconnect material solutions in current nanoscale regime. The 

higher current density of 1000 MA/sq-cm of an isolated CNT can eliminate the 

electromigration reliability concerns that plagues the current nanoscale copper 

interconnects. Therefore, CNT interconnects can potentially offer immense 

advantages over copper in terms of crosstalk, delay and power dissipation. 

Franklin et al. (2012) reported that CNTs plays an important role as transistor 

architectures. CNTs can form conducting channels in transistor configurations 

whereupon, two different device architectures have been developed for them. In 

both cases, CNTs connect the source, drain electrodes and show excellence 

behavior in the area of memory designing, amplifiers, sensors and detectors, etc. In 
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one device architecture, the source and the drain are connected by a single 

nanotube whereas in other, random arrays of nanotubes function as a conducting 

channel. The advantages of CNTFET over Si-MOSFET are as reported by Sahoo 

and Mishra in 2009 that CNTFET demonstrates higher drive current, shows 

approximately four times higher trans-conductance and its average carrier velocity 

is almost double as compared to Si-MOSFET. 

All in all, this chapter presented the unique properties and applications of carbon 

nanotubes in terms of structural, electrical, mechanical and thermal base and is 

primarily dependent on their diameter and chirality. In addition to this, the chapter 

summarized different production and purification methods for SWNTs and 

MWNTs 

1.4. Variety of CNTs ranging from single walled to multi walled and cross-

linking through functionalized biopolymers 

Most of the wonderful properties of carbon nanotubes can be best utilized by 

incorporating the nanotubes into some form of matrix. The exceptional mechanical 

properties, in particular, have prompted huge interest in the production of 

composite materials containing nanotubes for structural applications using 

polymers, ceramics and metals (MacDonald et al. (2005)). The materials which 

form composites with carbon nanotubes are mostly polymers or biopolymers 

reported elsewhere in the literature. One of the simplest methods for preparing 

CNTs- polymer composites is mixing the CNTs dispersion with solution of the 

polymer, and then evaporates the solvent in a controlled way. This method has 

been used with various polymers such as polyvinyl alcohol, polystyrene, 

polycarbonate and poly(methyl methacrylate) reported by Spitalsky et al. (2010). 

In order to facilitate solubilization and mixing, the nanotubes are often 

functionalized before adding to the polymer solution. For example, acid treatment 
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is used to disperse catalytically produced MWNTs in water, and then nanotubes 

polymer composite is made by simply mixing one of these dispersions with an 

aqueous solution of the polymer and casting the mixture as film. The solution 

mixing approach is limited to polymers that freely dissolve in common solvents. 

An alternative is to use thermoplastic polymers and apply melt processing 

techniques (Haggenmueller et al. (2000)). One problem associated with this 

method is that achieving homogeneous dispersions of nanotubes in melts is 

generally more difficult than with solutions, and high concentrations of tubes are 

hard to achieve due to the high viscosities of the mixtures. An alternative method 

for preparing nanotubes polymer composites is to use the monomer rather than the 

polymer as a starting material, and then carry out in situ polymerization (Xia et al. 

(2003)). Ceramics have high stiffness and thermal stabilities but relatively low 

breaking strengths. Incorporating carbon nanotubes into a ceramic matrix produces 

a composite with both toughness and high-temperature stability. However, 

achieving a homogeneous dispersion of tubes in an oxide, with strong bonding 

between tubes and matrix, presents rather more of a challenge than incorporating 

tubes into a polymer. CNTs have been used to improve the anti-static properties of 

fuel-handling components and body panels of automobiles. CNTs-containing 

sporting equipment (e.g., tennis rackets and high-performance racing bicycles) has 

been manufactured recently. It has been shown that considerable improvement in 

the performance of Li-ion batteries can be achieved by the addition of 

catalytically-produced MWNTs. 

Aztatzi-Pluma et al. (2016) reported the study of the molecular interactions 

between functionalized carbon nanotubes and chitosan where molecular dynamics 

(MD) simulations were performed to calculate the interaction between chitosan at

different degrees of deacetylation (DD) and CNTs functionalized with either amine
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(−NH2) or carboxylic (−COOH) groups.  Xu et al. (2005) reported stable films of 

biopolymer chitosan and were prepared by a layer-by-layer self-assembly 

technique for studying the electrochemistry of microperoxaidase-11. Liu et al. 

(2007) reported a  novel noncovalent approach is developed for the 

functionalization of MWNTs using a biopolymer obtained in the cellulose industry 

with sodium lignosulfonate (SLS). Zykwinska et al. (2009) reported layer-by-layer 

functionalization and non-covalently modification of CNTs with synthetic and 

natural polyelectrolytes. The adsorbed polyelectrolyte layers were used as 

anchoring ones to subsequently graft a natural biopolymer. Such post-

functionalization creates a way to design new CNTs based biodevices. Gandra et 

al. (2009) reported that Single-walled carbon nanotubes (SWNTs) functionalized 

with −COOH (along with some sulfonation and nitration) and modified with 

chitosan were prepared and tested for their singlet oxygen (1O2) production. 

Zamaleeva et al. (2010) reported the 3D assembly of MWCNTs on the 

polyelectrolyte-coated living Yeast cells (Saccharomyces cerevisiae) using the 

polyelectrolyte-mediated layer-by-layer approach. Ji et al (2009) reported that 

SWCNTs and MWCNTs are the potential candidates and effective adsorbents for 

the removal of tetracycline from aqueous solution. To compare the results, a non-

polar adsorbate, naphthalene, and two other carbonaceous adsorbents, pulverized 

activated carbon (AC) and non-porous graphite, were used. It was observed that 

the remarkably strong adsorption of tetracycline to the CNTs can be attributed to 

the strong adsorptive interactions due to vander Waals forces �—� electron donor-

acceptor interactions, cation- � bonding. Fan et al. (2013) reported that 

hydrothermal synthesis of phosphate-functionalized CNTs 

containing carbon composites for super-capacitors with highly stable performance 

phosphate-functionalized carbon nanotubes. (CNT)-containing carbon composites 
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with hierarchical porous structure have been synthesized by a simple soft-template 

hydrothermal method followed by heat treatment. The electrochemical 

performance of the carbon composites as electrode materials for super-capacitors is 

also investigated and it was observed that CNTs can be uniformly embedded in 

the carbon matrix, and the phosphate groups are introduced into 

the carbon composites successfully. Bhattacharya et al. (2008) successfully 

dispersed functionalized SWNTs within hyaluronic acid–water solutions where 

divinyl sulfone was used as a crosslinker for the Hybrid hyaluronic acid (HA) 

hydrogels with SWNTs. All in all, it is evident from the literatrure that the 

functionalization of CNTs(SWCNTs &MWCNTs) led to change in their properties 

and tune pristine properties like solubility, composite materials, sensitivity  & 

reactivity electron interaction, defects, vibrations. Various functional groups are 

responsible for the verstality of their nature and properties after functionalization 

as shown in the figure 3 as reported in the literature. 
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Figure 3: Different method of CNTs functionalization reported in literature 

2. Synthetic Strategies of Carbon nanotubes 

The report “ Carbon Nanotubes (CNT) Market by Type (Single, Multi Walled), 

Method (Chemical Vapor Deposition, Catalytic Chemical Vapor Deposition, High 

Pressure Carbon Monoxide), Application (Electronics, Chemical, Batteries, 

Energy, Medical) - Global Forecast to 2023” The carbon nanotubes market was 

estimated to be USD 4.55 billion in 2018 and is projected to reach USD 9.84 

billion by 2023, at a CAGR of 16.70%. Carbon nanotubes (CNTs) have emerged 

as one of the most important classes of nanomaterials having enormous potential to 

spark-off the industrial revolution from the last decade. Multi-walled carbon 
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nanotubes (MWNTs)-enhanced products, while SWCNT's growth will be steady 

but not as high as MWCNTs, due to higher prices and limited end-user adaptability 

such as electrical & electronics market. CNTs market is facing a huge gap between 

demand and supply due to low volume utilization of CNTs by end users. In order 

to bridge this gap, manufacturers should be ready to capitalize on that future 

demand, which is expected to grow rapidly over the next five to ten years. Keeping 

in view the market analysis CNTs in 3D printing, adhesives, aerospace and 

aviation, automotive, coatings, composites, electronics (flexible electronics, 

conductive films and displays; conductive inks; transistors, integrated circuits; 

memory devices; photonics), energy storage, conversion and exploration (batteries, 

super-capacitors, photovoltaic cells, fuel cells and hydrogen storage), filtration and 

separation, life sciences and medical, lubricants, oil and gas, rubber and tires, 

sensors, smart textiles and apparel etc., the synthesis and production of carbon 

nanotubes (CNTs) have been attracted huge attention over the past two decades, 

based on their extraordinary physical and chemical properties that are a result of 

their intrinsic nano-sized one-dimensional nature. Generally the syntheses and 

production of both types of CNTs (SWCNTs & MWCNTs) are made with three 

different techniques, chemical vapour deposition (CVD), arc discharge method 

and laser ablation method. 

2.1. Arc Discharge Method 

The Arc-discharge method synthesizes nanotubes by using a fairly low voltage 

power supply to strike an electrical arc between two carbon electrodes (Hou et al. 

(2001)). The carbon anode can be enriched with particles of a transition metal in 

order to aid synthesis. Nanotubes form in the arc and collect on the anode, along 

with a host of other carbon byproducts. The nanotubes that are synthesized by this 

means are typically very ropy and multi-walled. 
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S. Iijima (1991) was first to report that a DC arc discharge in argon consisting of 

a set of carbon electrodes was used to prepare CNTs. The temperature of 2000–

3000°C was kept at nominal conditions of 100 A of current and 20 V of potential 

difference for the production of CNTs. This apparatus produced multi walled 

carbon nanotubes (MWCNTs) in the soot. Later, SWCNTs were grown with the 

same set-up by arc discharge technique where carbon is released from catalysts 

doped with catalyst source materials (e.g., Fe, Ni, Co, Ni, Co, Pt, Rh, Pt) (Baddour 

& Briens (2005); Ishigami et al. (2000)). This method is a slightly modified 

version of the method used for fullerene production. An arc discharge is generated 

between two graphite electrodes placed face to face in the machine’s principal 

airtight chamber under a partial pressure of inert gas (typically 600 mbar of He or 

Ar). The resulted electrical discharge brings the temperature up to 6000°C, which 

is hot enough for the carbon (graphite) to sublime and transform from a solid state 

to gaseous one without turning into a liquid first. During sublimation, the high 

energies involved can eject single carbon atoms from the solid forming plasma. 

These atoms move towards colder zones within the chamber, allowing a nanotubes 

deposit to accumulate on the cathode. In fact, in the chamber, the gas ionizes to 

electrons and positively charged ions and produces very hot plasma. The electrons 

impact the anode with high velocity, and the carbon material is raised to such a 

high temperature that carbon vapor is produced which follows the ionization of 

carbon to give carbon ions. Thereafter, the carbon ions and vapor move around to 

the cathode, which is cooler than the anode electrode due to the decreased 

temperature and form clusters, by a phase transition to liquid carbon and eventually 

to solid carbon where it has been found that CNTs are synthesized (Yousef et al. 

(2012)). It has been reported that different kind of substances can be formed in 

different parts of reactor besides CNT such as large quantities of rubbery soot, 
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web-like structures between the cathode and the chamber walls, grey hard deposits, 

and a spongy soft coating like a belt called ‘collaret’ (Zhang et al. (2014)). The 

type of nanotube produced depends mainly upon the presence of metal catalysts. If 

small amounts of transition metals such as Fe, Co, Ni or Y are introduced in the 

target graphite, then SWCNTs are the dominant product as reported by (Sano et al. 

(2004); Antisari et al. (2003)). There are many physical and chemical parameters 

which affect the arc-discharge process such as the dispersion and concentration of 

the carbon vapour in the inert gas, the inner temperature of the reactor, addition of 

promoters, composition of the catalyst, and the presence of hydrogen. The 

nucleation and the growth of the nanotubes, their inner and outer diameters and the 

type of nanotubes (SWCNTs, MWCNTs) are the main characteristics which can be 

influenced by the above-mentioned parameters (Imasaka et al. (2006)).  Liquid N2, 

doubly deionized water and aqueous solutions of NiSO4, CoSO4, FeSO4 and NaCl 

have been added to the reaction environment in the arc-discharge method and their 

precise composition has a huge impact on the characteristics of the products (Zhu

et al. (2002)). For example, when a liquid nitrogen in the range of 22 – 27 V, a 

high density of MWCNTs were obtained with distorted morphology, degraded 

structure and irregular shaped multi-shelled carbon ‘onions’ (Palkar et al. (2007)). 

Nowadays, this method has been modified to improve the efficiency and properties 

of CNTs, where the use of an electric field assisted arc-discharge technique 

resulted in direct synthesis of de-bundled SWCNTs. Antisari et al. (2003) has 

reported, > 50% of SWCTNs were obtained with less than 3 nm diameter. Since 

diameter of individual SWCNT is 1.3 – 2.7 nm, meaning thereby greater than 50% 

of them were isolated (mostly two bundles of SWCNT). 
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2.2. Chemical Vapour Deposition (CVD) Method 

Chemical vapour deposition (CVD) method is the other means of synthesis for 

the preparation of CNT. CVD synthesis is achieved by taking a carbon species in 

the gas phase and using an energy source, such as plasma or a resistively heated 

coil in order to impart energy to a gaseous carbon molecule. Danafar et al. (2009) 

reviewed catalytic chemical vapour deposition synthesis of carbon nanotubes and 

found that methane, carbon monoxide, ethylene, propylene and acetylene were the 

most commonly used sources of gaseous carbon. The energy source is used to 

"crack" the molecule into a reactive radical species. These reactive species then 

diffuse down to the substrate, which is heated and coated in a catalyst (usually a 

first row transition metal such as Ni, Fe, or, Co) where it will bond. The result is 

that carbon nanotubes will form if the proper parameters are maintained. CVD 

allows the experimenter to avoid the process of separating nanotubes from the 

carbonaceous particulate that often accompanies the other two methods of 

synthesis. Excellent alignment as well as positional control on the nanometer scale 

can be achieved by the use of CVD method. Control over the diameter, as well as 

the growth rate of the CNTs can also be maintained. The appropriate metal catalyst 

can preferentially grow single rather than multi-walled nanotubes. Most CNT 

appears to be produced by chemical vapour deposition using metal catalysts (e.g., 

Fe, Ni, Co) or nanopores in ceramic nanomaterials (e.g, SiC, Al2O3, TiO2). By this 

method, later named as catalytic CVD, MWCNTs and SWCNTs both were 

produced and the decomposition temperature was kept between 650 and 900°C 

which is less than other methods. More CVD methods are presented in the 

following.  

 The hot filament CVD (HFCVD) is an economical technique for the 

synthesis of CNTs and other carbon nanostructures such as carbon nano-flakes and 
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carbon nanowalls (Okazaki  & Shinohara (2003); Sahoo et al. (2014)). In HFCVD, 

a relatively inexpensive substrate can be used to produce CNT. Bouanis et al. 

(2011) fabricated SWCNTs by the HFCVD method and used Ru-nanoparticle as a 

catalyst and methane gas as a carbon source heated by a 2 watt filament. A 

substrate consist up of clay minerals like kaolinite, sepiolite and nontronite were 

used to prepare MWCNTs by Pastorková et al. (2012). CH4 was the carbon source 

and H2 was the carrier gas fed at a pressure ~ 3 KPa into the reactor, containing the 

clay mineral as a substrate coated with Fe to act as a catalyst and heated upto 

600°C. They concluded 3D nonaligned CNT and aligned MWCNTs were formed 

clay mineral substrates. Sanchez-Valencia et al. [43] synthesized chiral CNTs 

using a bottom-up technique using cyclodehydrogenation on a Pt catalyst. C96H54 

was the precursor that was decomposed at 500°C (approx) under vacuum condition 

in order to produce (6,6) ‘armchair’ nanotube seeds. Finally, by epitaxial 

elongation chiral CNTs grew free of defects. In 2009, Swierczewska et al. (2014) 

first used gadolinium and europium as inner transition metal catalysts to grow 

SWCNTs by the CVD method, yielding nanotubes with 1.9 nm diameter and a 

narrow distribution of lengths. 

  Plasma enhanced CVD (PECVD) is another promising method to fabricate 

vertically aligned CNT (VACNTs) (Melechko et al. (2005)). In this method, a gas 

containing a carbon source mixed with a carrier gas was injected into a vacuum 

chamber containing a heated substrate, which was coated with catalyst. The main 

role of plasma is the dissociation of hydrocarbon molecules in order to produce C 

atoms and reactive radicals such as •CH, •CH2, •9CH3 and H+ ions at a lower 

temperature compared to arc discharge or laser ablation. Saghafi et al. (2014) 

reported VACNTs which were produced from acetylene gas with a silicon 

substrate and nickel catalyst. The pressure of the vacuum chamber was maintained 
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10−2 Torr at 65°C and 1.5 – 2 W/cm2DC power to heat the plasma in order to 

fabricate the VACNTs that had 78 nm diameter and 1 – 8 �m length. The variation 

in plasma power, pressure at which the precursors are injected, temperature of the 

substrate, and the chamber growth time, catalyst content and catalyst thickness are 

the most important parameters in the PECVD technique which has been 

comprehensively investigated by Loffler et al. (2011) and Jeong et al. (2012).  

 Radio frequency plasma-enhanced CVD (RF-PECVD) can produce a higher 

concentration of reactive radicals from the carbon source at a lower temperature in 

comparison to PECVD. Wang & Moore (2012) synthesized MWCNTs with a Ni 

catalyst on Si, TiN/Si and a glass substrate by a RF-PECVD with RF power 600 

watt whereas at low temperatures (140°C and 180°C) it is 13.56 MHz and injected 

CH4, H2 and Ar into the chamber. They evaluated parameters such as substrate 

temperature and type, plasma intensity, gas flow rate and gas compositions. 

Dervishi et al. (2013) devised an inexpensive method for the preparation of CNTs 

using a radio frequency generator and an electrical furnace in a H2/ Ar atmosphere. 

They used an iron oxide-graphene substrate without using any hydrocarbon gas at 

a relatively low temperature between 150 and 500°C. They reported that if they 

used iron oxide nanoparticles of 5 nm diameter then CNT were formed at 150°C 

and for 15 nm nanoparticles the temperature needed to be 400°C or higher.  

 The microwave plasma-enhanced CVD (MPECVD) method is often used for 

the synthesis of CNTs at low temperature and high yield. Hata et al. (2004) also 

reported that water-assisted CVD (WA-CVD) was presented by adding an amount 

of water into the CVD reactor so that the catalyst activity, rate of formation and 

length increases which alter the diameter of CNTs (Wang et al. (2012)). WA-CVD 

is therefore known as d “super-growth CVD” due to the improved CNTs synthesis 

(Yamada et al. (2008)). Oxygen and carbon dioxide can also enhance and modify 
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CVD synthesis method for CNTs. Kim et al. (2010) reported that oxygen-assisted 

MPECVD using a mixture of CH4/H2 gases with a Fe/Al2O3/Si substrate at 700°C 

could give MWCNTs with 4.08 �m length and 5 – 10 nm diameter.  

 It is also reported that, organometallic precursors based CVD combine a 

carbon source and the catalyst in a single compound using organometallic 

precursors as ferrocene or nickelocene for CNT synthesis (Rao & Govindaraj 

(2002). The pyrolysis of these compounds also reported in the literature which 

depends on the process conditions and carried out using a mixture of methane or 

acetylene at 1100°C to produce SWCNTs or MWCNTs (Rao & Govindaraj (2002).  

A ferrocene and benzene mixture enriched with thiophene as a growth promoter 

was injected into a hydrogen, where, 0.5–5% by weight of thiophene was added 

into the stream led to the formation of SWCNTs whereas MWCNT could be 

formed, If the thiophene was increased to more than 5% (Cheng et al. (1998). The 

use of a ferrocene and xylene mixture can also produce MWCNT as reported in 

literature by Jasti & Bertozzi (2010). 

2.3. Laser Ablation Method 

Laser ablation or vaporization method was another among these methods for the 

preparation of CNTs. A high power laser is restored across a carbon target. In the 

plasma plume that is generated by the laser, provided that appropriate conditions 

exist, SWNTs form and are collected downstream from the plasma plume on a 

"cold finger". Laser ablation may also be used and enables production low-volume 

high-quality pure SWCNT. The third method of SWCNT synthesis was laser 

ablation in which laser vaporization of a graphite rod in an oven with Co and Ni as 

catalysts (Bota et al. (2014). In this method, a carbon-metal composition is placed 

in a heated chamber with a flow of inert gas (Ar) at a pressure of 500 Torr @ flow 
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rate of 50 sccm (standard cubic centimeters per minute). When a laser beam is 

focused on the target and the soot produced was deposited onto a cooled copper 

collector, then SWCNTs produced are 90% pure with better-graphitize like 

structure. It can produce a low amount of CNTs but with high purity and vice 

versa. Arc-discharge method can produce a large amount of CNTs but with 

significant impurities. Maser et al. (2001) reported that in this method, gas flow 

rate, carrier gas type, catalyst, substrate for nucleation and time are the most 

important parameters that affect the CNTs structure and growth (Mubarak et al. 

(2014). It is also reported that the composition of the target material is one of the 

crucial factors in CNT synthesis and in fact using pure graphite targets in laser 

ablation yields fullerenes and nano-onions rather than nanotubes. Isolated 

SWCNTs have been reported when monometallic Co or Ni dopants has been used 

along with graphite as a target material. Otherwise it could have resulted in a high 

yield of SWCNT bundles w.r.t. bimetallic graphite containing a Ni/Y catalyst 

(concentration of Ni always higher than that of Y, or Ni/Co in equal concentration) 

(José�Yacamán et al. (1993)). In this method, the CNTs best yield and quality 

depends on the reaction temperature of range 1200°C. It is reported by Maser et al. 

(2001) that the quality of the CNTs diminished and lots of defects appeared at 

lower temperatures.  

Although, laser ablation and arc discharge yield nanotubes with high quality, 

however these methods suffer from the some shortcomings: obtaining large 

quantities of graphite is problematic, which limits the CNTs large-scale 

production, the purification process of the tangled form of nanotubes mixed with 

unwanted materials is problematic as well as expensive,  energy consumption can 

be very high in these methods. It is also reported that Qin et al. (1998) on 

comparing with other methods, these two methods have a higher reaction 
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temperature, which imposes another difficulty in designing an industrial process. 

All the synthesis methods are summarized in the Table 1. As shown below 

Meth

od 
Arc discharge method 

Chemical vapour 

deposition  

Laser ablation 

(Vaporization)  

Who 

reported 

first? 

Ebbesen and Ajayan 

of  NEC, Japan in 1992 

Endo from Shinshu 

University, Nagano, Japan 

Smalley of Rice 

University USA in  1995 

How 

it works? 

connect two graphite rods 

to a power supply, place 

them a few mm apart from 

each other and throw the 

switch. At 100 A, carbon 

vaporizes and forms a hot 

plasma.  

Place substrate in oven 

and heated at 600 
o
C, slowly

add a carbon-bearing gas 

such as methane. As gas 

decomposes it frees up 

carbon atoms, which 

recombine in the form of 

CNTs  

Blast graphite with 

intense laser pulses rather 

than electricity to generate 

carbon gas from which the 

CNTs form; optimize the 

best conditions until hit on 

one that produces 

prodigious amounts of 

SWCNTs  

Typic

al yield 

30% to 90% 20% to 100 % Up to 70% 

SWC

NTs 

Short tubes with 

diameters of 0.6nm to 1.4nm  

Long tubes with 

diameters ranging from 

0.6nm to 4nm  

Long bundles of tubes 

(5-20 microns), with 

individual diameter from 

1nm to 2nm.  

MWC

NTs 

Short tubes with inner 

diameter of 1 nm  to 3nm 

whereas outer diameter is 

10nm (approximately)  

Long tubes with diameter 

ranging from 10nm to 

240nm  

Not very much interest 

in this method, as it is too 

expensive, but, MWCNT 

synthesis is possible.  

Advan
Can easily produce 

SWNT, MWCNTs in which 

Easiest to scale up to 

industrial production; long 

Primarily SWCNTs with 

good diameter control and 
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tages SWCNTs have few structural 

defects but, MWCNTs can be 

produced without catalyst, 

less expensive, open air 

synthesis also possible  

length, simple process, 

SWCNTs diameter 

controllable and are quite 

pure  

few defects. The reaction 

product is quite pure.  

Disad

vantages 

Tubes tend to be short 

with random sizes and 

directions; oftenly needs a lot 

of purification  

CNTs are usually 

MWCNTs and often riddled 

with defects  

Expensive method, 

because it requires 

expensive lasers with high 

power requirement  

3. Applications of Carbon Nanotube Based Green Nanocomposites

Electronic, molecular and structural properties of carbon nanotubes are 

determined to a large extent by their nearly one dimensional structure because 

nanotubes are not one, but many materials and consist only of surface atoms. The 

chemical reactivity of CNTs is enhanced due to the curvature of the CNT surface 

when compared with a graphene sheet (Park et al. (2003)). Carbon nanotubes 

reactivity is directly related to the �-orbital mismatch caused by an increased 

curvature. A smaller diameter nanotubes resulted has increased reactivity due to 

covalent chemical modification of either sidewalls or end caps (Bahr & Tour 

(2002)). Therefore, a distinction can be made between the sidewall and the end 

caps of nanotubes and even the solubility of CNTs in different solvents can be 

controlled. CNTs have been exploited for applications in drug delivery; gene 

therapy; cancer therapy; vaccine delivery; energy storage;  imaging and diagnostics 

in vacuum fluorescent display (VFD) as white light source, in liquid crystal display 

(LCD) as backlight, in cathode ray tube (CRT) and field emission display (FED) as 

emitter, in single electron transistor (SET) as microwave devices & ultra small 
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diodes high density device composites, in scanning tunneling microscope (STM) 

and atomic force microscope (AFM) as nano-scale wire, nano-pipettes, nano-

capsule and nano-tweezers (Liu et al. (2012); Tatami et al. (2005)). Carbon 

nanotubes have potential applications in other fields like energy storage devices, 

sensors, adsorbents, sports equipments, adhesives as shown in the figure 3. Liu et 

al. (2014) have reported the development of host-guest methodology for separation 

of single-walled carbon nanotubes (SWCNTs) based diporphyrin nano-tweezers 

which have unique features due to handedness and diameter with gable-type chiral 

diporphyrins. They consist up of two porphyrins and rigid spacer in between and 

are next generations of the host molecules focusing on larger diameter of 

SWCNTs, named “nano-calipers”  

.  

Figure 3: CNTs Applications 
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3.1. CNTs in Molecular Electronics and Optical Applications 

Molecular electronics with CNTs results into field emitting devices as are flat 

panel displays, tubes in telecom networks, electron guns for electron microscopes, 

AFM tips and microwave amplifiers (Avouris (2002)). The quantum confinement 

and band gap in CNTs depends upon structure, however most properties depend on 

the band gap (Han et al. (2007)). Carbon nanotubes can be filled with molecules 

that have either an electronic or structural property which can be used to represent 

the quantum bit (Qubit) of information, and which can be associated with other 

adjacent Qubits (Ranjan et al. (2015)). If a solid is subjected to an adequately high 

electric field, electrons near the Fermi level can be extracted from the solid by 

tunneling through the surface potential barrier. This emission current depends on 

the strength of the local electric field at the emission surface and its work function 

indicates the energy necessary to extract an electron from its highest bounded state 

into the vacuum level. The applied electric field must be kept very high in order to 

extract an electron.  This condition is fulfilled for carbon nanotubes, because their 

elongated shape ensures very large field amplification (Bonard et al. (1999)).  

For technological applications, the emissive material should have a low 

threshold emission field and large stability at high current density. Furthermore, 

carbon nanotubes possess ideal qualities of being good emitter of nanometer size 

diameter, structural integrity, high electrical conductivity, a small energy spread 

and a large chemical stability (Worsley et al. (2010)). 

 CNTs based field effect transistors have excellent operating characteristics that 

are as good as or better than state-of-the-art silicon devices. CNTs do not have 

interface states that need passivation, as in the case of the Si-SiO2 interface, which 

makes it easier to integrate the CNTs with high dielectrics (Yang et al. (2009)). 



����

Furthermore, the high conductivity and exceptional stability of metallic nanotubes 

makes them excellent candidates for future use in interconnects (Kreupl et al. 

(2002)). Sahoo and Mishra (2009) reported the advantages of CNTFET over Si-

MOSFE, where CNTFET demonstrates higher drive current, shows approximately 

four times higher trans-conductance and the average carrier velocity of CNTFET is 

almost double. The field-effect transistor is a three-terminal switching device 

which can be constructed of only one semiconducting SWCNTs. By applying a 

voltage to a gate electrode, the carbon nanotubes can be switched from a 

conducting to an insulating state. Such CNTs transistors can be coupled together 

and working as a logical switch as the basic component of computers (Javey et al. 

(2003)). Two different device architectures have been developed for the transistor 

configuration. In both cases, CNTs connect the source and drain electrodes and 

show excellence behavior in the area of memory designing, amplifiers, sensors and 

detectors, etc (Lin et al. (2012); Zaporotskova et al. (2016)).  

Although CNTs are currently one of the most promising materials for molecular 

electronics, many challenges remain before they can become a successful 

technology. Most of these challenges involve the synthesis, separation, and self-

assembly of CNTs. Appropriate functionalization of the nanotubes can help 

achieve the self-assembly of CNT circuits. To a great extent, the future of CNTs 

electronics is now in the hands of the chemists (Maune et al. (2010); Rao et al. 

(2003)).  

Theoretical studies have been reported in the literature, where it is revealed that 

the optical activity of chiral carbon nanotubes disappears if their size becomes 

larger (Ivchenko & Spivak (2002)). Therefore, it is expected that other physical 

properties are influenced by these parameters too. Use of the optical activity might 

result in optical devices in which CNTs play an important role (Rotkin & 
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Subramoney (2006)). However, a bottleneck in the use of nanotubes for 

applications is the dependence of the conductivity and emission stability of the 

nanotubes on the fabrication process and synthesis conditions. Thus, CNTs  as 

field emitting devices are flat panel displays, tubes in telecom networks, electron 

guns for electron microscopes, AFM tips and microwave amplifiers (Liang et al. 

(2016); Irita et al. (2018) ). 

3.2. CNTs in Energy Storage Applications 

3.2.1. CNTs in Hydrogen storage: The first and foremost advantage of 

hydrogen as energy source is that its combustion product is water and the other is 

that it can be easily regenerated.  Therefore, a suitable hydrogen storage system is 

necessary and which satisfies a combination of both volume and weight 

limitations. Because of their cylindrical and hollow geometry, and nano metre-

scale diameters, it has been reported that CNTs can store a liquid or a gas in the 

inner cores through a capillary effect (Lee & Lee (2000)). Since Iijima 

(1991) reported the synthesis of carbon CNTs, these have been regarded as a good 

candidate material for hydrogen storage. However, it was 6 years after Dillon et al. 

(1997) reported the first experimental evidence for hydrogen storage in carbon 

nanotubes. In their first experiment, it was shown that carbon can store 

considerable amounts of hydrogen at room temperature. Later on, Chen et al. 

(1999) reported that alkali-doped carbon nanotube demonstrate high hydrogen 

uptake. They investigated lithium- and potassium-doped carbon nanotubes and 

found hydrogen adsorption of 14% to 20% by weight between 25 to 400 °C 

(Froudakis (2001)). However, Yang (2000) replicated their experiments and 

reported that the high uptake is mainly attributed due to the moisture and the 

weight gained by reactions with the alkali species in the alkali-metal-doped CNTs 

and hence the contribution from pure hydrogen storage was limited. Kajiura et al.
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(2003) have reported in his experimental work that the hydrogen storage 

performance of SWCNTs, MWCNTs, and nanofibers (CNFs), at optimum 

temperature and up to 8 MPa, cannot surpass 0.43 wt% (obtained for purified 

SWNTs). Ritschel et al. (2002) also studied and reported the hydrogen storage 

capacity of different carbon nanostructures such as SWCNTs, MWCNTs, and 

CNFs. According to him, the purified SWCNTs showed a reversible storage 

capacity of 0.63 % by weight at room temperature and 45 bar, which is higher for 

SWCNTs as compared to MWCNTs and CNFs. The improvements are still going 

on to obtain CNT based better hydrogen storage cages (Ghosh et al. (2017); Jiang

et al. (2018)).   

3.2.2. CNTs in Lithium intercalation: The basic principle of rechargeable 

lithium batteries is electrochemical intercalation and deintercalation of lithium in 

both electrodes. An ideal battery has a high-energy capacity, fast charging time and 

a long cycle time. The capacity is determined by the lithium saturation 

concentration of the electrode materials (De las Casas & Li (2012)). For Li, this is 

the highest in nanotubes if all the interstitial sites (inter-shell vander Waals spaces, 

inter-tube channels and inner cores) are accessible for Li intercalation (Gao et al. 

(1999)). SWCNTs have shown to possess both highly reversible and irreversible 

capacities, because of the large observed voltage hysteresis (Frackowiak & Beguin 

(2002)). Li-intercalation in CNTs is still unsuitable for battery application. This 

feature can potentially be reduced or eliminated by processing and cutting the 

nanotubes to short segments (Fang et al. (2017)). 

3.2.3. CNTs in Electrochemical supercapacitors: Supercapacitors have a high 

capacitance and potentially applicable in electronic devices. Usually, they are 

comprised of two electrodes separated by an insulating material which ionically 

conducts electrochemical devices (Vivekchand et al. (2008)). The capacity of 
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electrochemical supercapacitors depends inversely on the separation between the 

charge on the electrode and the counter charge in the electrolyte (Conway (2013)). 

Since, the separation for CNTs in electrodes is about only fewest nanometers, their 

high surface area results very large capacities which are accessible to the 

electrolytes. Therefore, a large amount of charge injection transpires if only a small 

voltage is applied. This charge injection is used for energy storage in CNTs based 

supercapacitors (Wang et al. (2017)).  

3.4. CNTs in Thermal and Mechanical Applications 

One of the “carbon nanotubes” coveted properties is that they have extreme 

strength. Walters et al. (1999) Yu et al. (2000) reported that SWCNTs are said to 

be around 10 times stronger than steel and 1-2 times stiffer (axial) than diamond 

and are considered to be one of the stiffest materials. Its excellent mechanical 

properties come from the strong covalent bonds (sp² hybrids) that connect the 

carbon atoms in the graphene structure. Fundamentally, CNTs are relatively soft 

and easily deformed. Ruoff et al. (1993) has shown that the van der Waals forces 

from adjacent CNTs are sufficient to deform the tubes which has radial flexibility 

and can be bent several times up to 90 degrees without being damaged. CNTs have 

a very large Young’s modulus in their axial direction. Therefore, these compounds 

are potentially suitable for applications in composite materials that need 

anisotropic properties. Jorio et al. (2008) reported that oscillators based on CNTs 

have achieved higher speeds than other technologies (>50 GHz. The operation of 

these oscillators is primarily based on the low friction and low wear bearing 

properties of MWCNTs with a diameter ranging from 1 nm to a few tens of 

nanometers. CNTs can be used to prepare super-hydrophobic cotton fabric by 

using dip-coating approach, which is solely based on the chemical reactions caused 

by UV-activated nitrene solution (Li et al. (2010)). The solution is used to 
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transform the cotton fabric surface from hydrophilic to super-hydrophobic with an 

apparent water contact angle of 154º. Since, the super-hydrophobicity possesses 

high stability and chemical durability CNTs gets covalently attached to the fabric 

surface (Jung et al. (2018); Guo et al. (2017)). 

3.5. CNTs as Nanoprobes and Sensors  

Due of the flexible nature, nanotubes can also be used in scanning probe 

instruments. Since MWCNTs tips are conducting, they can be used in STM and 

AFM instruments. Advantages are the improved resolution in comparison with 

conventional Si or metal tips (Zhao et al. (2002)).  These tips do not suffer from 

crashes with the surfaces because of their high elasticity. However, CNTs vibration 

will remain an important issue due to their large length until the shorter nanotubes 

can be grown controllably. CNTs tips can be modified chemically by attachment of 

functional groups, therefore, CNTs can be used as molecular probes. A pair of 

nanotubes can be used as tweezers to move nano-scale structures on their surfaces. 

Sheets of SWCNTs can be used as electromechanical actuators, mimicking the 

actuator mechanism present in natural muscles. SWCNTs may also be reported to 

be used as miniaturized chemical sensors (Salavagione et al. (2014)). On exposure 

to NO2, NH3 or O2 etc. rich environments, the electrical resistance changes. Wu et

al. (2018) reported that nanoprobes such as single-

walled carbon nanotubes (SWCNTs) are capable of label-free detection that 

benefits from intrinsic and photostable near-infrared fluorescence, whereas Yi et

al. (2012) reported genetically engineered multifunctional M13 phage which can 

assemble and functionalized Single-Walled Carbon Nanotubes (SWCNTs) as 

nanoprobes for Second Near-Infrared Window Fluorescence Imaging of Targeted 

Tumors. Wei et al. (2008) reported Control of Length and Spatial Functionality of 
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SWCNTs AFM Nanoprobes WCNTs nanofibrils assembled onto conductive 

atomic force microscopy (AFM) probes with the help of dielectrophoresis (DEP). 

3.6. CNTs as Composite Materials  

One of the most important applications of CNTs based on their properties which 

may be used as reinforcements in high strength, low weight, and high performance 

composites in composite materials (Moniruzzaman & Winey (2006)). However, 

there have not been many successful experiments that show that CNTs are better 

fillers than the traditionally used carbon fibers. A main advantage of using 

nanotubes for structural polymer composites is that CNT reinforcements will 

increase the toughness of the composites by absorbing energy during their highly 

flexible elastic behavior (Dyke & Tour (2004)). Other advantages are the low 

density of the CNTs, an increased electrical conduction and better performance 

during compressive load. Another possibility is filling of photoactive polymers 

with CNTs, which is an example of a non-structural application (Liu & Kumar 

(2014)). PPV (Poly-p-phenylenevinylene) filled with MWCNTs and SWCNTs is a 

composite, show a large increase in conductivity with only a little loss in 

photoluminescence and electro-luminescence yields. Another benefit is that the 

CNT based composite are more robust than the pure polymer. CNTs-polymer 

based composites could be used in the biochemical field as membranes for 

molecular separations or for osteointegration (growth of bone cells) (de Menezes et 

al. (2019)). CNTs also exist as templates for hybrid materials, because of the small 

channels, strong capillary forces which exist among the nanotubes. These forces 

are strong enough to hold gases and fluids in nanotubes. In this way, it may be 

possible to fill the cavities of the nanotubes to create nanowires (Ponnamma et al. 

(2014)). 
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3.7. CNTs in Pharmaceutics, Biomedical Biotechnological and 

Bioengineering Applications  

Klumpp et al. (2006); Mehra et al. (2008); He et al. (2013) reported that CNTs 

are assumed to be biocompatible, non-biodegradable and non-immunogenic in 

their nature. They are supposed to have highly elastic nature and therefore wide 

applications in intracellular delivery. CNTs may exhibit minimum cytotoxicity.  

Beg et al. (2013) reviewed that the CNTs can be designed for very specific 

purposes in the area of biomedicine in especially four main fields: drug delivery, 

biomedical imaging, biosensors and scaffolds in tissue engineering. 

3.7.1. CNTs in Drug delivery:  Specific drug delivery is an essential method 

used in medicine to deliver pharmaceutics to the specific place in the body where it 

is needed. CNTs based drug delivery shows great promise in cancer therapy since 

one of the biggest challenges in treating cancer is the severe side effects caused by 

the chemotherapy (Bianco et al. (2005); Liu et al. (2011)).  

3.7.2. CNTs in Cancer Treatment: CNTs (MWCNTs or SWCNTs) have wide 

application in the treatment of blood cancer, breast cancer, liver cancer and brain 

cancer etc. Leukemia is a cancer that begins in the bone marrow, which is the soft 

inner part of some bones, however, moves into the blood (Madani et al. (2011)). It 

can then spread to other parts of the body, such as organs and tissues. Acute 

lymphoblastic leukemia (ALL) is one of the four main types of leukemia which is 

slow-growing blood cancer that starts in bone marrow cells called lymphocytes or 

white blood cells. Once these white blood cells are affected by leukemia, they do 

not go through their normal process of maturing. An intensified targeted delivery 

of daunorubicin (Dau) to acute lymphoblastic leukemia was achieved by Taghdisi 

et al. (2011). They developed a tertiary complex of Sgc8c aptamer (targets 
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leukemia biomarker protein tyrosine kinase-7), daunorubicin, and SWCNT named 

as Dau-aptamer SWCNTs. Flow cytometric analysis viewed that the tertiary 

complex was internalized effectively into human T cell leukemia cell (MOLT-4 

cells) but not to U266 myeloma cells. Release of Dau-loaded CNTs was pH-

dependent. In a slightly acidic solution at pH 5.5, Dau was released from complex 

in 72 h at 37  C, while Dau-aptamer-SWCNTs tertiary complex was pretty stable 

after the same incubation at pH 7.4. Liu et al. (2008)., studied SWCNT delivery of 

paclitaxel (PTX) into xenograft tumors in mice with higher tumor suppression 

efficacy than the clinical drug formulation Taxol. The PTX conjugated to 

PEGylated SWCNTs showed high water solubility and maintains alike toxicity to 

cancer cells as Taxol in vitro. SWCNT-PTX affords much longer blood circulation 

time of PTX than that of Taxol and PEG ylated PTX, leading to high tumor uptake 

of the drug through EPR effect. The strong therapeutic efficacy of SWCNT-PTX is 

shown by its ability to slow down tumor growth even at a lower drug dose.  Pan et

al. (2012) investigated the efficiency of MWCNTs to deliver the gene to the tumor 

cell for cancer therapy, where they fabricated MWCNTs modified with 

polyamidoamine dendrimer which were further conjugated with FITC-labelled 

antisense c-myc oligonucleotides (asODN). Ou et al. (2009) synthesized 

phospholipid-bearing polyethylene glycol (PL-PEG) functionalized SWCNTs 

conjugated with protein A, which was further coupled with the fluorescein-labeled 

integrin monoclonal antibody to form SWCNT-integrin monoclonal antibody 

(SWCNT-PEGmAb).  

3.7.3. CNTs in Lymph Node Metastasis 

Yang et al. (2011) compared the in vitro and in vivo potential therapeutic effect 

of gemcitabine (GEM) loaded magnetic MWCNTs (mMWCNTs) with that of 

gemcitabine loaded magnetic-carbon particles (mACs). Due to the super 
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paramagnetic behaviour of mMWCNTs-GEM, their magnetic moments tend to 

align along the applied field leading to net magnetization which greatly affects the 

interaction of mMWCNTs-GEM with the cellular membrane and thus they were 

found to be superior than mACs-GEM in successful inhibition of lymph node 

metastasis after following subcutaneous administration under the impact of 

magnetic field. Li et al. (2011) developed a novel approach of utilizing natural 

biocompatible polymer chitosan for imaging the tumor cells. Combining the 

intrinsic properties of CNTs, versatility of chitosan, and folic acid, FITC-CHIT-

SWCNT-FA can be used as potential devices for targeting the drug into the tumor 

cells and also for imaging.  

3.7.4. CNTs in Gene therapy 

CNTs can deliver a large amount of therapeutic agents, including DNA and 

RNA, to the target disease sites, Gene therapy and RNA have presented a great 

potential for antitumor treatment (Bates & Kostarelos (2013)). The wire shaped 

structure matches with DNA/siRNA diameter and their remarkable flexibility; 

CNTs can influence the conformational structure and the transient conformational 

changes of DNA RNA and further enhance the therapeutic effects of DNA/siRNA. 

The treatment of a human lung carcinoma model in vivo using siRNA sequences 

led to cytotoxicity and cell death using amino-functionalized multiwalled carbon 

nanotubes (Ren et al. (2018).  

3.7.5. CNTs in Immune therapy 

Chemotherapy faces the issues of accumulative toxicity and drug resistance, 

anti-tumor immunotherapy usually has few adverse effects, good patient tolerance, 

and the potential to improve the prognosis significantly (Fadel & Fahmy (2014)). 

CNTs have also shown the potential to boost the antigenicity of the carried 
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peptides/proteins. Meng et al. (2008) studied that MWCNTs conjugated to tumor 

lysate protein will enhance the efficacy of an anti-tumor immunotherapy that 

employs tumor cell vaccine (TCV) in a mouse model bearing the H22 liver cancer. 

The study showed that MWCNTs conjugated to tumor lysate protein enhanced the 

specific anti-tumor immune response and the cancer cure rate of a TCV 

immunotherapy in mice.  

3.7.6. CNTs in Biomedical imaging 

The unique electrical, mechanical and optical properties properties of CNTs are 

very useful in applications such as biomedical imaging (Gong et al. (2013)). 

SWCNTs have strong optical absorption from ultraviolet (UV) to near infra-red 

(NIR) regions and are useful in a range of different imaging techniques. These 

include photo-acoustic imaging, Raman imaging, fluorescence imaging, and with 

functionalization of the CNTs also positron emission tomography (PET) imaging 

and magnetic resonance (MR) imaging. Kam et al. (2004) reported the CNTs were 

functionalized with a specific receptor for internalization into a specific cell type 

thus imaging these cells with very low auto fluorescence background. In an in vivo

study the bio-distribution of SWCNTs in live drosophila larvae was monitored by 

fluorescence imaging. In photo-acoustic imaging deeper tissue penetration can be 

achieved compared to most other optical imaging techniques (Xie et al. (2016)). 

The technique makes use of certain light absorbing CNTs based molecules that 

converts laser pulses delivered into the biological tissue to heat. Thereby passing 

thermo-elastic expansion is induced and giving rise to wideband ultrasonic 

emission, detected by an ultrasonic microphone. Due to high optical absorption in 

the NIR range, SWCNTs make a useful contrast agent in this kind of biomedical 

imaging.  
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3.7.6. CNTs in Biosensors and Tissue Engineering 

Biosensors are used for mentioning biological processes or for recognition of 

bio-molecules and differ from other sensors by having a sensing element consisting 

of a biological material such as proteins, polynucleotides or microorganisms. It is 

reported by Gao et al. (2003) that CNT-based biosensors incorporating enzymes 

have been produced for detection of glucose and other biomolecules.  

CNTs are also useful in enhancing tissue matrices and tissue scaffold, which 

played an important part in tissue engineering, which provides the structural 

support for the new tissue. It is responsible for defining the space which new tissue 

occupies, and for aiding the process of tissue development. The scaffolds have 

high mechanical strength, good biocompatibility (supporting cell adhesion, 

viability, proliferation and differentiation), and biodegradability and these criteria 

meet using CNTs in the production of the scaffold and with superior results 

compared to other materials used in tissue engineering (Edwards et al. (2009)). 

Studies have shown that scaffolds of CNTs seem to be biocompatible both in vitro

and in vivo when mixed with other materials such as in a polymer matrix of 

chitosan which itself is highly biocompatible. 

3.8. CNTs in Catalysis & Enzyme Immobilization Applications 

Yan et al. (2015) reported that CNTs are used in several catalytic reactions as 

catalyst or as support for biocatalysts. According to Melchionna et al. (2015) Carbon 

nanotubes have emerged as unique carbon allotropes that bear very interesting 

prospects in catalysis. In particular liquid phase reactions were studied extensively 

with MWCNTs. Higher surface area and mesoporous nature resulted in significant 

decrease in mass transfer limitations compared to activated carbon. Ni, Rh, Ru 

supported on CNTs were reported to be more active for hydrogenation reactions 
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compared to when supported on activated carbon. Hydrogenation reactions such as 

hydrogenation of alkenes and �,� – unsaturated aldehyde have been reported for 

CNT supported catalysts. Ruthenium nanoparticles supported on MWCNTs 

showed excellent catalytic activity for hydrogenation of aromatic hydrocarbon. 

Onoe et al. (2007) reported that 5% Pt/CNT catalyst (by weight) to be significantly 

more active than 5% Pt/AC (by weight) for hydrogenation of trans–diphenylethene 

and trans–�–methylstyrene. Rhodium complex grafted on MWCNTs was reported 

by Lmus-Yegres et al. (2008) that it to be very active for cyclohexene 

hydrogenation whereas; Pd/CNT catalyst was found to be active for benzene 

hydrogenation according to Zhang et al.  (2004). Lordi et al. (2001) has found that 

Pt supported on SWCNTs were to be active and selective in hydrogenation of 

prenal (3-methyl-2-butenal) to prenol (3-methyl-2-butenol). Van steen and Prinsloo 

(2002) investigated that CNTs have been used as catalyst support in Fischer–

Tropsch synthesis reactions of methanol, higher alcohols and hydroformylation 

reactions. Copper promoted Fe/MWCNT catalysts are active for Fischer-Tropsch 

synthesis with olefins. Chin et al. (2001) exhibited an enhancement in Fischer-

Tropsch activity when Co-Re/Al2O3 deposited on MWCNT by dip coating as 

compared to what observed with a similar system without CNT arrays. MWCNTs 

also have been used as promoter by Dong et al. (2003) for Cu-ZnO-Al2O3 based 

catalysts for methanol synthesis using H2/CO/CO2. The complex 

[HRh(CO)(PPh3)3] has been grafted onto MCWNTs and used for hydroformylation 

of propene. Higher conversion and higher regioselectivity toward n-butaldehyde 

have been reported by Zhang et al. (1999) for CNT supported catalysts compared 

to that activated carbon or carbon molecular sieve supported catalysts. The Ru/C 

catalysts were studied as an alternative to conventional Fe-based catalyst for 

ammonia synthesis at high pressure and temperature. However, it is prone to 
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deactivation due to metal sintering, metal leaching or methanation of support. The 

stability of the catalyst is reported to increase on using CNTs as support. Ru-

K/MWCNT catalyst has been found to be significantly more active than Ru 

supported on other carbon supports as reported by Chen et al. (2005). The catalytic 

decomposition of ammonia to generate CO free hydrogen for fuel cells has 

received increasing attention, because it is more economical than using methanol 

as hydrogen source. Yin et al. (2004) reported that The MWCNT supported 

ruthenium was found to be more active than MgO, TiO2 or Al2O3 supported Ru. 

CNTs were also reported to be used as catalysts supports for anode or cathode 

catalysis in direct methanol fuel cells or proton exchange membrane fuel cells, 

where its structure has direct impact on fuel cells performance. The most studied 

reactions are methanol oxidation (anode catalyst), oxygen reduction (cathode 

catalyst) and hydrogen oxidation (anode catalyst), where Pt is most used metal 

followed by Pt-Ru system. The CNT based catalysts are observed to be more 

active and better resistant to poisoning compared to conventional carbon black 

support. The advantage of CNT supports for fuel cell applications is due to higher 

metal dispersion and higher electroactive surface area, higher mesoporous 3D 

network to facilitates mass transport and excellent conducting properties which 

improve electron transfer. CNTs have also been used as direct catalyst for some 

specific reactions such as methanation to produce CO and CO2 free hydrogen, 

oxidative dehydrogenation of ethyl benzene to styrene and oxidative 

dehydrogenation of propane to propene, selective oxidation of H2S and aniline, 

esterification and hydroxylations. 

CNTs have been used for enzyme immobilization which increases enzyme 

stability, control of pore size, multiple active sites and reduced mass transfer 

limitations. Du et al. (2015) reported that a two-Enzyme immobilization approach 
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Using CNTs/Silica as support. Individually pre-immobilized a-amylase and 

glucoamylase were sequentially co-immobilized on silica microspheres. The 

permeable sol-gel layer allows the hydrolysis of starch into oligosaccharides by the 

entrapped CNT-a-amylase, and then the oligosaccharides were subsequently 

catalyzed into glucose by CNT-glucoamylase. The sequentially co-immobilized 

enzymes exhibited a higher substrate affinity and comparable specificity and 

catalytic efficiency in comparison to the mixture of free enzymes. Ke et al. (2014) 

reported an enhanced enzyme activity and enantioselectivity of Burkholderia 

cepacia lipase (BCL) via immobilization on modified MWCNTs. CNT–BCL exhibits 

great advantages and possesses promising potential in industrial application. 

3.9. CNTs in Conductive Adhesives Applications 

Carbon nanotubes are certainly excellent electrically-conductive and thermally-

conductive nano filler for polymers. Yu et al. (2010) have reported the use of 

carbon nanotubes reinforced epoxy as adhesives to join aluminum plates. CNTs 

reinforced epoxy adhesives were successfully developed by use of mechanical 

stirring followed by ultrasonication. The carbon nanotubes distributed uniformly in 

the epoxy matrix with no obvious agglomerations at 1% (by wt) of CNTs. The 

adhesives were used to bond aluminum plates due to increased bonding strength 

and durability with the incorporation of CNTs and it is confirmed by Boeing 

Wedge test. Li et al. (2019) reported that Gecko-inspired vertically aligned carbon 

nanotubes (VA-CNTs) exhibit ultra-strong adhesion, dopamine is used to make a 

modification to this traditional biomimetic material. Li et al. (2015) presented a 

transfer method to fabricate vertically aligned carbon nanotubes (VACNT) array-

based dry adhesive materials onto a flexible PET substrate with TPU as the inter-

medium. A thermal oxidation process was introduced to obtain free standing 

VACNTs arrays, resulting in the production of top-transferred and bottom-
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transferred structural VACNTs array-based dry adhesive materials. Interfacial 

bonding strength of the transferred VACNTs array was enhanced dramatically, and 

an improved adhesive behavior were exhibited. The flexible structure of the 

transferred VACNTs array showed a better non-fouling state by mimicking the DH 

motion of the gecko foot. It is a stable structure of VACNTs array-based dry 

adhesive materials with strong interfacial bonding, high adhesive strength, and 

ability to keep non-fouling state. It reveals a new direction for the biomimetic 

design of VACNTs array-based gecko-inspired dry adhesive materials with high 

reusability and reliable properties. Hu et al.  (2013) also reviewed progresses in the 

development of advanced gecko-foot-mimetic dry adhesives based on CNTs. With 

unique hierarchical fibrillar structures on their feet, gecko lizards can walk on 

vertical walls or even ceilings. Hu et al. (2010) have shown that strong binding 

along the shear direction and easy lifting in the normal direction can be achieved 

by friction and adhesion of hierarchical CNT structures for biomimetic 

dry adhesives multiscale modeling. Sethi et al. (2008) reported that design of 

reversible adhesives requires both stickiness and the ability to remain clean from 

dust and other contaminants and inspired by gecko feet, CNTs based flexible gecko 

tapes has the self-cleaning ability. It is also reported by Messina et al. in 2016 that 

on the addition of a commercially available conductive resin with double-

wall carbon nanotubes (DWCNTs) and graphene nano-platelets for hybrid 

conductive adhesives with enhanced thermal and electrical conductivity is essential 

for the fabrication of compact microelectronic and optoelectronic power devices. 

Yu et al. (2013) reported a facile synthesis of carbon nanotube-inorganic hybrid 

materials with improved photoactivity and these modified CNTs act as a scaffold in 

core–shell composites with a uniform TiO2 coating through esterification and 

hydrolysis.. Sánchez-Romate et al. (2017) reported a novel CNTs-doped adhesive 
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film, has been developed to detect adhesive deformation and crack propagation 

along the bonding line by means of the electrical response of the material. Novel 

graphene/CNTs based composite films with high hydrophobicity, low water adhesion, 

high conductivity and stable hydrophobic capability under applied potentials are 

reported by Pu et al. (2013); Mionic et al. (2012) reported that the UV and 

temperature processed structures show very good adhesion and reasonably good 

resistivity with a low concentration of carbon nanotubes. Their reported composite 

material for inkjet deposition is completely compatible with current MEMS 

fabrication processes. 

3.10. CNTs in Waste Water Treatments 

It is indeed a matter of concern about the CNTs potential environmental and 

human health risks, the expanding use of single-

walled carbon nanotubes (SWCNTs) raises environmental concerns. Wastewater 

treatment systems are potential recipients of SWCNTs containing influent; 

however some researchers have poorly documented the impacts of SWCNTs on 

these systems and reported their applications in waste water treatments (Qu et al. 

(2015)). A unique type of carbon nanotubes (CNTs), vertically aligned CNTs 

(VACNTs) possess the intrinsic, extraordinary nano-scale properties (mechanical, 

electrical, and thermal) of individual CNTs, but present them in a hierarchical and 

anisotropic morphology, which holds promise to transform a diverse set of practical 

environmental application processes from water filtration to energy storage. Shi & 

Plata (2018),  reported vertically aligned CNTs as an example to explore strategies to 

co-optimize their environmental benefits and costs, which could potentially impact the 

way all other emerging materials are designed for environmental sustainability 

purposes. Bisesi Jr et al.(2017) suggested that, because of single-

walled carbon nanotubes (SWCNTs) adsorptive nature, these can make their way 
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into aquatic environments and may reduce the toxicity of other waterborne 

contaminants. Pan & Xing (2008), also reported the adsorption mechanisms of 

organic chemicals on CNTs. Lin et al. (2006) reported a simple and highly 

effective process for perchlorate removal based on electrically switched ion 

exchange (ESIX) which was developed by using polypyrrole (PPy) deposited on 

high surface area carbon nanotubes. 

4. Conclusions 

It is concluded that, this chapter presented the unique atomic structures, variety 

of CNTs, properties and applications of CNTs. These are classified as SWCNTs 

and MWCNTs, are known to display unique combination of strength, tenacity, and 

stiffness, previously unobserved in any other material. Herein, we summarized 

different production methods and purification methods are reviewed for the 

syntheses of SWCNTs and MWCNTs In this chapter, we have also discussed some 

good applications of functionalized CNTs, elsewhere reported in the literature. 

CNTs are known to show different applications in different fields such as  

molecular electronics and optical sensors; as energy storage for hydrogen storage,  

lithium intercalation, electrochemical supercapacitors, field emission display, 

microscopy; thermal and mechanical applications due to stiffness and flexibility; as 

nanoprobes and sensors in biomedicines; as composite materials; pharmaceuticals, 

biomedical, biotechnological and bioengineering fields; catalysis & enzyme 

immobilization applications; conductive-adhesives and waste water treatments and 

so on. All in all we can say that “CNTs are indeed …………a wonder material”  
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Abstract: 

Recently, green composites based on nanomaterials are recognized as promising 

technology for subside environmental problems due to low-cost, potential 

adsorption cum photocatalysts and eco-friendliness. Natural materials such as 

chitosan, clay, gels and polymers are mixed with very small amount of 

nanoparticles (carboneous or metal compounds) to achieve excellent adsorption 

properties credited to special functional groups arose on the surface. Here, we 

summarized the updated information on synthesis methodology (hydrothermal, sol-

gel, co-precipitation etc) of various green composite and their application in 

removal of chromium (Cr) a heavy metal (density more than 5g/cm3) from waste-

water. Furthermore, importance of green synthesized nanocomposite is highlighted 

due to low cost of production and mediated effect of biogenic sources (polyphenols 

etc). Cr (VI) is carcinogenic, strong mutagenic and tetragenic. For that, 

conventional techniques like chemical precipitation, ion exchange, membrane 

filtration, electrochemical methods, solvent extraction, coagulation–flocculation, 

membrane process, flotation and adsorption have been employed. Among them 

adsorption was found best in terms of its efficiency and economy as metal bounded 

adsorbents are compact and strongly bonded. CNTs functionalized with chitosan or 
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metal, porous carbon-encapsulated iron, amine-graphene oxide along with green 

composites of metals with natural materials (polypyrrole/ Fe3O4, Fe0-waste rock 

wool) are used as green adsorbent in the removal of Cr (VI) due to their improved 

performances. Nanocomposites of nanosilica-immobilized-nanopolyaniline and 

crosslinked nanopolyaniline, Zeolite–TiO2 hybrid composites, trialkylamine 

impregnated macroporous polymeric sorbent, amine-modified polyacrylamide-

grafted coconut coir pith and many more have also been reported. Research gaps 

prevailing and future recommendations have also been provided. 

Introduction 

During the past few decades, the extensive use of chemicals and unsafe 

materials around the world has caused several environmental challenges. Water 

pollution has become menace to living life. Fresh or clean water used by human is 

very less (0.0008% is available and renew-able) and that’s quality is also declining 

due to increased population growth (4–5 billion people estimated by the year 2025) 

(Roger, 2006). Hence, management of environment is necessary to get sustainable 

and better life. Heavy metal ions(density>6 g per cc) precarious water pollutants, 

even at ultralow concentrations, form potentially carcinogenic and mutagenic 

compounds within the bio-system (Santhosh et al., 2016). Due to high population 

density and growth of industrial deeds, heavy metal ions (Cr6+, Cu2+, Cd2+, Pb2+ 

and Zn2+) were reported highly persistent pollutants in wastewater and become 

lethal if their concentrations exceed certain limits (Goldstein et al., 1971; Renge et 

al., 2012). Chromium a widely used element in steel production industry as 

ferrochrome listed as top-priority toxic pollutants by the US-EPA with tolerance 

limit (0.1 mg/L) in drinking H2O [Costa, 2003; Barakat et al., 2011; Lv et al. 

2012].The hexavalent state Cr6+ (common contaminant in soils and water) is easily 

miscible and movable in water stream and frequently released at levels well above 
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the regulatory trace limits into the environment [Liu et al. 2010; Zhang et al. 2012; 

Wei et al. 2013]. In view of strong mutagenic and teratogenic properties 

Chromium has been categorized as a cancer-causing agent by the International 

Agency for Research on Cancer [De Flora, 2000]. Furthermore, accidental case 

also cause environment disaster e.g., Cr(VI) concentration in slag of Nanpan River 

China  reported the concentration 2000 times above the safe level [Fu et al., 2011].  

Global chromium production was 31,000 MT in 2017 (Chromium, 2018). 

According to the US Geological Survey  on chromium in 2017, South Africa 

(15,000 MT) is the largest ferrochrome and chromite ore producer followed by 

Kazakhstan (5400 MT), India (3200 MT) and Turkey (2800 MT). China is the 

world’s top consumer of chromium, as well as the world’s top stainless steel 

producer. Generally, Chromium mainly exhibit two oxidation states Cr(VI) and 

Cr(III)in nature [Qu et al., 2013] andCr(VI) typically exists in soluble forms of 

HCrO-
4 , Cr2O7

2- , and CrO2-
4in H2O below pH 6.5, HCrO-

4 being predominant 

while change to CrO2-
4 as pH increases, and Cr2O2-

7 is the keyform in solution at 

low pH.In view of economy and environmental concern, the separation/removal of 

metals from wastewater by developed cheap, ecofriendly and advance treatment 

technology are encouraging  [Marques et al.,  2000; Owlad et al.  2008; Unnithan 

and Anirudhan, 2001; Zelmanov and Semiat, 2011]. The illustrative depiction of 

the biological transfer of heavy metal to man has been depicted in  

Insert Figure 1 here.  
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Figure 1: Biological transfer of heavy metals to man 

Numerous reviews on heavy metal ions removal revealed the use of ion-

exchange resin, chemical-precipitation, and membrane separation-filtration 

methods have been extensively reported (Fu and Wang, 2011). Such technics 

suffers various drawbacks like high cost or less effective, therefore, researches 

around the globe are now in the search of new and effective technologies to 

combat pollution caused by wastewater. Adsorption with green adsorbent materials 

(lower cost, satisfactory adsorption properties and environmentally-friendly nature) 
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was found as high effective process for removal of various pollutants from 

wastewater in the recent time. Such green adsorbents were obtained from various 

sources such as agronomic sources, by-products of fruits, vegetables, foods, 

activated carbons after pyrolysis of agricultural sources etc. Moreover, the removal 

of such adsorbents found challenging after the adsorption of pollutants. Activated 

carbon (AC)obtained from agricultural wastes was reported as one of the most 

comprehensively utilized as adsorbent for pollutants removal through adsorption. 

High production cost restricted the use of AC in the recent time (Tocchi et al., 

2012). 

Recently green nanocomposites formed by combination of nanomaterials 

(carbonadoes and metal based) with either natural materials (polymer, chitosan, 

clay etc) or they are derived through green source are the new trend in the 

remediation of environmental problems. A composite is a combination of two or 

more components in which one component acts as a reinforcing agent and other 

provides compatibility. 

Green nanocomposites have advanced characteristics of excellent adsorption 

properties and biocompatibility. Moreover, they minimized the exposure of metal 

to the environment. During the last decades nanomaterials have gained special 

recognition owing to their advanced properties (high surface area, semiconducting 

nature) over conventional adsorbents. Various types of functionalized 

nanomaterials were developed in the virtue of anchoring specific functional groups 

on their surface modification. A number of reviews on the green adsorbents for 

wastewater treatment have been reported such as Kyzas and Kostoglou (2014) 

critical reviewed adsorption capacity; kinetic modeling and critical techno-

economical data of green adsorption processes in order to scale-up experiments 

(from laboratory to industry) with economic analysis and viewpoints of the use of 
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green adsorbents. Various clays like kaolinite and montmorillonite (natural and 

modified), agriculture waste, polymer nanocomposites, chemically modified plant 

waste, were reported for the removal of heavy metals from wastewater 

(Bhattacharyya and Gupta 2008; Sud et al. (2008); Sonawane et al. 2018; Wan 

Ngah and Hanafiah 2008; Singh et al. 2014). Several investigators reported by-

products from industry like, diatomite (Sheng et al., 2009), lignin (Betancur et al., 

2009; Reyes et al., 2009), lignite (Mohan and Chander, 2006), aragonite shells 

(Kohler et al., 2007), natural zeolites (Apiratikul and Pavasant, 2008a), peat (Liu et 

al., 2008a), clay (Al-Jlil and Alsewailem, 2009), clino-pyrrhotite (Lu et al., 2006), 

and kaolinite (Gu and Evans, 2008) etc.Various forms of low-cost, plant material 

for example black gram husk (Saeed et al., 2005), potato peels (Aman et al., 2008), 

sugar-beet pectin gels (Mata et al., 2009), sawdust (Kaczala et al., 2009), coffee 

husks (Oliveira et al., 2008) and citrus peels (Schiewer and Patil, 2008), etc., have 

been extensively examined as excellent biosorbents for toxic heavy metals. In spite 

of their easy availability, cheap and eco-friendly nature, uses of these materials are 

less common because of lesser adsorption capacity and stability. Moreover, these 

materials are difficult to separate after the adsorption process. 

Present chapter deals exclusively with the remediation of heavy metal Cr by 

various green nanocomposites/adsorbents that functionedvia adsorption and 

photocatalytic process. Nanomaterials are now in fashion because of their 

exceptional properties, like high surface area and their high mechanical strength. 

They have excellent adsorption properties credited to special surface functional 

groups. A review on removal of Cr (VI)-contaminated water and wastewater was 

presented by Owlad et al.  (2008). Removal of Cr (VI) through adsorption was 

performed by Fe-functionalized ACobtained from Trapa natans husk (Liu et al. 

2010), Iron phosphate (Zhang et al. 2012), iron(III) complex of a carboxylated 
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polyacrylamide grafted sawdust (Unnithan and Anirudhan, 2001), Iron (Fe3+) 

oxide/hydroxide nanoparticles-based agglomerates suspension (Zelmanov and 

Semiat, 2011) and highly active nanoscale zero-valent iron (nZVI)-Fe3O4 

nanocomposites[Lv et al. 2012]. Updated information on synthesis methodology 

(hydrothermal, sol-gel, co-precipitation etc) of green composite are summarized. 

Furthermore, importance of green synthesized nanocomposite is highlighted due to 

economicalfabrication and intercededoutcome of biogenic sources (polyphenols 

etc). Research gaps prevailing and future recommendations have also been 

provided. 
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Figure 2. Various types of green nanocomposites 
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Environmental concern of heavy metals 

Literature survey reveals that heavy metals have atomic weights between 63.5 

and 200.6 and density greater than 5 g per cubic centimeter [Srivastava and 

Majumder, 2008; Barakat, 2011; Fu and Wang, 2011]. The fast industrialization 

during recent years has significantly contributed to heavy metals release into 

environment. The pollution of water due to discharge of heavy metals from various 

industrial sources (metal plating facilities, battery manufacturing, fertilizer, 

mining, paper and pesticides, metallurgical, mining, fossil fuel, tannery) into 

environment has been instigating disquiet around the globe [Marques et al. 2000]. 

Heavy metals owing to non bio-degradable nature tend to accumulate in living 

organisms unlike organic contaminants and this leads to treatment of industrial 

wastewaters include Pb, Cr, Cd, Hg, As, Ni, Cu and Zn. There are various 

symptoms of the toxic metals toxicity like high blood pressure, vascular occlusion 

speech disorders, sleep disabilities, fatigue, aggressive behavior, poor 

concentration, irritability, mood swings, depression, increased allergic reactions, 

autoimmune diseases and memory loss [Qu et al. 2013]. Heavy metals like Se, Zn 

and Mg might dislocate the humanoid cellular enzymes, while cadmium, lead, 

arsenic and mercury were reported harmful to human body. Although, human body 

desires few heavy metals (Manganese, iron, chromium, copper and zinc) but large 

amounts of such metals might be lethal [Qu et al. 2013 Nordberg et al. 2007 Rao et 

al. 2006]. Table 1 illustrates the permissible concentrations limits for the selected 

heavy metals, as reported by U.S. Environmental Agency (U.S. EPA, 2015) and 

World Health Organization (WHO, 2008). 

Global discharges of Cr metals (out of 1000 metric tonnes/year) in water, air and 

soil is 142, 30, and 896 MT/year (Nriagu and Pacyna, 1988). 



�

	���

 

Figure 3. Various sources of chromium discharge 

Potential sources of chromium are unauthorized release from various Industries 

to environment, cooling tower blowdown, Electroplating, Metal plating and 

coating processes. Chromium has various applications in electroplating, metal 

furnishing, magnetic tapes, pigments, leather tanning, wood protection, chemical 

manufacturing, brass, electrical and electronic equipment, catalysis and so on  

[Kimbrough et al. 1999]. Toxic effect due to excessive chromium includes severe 

diarrhea, Nausea, Pulmonary congestions liver and kidney damage. Available 

treatment techniques are Adsorption, Membrane-technologies, Ion-exchange, 

Floatation, Solvent extraction, Coagulation and Cyanide treatment. 

Pollutants from various industries discharge are rich in heavy metal ions 

(Chromium, Arsenic, Cadmium etc) endure an important environmental issue. 

Constituents of wastewater have been presented as Table 1(Henze, 1992). Though 

control methodologies have been used to various industrialized and public sources, 
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the total amount of such agents discharged to the atmosphere remains staggering 

(Mohan and pitterman, 2006). The discharge of Cr compounds withgreatvariability 

of valency states (range: IV to +VI) to H2O systems may extremelydistressmarine 

life [Fukai 1967]. In order to meet out the legal limits of 50 μg/L of total 

chromium concentration for drinking water [Khezami and Capart, 2005] and 100 

μg/L for released to surface water (US Environmental Protection Agency 

standards) [EPA, 1990], chromium should be removed or otherwisereduced into a 

harmless soluble species [Pandey and Mishra, 2011]. Still, industrialized 

wastewater usuallycomprises high amount of chromium, from range from 500 to 

270,000 μg/L [Patterson 1985], and levels could reach 50–700 μg/L in 

groundwater [Oze et al. 2007].Highamount of Cr in soil causes reticence on 

herbevolution, chlorosis in fresh leaves, nutrient inequity, wilting of tops, and root 

injury [Yadav, 2010]. Notably, Cr in soil inclined to be uptaken by crops and 

consequently absorbed by humanoid beings, instigating a variety of diseases. 

Consequently, it was rather significant to decrease the absorption of Cr by crops. 

Table 1. Constituents of wastewater (Henze, 1992) 

Type Source Components Effects 

Microorgani

sms 

Sewage, 

animals 

excrement 

Pathogenic bacteria, virus, 

etc. e.g. E-Coli, bacillus subtilis, 

pseudomonas aeruginosa, 

enterococcus faecalis, giardia 

lamblia 

Water born disease 

Risk while bathing 

and eating fish 

Organic 

materials 

- Oxygen depletion in rivers, 

lakes and fjords 

Eutrophication, 

aquatic death, may 

contain disease causing 

microorganisms.  
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Synthetic 

organic 

materials 

Industrial 

waste 

 

Pesticides, fat, oil and 

grease,dyes, phenols, amines, 

PAHs, chlorinated compound, 

tennaries, pharmaceuticals etc. 

Mutagenicity, pH, 

Cercogenic, COD, 

aesthetic 

inconveniences, 

bioaccumulation 

Nutrients - N, P, ammonium, Ca, Na, 

Mg, K, etc. 

Eutrophication, 

oxygen depletion, 

toxiceffects 

Inorganic 

materials 

Soil-

erosion, power 

plants  

Acids, bases, heavy metals 

(Hg, Pb, Cd, Cr, Cu, Ni), 

Metals/Metalloids, nitartes, 

phosphates 

Corrosion, toxic 

effect, acidity, 

hardness, aquatic death, 

bioaccumulation 

Radioactivit

y 

Radiomater

ials 

Various radioactive elements Toxic effect, 

accumulation 

 

Adsorption:  

A variety of technologies are presently in use to combat presence in water like 

biological treatment methods, joint chemicaland biochemical methods (Tocchi et 

al., 2012), chemical oxidation and photocatalysis (Wang et al., 2014; Hamad et al., 

2015a,b). Among all, Adsorption wasdocumented as an effective and cost-effective 

methodology for heavy metal removal from wastewater. The adsorption procedure 

offers flexibility in design and operation and in numerous cases will generates 

high-quality treated effluent. Furthermore, since adsorption is occasionally 

reversible, adsorbents can be regenerated by appropriate desorption 

procedure.Indirect method was used for the analysis of heavy metals in 

wastewaters. For example, AAS and  ICP-MS have been preferred for analyzing 
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the collected aliquot of  adsorbate. Commercial used AC is prohibited due to 

relative expensiveness of AC. Moreover, environmental concern is an issue while 

using toxic reagents. Therefore, low cost green adsorbents are the need of time for 

the remediation of heavy metals. 

Biosorption of heavy metals from green adsorbents includes bioadsorbents 

(agricultural wastes, natural substances), and industrial byproducts/wastes. The 

phenomenon has promising effects of potential removal ofheavy metals even from 

dilute solution withusage of low-cost bio-sorbents.  

The budding source of green adsorbants are biomass of dead (bark, lignin, 

shrimp, krill, squid and crab shell), algae and microbes (bacteria, fungi and yeast) 

(Apiratikul and Pavasant, 2008b). 

Algae was greatly employed in several research publication for adsorption of 

metals (Ajjabi and Chouba, 2009; Pavasant et al., 2006 Deng et al., 2007 Ajjabi 

and Chouba (2009) due to  varied obtainability, low-cost, high adsorption 

capability along with good excellence (Apiratikul and Pavasant, 2008b)El-Sikaily 

et al. (2007) used green alga Ulva lactuca for the biosorption of chromium from 

wastewater. Bacteria such as Escherichia coli, Bacillus cereus andPseudomonas 

aeruginosa (Pan et al., 2007; Gabr et al., 2008; Tuzen et al., 2008; Souiri et al., 

2009; Quintelas et al., 2009)and fungi like Aspergillus niger,Rhizopus arrhizus, 

Saccharomyces cerevisiae and  Lentinus edodes (Aksu and Balibek, 2007; Bahadir 

et al., 2007; Chen and Wang, 2008; Cojocaru et al., 2009; Bayramoglu and Arica, 

2008 Amini et al., 2009; Tsekova et al., 2010) have also showed efficiency in 

biosorption of toxic-metals. Moreover,due to small size  Fungi and yeasts can be 

easily grown into high yields and higher chances of hereditarily and 

morphologically manipulation.  
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Agricultural waste(soybeanhull and jackfruit; sugar beet pulp; fruit and weeds 

waste; hazelnut shell ;chestnut shell; maize corncob; rice husk; jatropha oil cake 

and grape seed activated carbon etc) has its own pros (profuse, naturally obtainable 

and cheap) and cons (environmental concern of load due to unfitting disposal) 

(Kurniawan et al., 2006;Ho, 2003;Alper˙Is¸ o˘glu., 2005;Wafwoyo et al., 1999), 

compost, (Pellera et al., 2010; Abdulrasaq and Basiru, 2010; Habib et al., 2007; 

Odoemelam et al.,2011; Demirbas et al., 2008; Özcimen and Ersoy-Meric¸ boyu, 

2009), (Garg et al., 2008; Kumar and Bandyopadhyay, 2006). Lingo-cellulosic 

fibers (annual global production: 4billion tonnes) with large volume of production 

from agriculture and forest has been extensively usedas raw or activated for clean-

up of waste water (Warren et al., 2005; Ngah and Hanafiah, 2008a). In addition, 

use of agricultural adsorbents avoids the high research cost of the synthetic 

adsorbents (Wafwoyo et al., 1999). However, agricultural waste have limited 

adsorption capacity for metal e.g., 12.42 mg/g and activated carbon produced 

from agricultural wastes was rendered in view of high manufacture and 

managements costs (Tocchi et al., 2012). Due to strong binding affinity towards 

metals, many biopolymers such as, chitosan [Ngah et al. 2011; Aydın and Aksoy, 

2009], alginate [Gupta and Babu 2009], and chitin [Baran et al. 2006] were also 

employed in remediation of toxic metal contaminants. Kaolinite clay has rapid 

uptake (30 min) with maximum metal  (Jiang et al. 2010) while brine sediments 

and sawdust were used for removal of Zn and Cu (Agoubordea and Navia, 2009). 

Inspite of wide-ranging source, cheapness and maximum adsorption capacity, 

biosorbents are materials of less-choice because of difficulty in separation. 

Hence, in view of those limitations, bioadsorbents were combined or mixed with 

nanomaterials to obtain green nanocomoposites with extraordinary characteristcs. 

Nanocomposites have shown their versatility in protection of environment via 
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photocatalytic mechanisms (separation of electron-hole pairs in UV-Visible). 

Binary and ternary metal oxides, or heterostructures along with clay, graphene, and 

graphene oxide and multifunctional cotton fabrics with nanocomposite coating are 

also in development. 

Synthetic methods for green composites nanostructures 

For removal of total Cr, nanocomposites are prepared by several methods like 

Carbothermal, Microwave, Solvothermal, Co-precipitation, Hydrothermal, Sol-gel, 

Reduction, Impregnation, Micelle and Reverse Micelle, and Miscellaneous 

(intercalation, precipitation, evaporation etc). The green composites were 

characterized by Brunauer-Emmett-Teller (BET) analysis for calculation of surface 

area (N2 physisorption) porosimetry, X-ray diffractometry (PXRD), to investigate 

the crystallinity, structure, phase compositionand existence of intercalation in 

composites; spectroscopic techniques (Fourier transform infrared (FTIR), Raman, 

X-ray photoelectron spectroscopy (XPS)determine the various functional groups

and the different bonds formed upon mixing; microscopic techniques(FE-SEMand

high-resolution transmission electron microscope HR-TEM) and band gap

calculation by obtaining Diffuse Reflectance Spectra data.Herein we are

summarizing some key synthetic methodologies for the generation of green

nanocompsites.

1. Carbothermal:

In the carbothermic process reduction of materials, generally metal oxides (MO2
-

2), using carbon as the reducing agent at high temperatures. Elemental forms of 

various elements have been generated via these processes. On the basis of 

Ellingham diagrams the capability of metals to take part in carbothermic reactions 

can be expected (Greenwood and Earnshaw, 1997). Carbothermal reactions 
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generally yieldCO and occasionallyCO2. The competence of suchtransformations 

is attributable to the entropy of process: two solids, the metal oxide and carbon, are 

converted to a new solid (metal) and a gas (CO), the latter having high entropy. 

Thermal-heating is provided for facilitate the diffusion of the reacting solids. 

Carbon-supported nanoiron (C-Fe0) particles werecarbothermally synthesized by 

5 g carbon black (80 m2/g) obtained from Alfa Aesar. It  wasadded to 200 mL of  

aqueous solutions of Fe(II) or Fe(III) salts (50 g of Fe(NO3)3 ·9H2O), either by 

adsorption or by impregnation (Hoch et al. 2008).The solid obtained was then 

heated to 800 °C to obtain C-Fe0 nanocomposite.XRD pattern reveals that at 600 

°C or above oxide was completely converted into elemental iron. The minimum 

temperature of the carbothermal iron reduction was determined by dividing a 

sample of carbon black with adsorbed iron (from ferric nitrate solution) into 1 g 

portions. It was reported that different particles size of synthesized Fe0 NPs. The 

deviations in surface area presumablyredirect changes in the remainingquantity and 

the porosity of the carbon support, meanwhile the specific surface area linked with 

50 nm spherical particles of Fe0 should be in the range of �10 m2/g. 

Zhuang et al. (2014) fabricated a spongy carbon-encapsulated iron (Fe@PC) 

nanocompositevia reduction of ferric nitrate, starch and sodium chloride. The cost-

effective and water-soluble starch was selected as the carbon precursor. NaCl was 

usedas a solid spacer to inhibit the particles agglomeration. Fe@PC with surface 

area 378.71 m2/g; pore volume: 0.17 cm3/g) exhibitedhigh, quick removal 

capability and reductivity for Cr(VI). XRD patternrevealed that iron species 

existed as Fe3O4 first, and reduced to Fe by carbon under higher temperature.  

Kumar et al., 2012, prepared dry prawn shell (P. esculentus) activated carbon 

after treating 25 g of dried shells with 20 mL of conc. H2SO4 at 100 �C. Activation 
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was done in a muffle furnace at 400 �C to get activated carbon and care was taken 

to avoid the formation of ash during the activation process in muffle furnace. 

Acharya et al., 2009,developed activated carbon from Tamarind wood activated 

with zinc chloride (10g/100mL) with chemical ratio (activating agent/precursor) of 

100% . The mixing was performed at 50 �C for 1 h followed by vacuum drying at 

100 �C for 24 h. The resulting samples were heated (5 �C/min) to the final 

carbonization temperature  for carbonization times of 40 min. Optimization 

condition provided by RSM were chemical ratio (296%), activation time (40 min) 

and carbonization temperature (439 �C).  

2. Microwave:  

The frequency range of microwave heating is between 900 and 2450 MHz. At 

lower microwave frequencies, conductive currents flowing within the material due 

to the movement of ionic constituents can transfer energy from the microwave 

field to the material while at higher frequencies, the energy absorption is mainly 

due to molecules with a permanent dipole that tend to reorientate under the effect 

of a microwave electric field. A dielectric material can be processed with energy in 

the form of high-frequency electromagnetic waves. 

For Cr(VI) removal,Wang et al. (2011)synthesized microwave-assisted Fe-

bamboo charcoal  adsorbents (Fe–BC) using5 g BC (support) and Fe3+ that was 

obtained by50 mL 20%(w/v) of Fe2(SO4)3 and 50 mL of 50% H2SO4). Microwave 

conditions are: 640 W output power; 2.45 GHz frequency for 6 min and 10 

mL/min of nitrogen flow. BC is selected as aeconomicauxiliary material for iron 

oxide coating. Being a decent microwave absorber,  temperature of the adsorbent 

raised quickly  and consistently on exposure to radiation. Hence, Fe+3 species 

maximize their cross-linking with various functional groups on BC surface and 
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become efficient adsorber for metal removals.Fe-BC has OH and Fe–O group 

indicated by strong streching band at 3450 cm−1 and 630 cm−1, diagnostic of 

goethite. [Li et al. 2008; Namduri and Nasrazadani, 2008 ].Alcoholic, phenolic and 

carboxylic groups in Fe–BC was confirmed with peak at 1020–1120 cm−1 (Shen 

et al. 2009; Jung et al. 2001).Coating of iron oxide on BC resulted in decrease of 

surface area (Fe–BC: 49 m2/g; BC: 64 m2/g), pore volume and pore size. Zhang et 

al. [2008] and Liu et al. [2010] also observed decreased surface area of activated 

carbons coated with iron oxide. Moreover, coarse surface of Fe–BC also indicated 

the presence of iron oxide on BC that was having smooth surface initially.The 

intensity of the EDS peak at 6.38KeV in composite indicating the redox coating 

and elevation of oxygen peak with high intensity supported the iron oxide coating. 

Gupta et al. 2013 prepared bio-based porous carboni.e.,  Ficus carica fiber — 

activated carbon (FC-AC) for adsorption of Cr(VI). The bio-fibre was carbonized 

and activated with H3PO4 under exposure of microwave radiations. 

Kashinath et al. (2018) carried out microwave mediated synthesis of cerium 

oxide-graphene oxide (CeO2-GO) hybrid nanocomposite in absence of any 

surfactant or reducing agent. In-situ hexagonal nano cerium oxide particles 

embedded on the layered surface of GO sheets was used for removal of Cr(VI)  

ions. Nanocomposites CeO2-GOexhibitedimproved 5-folds of efficieny in UV 

(ultraviolet) light and showedquickefficacy in the removal of chromium ion 

superior than the bared GO and CeO2, thatreticent by capable photosensitive 

electron injection and suppressing the electron–hole recombination.  

3. Solvothermal: In the solvothermal method nonaquesous media is used 

instead of water as in the hydrothermal method at much higher temperature than 

that in hydrothermal method, asmany of organic solvents with high boiling points 
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can be picked. This is a versatile method for the generation of variety of 

nanoparticles with superior control over size and morphology, crystallanity than 

hydrothermal methods(Li et al. 2006; Xu et al. 2006; Wang et al. 2005).  

Zheng et al.,  2012  fabricated tunable sized  Fe3O4@C core-shell nanoparticles 

(FCNPs) were by solvothermal reaction [Xuan  et al., 2007, Wang et al., 2010] of 

FeCl3·6H2O, glucose and CO(NH2)2 in EG solvent. In a typical experiment, 2.5 

mmol of FeCl3·6H2O was dissolved in 30 ml of EG with addition of 25 

mmolCO(NH2)2and 0.5 mmol glucose with stirring for 30 minutes. Followed by 

transfer to Teflon-lined stainless steel autoclave and heated at 200 �C for 12 h.This 

resulted to solid products whichwere washedand dried. In order to tune the particle 

size and morphology of the FCNPs, controlled experiments were carried out. The 

TEM analysis revealed The FCNPs consist of nearly spherical particles with a size 

range from 70 to 100 nm with particles consist of smaller primary magnetic 

particles. The HRTEM image revealed that the resolved spacing of about 0.48 nm 

corresponds to the (111) lattice planes of cubic Fe3O4 crystal. 

4. Co-precipitation: 

Many catalysts withmultiple components(bulk catalysts and support material 

like Al2O3, SiO2, TiO2, ZrO2 etc) can easily be fabricated via co-precipitation 

method with higher purity and better stoichiometric control. Calcination 

temperatures are usually lower for co-precipitation than the mixed oxide methods, 

and the product is more easily milled to finer particle sizes. Generally, the metal 

hydroxides were precipitated from their precursor salt solution owing to their low 

solubility. The precipitation of hydroxides can be achieved either by preliminary 

from an alkaline solution thatcan be acidified or from acidic solution by raising the 

pH. Typically, ammonia or sodium bicarbonate is employed as the precipitating 
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agent while extremely soluble inorganic salts like nitrates, carbonates or chlorides 

are usually used as metal precursors. (Jassal et al.,2015a, b,c; 2016a,b; Shanker et 

al., 2016a,b; 2017a,b,c). 

Agarwal and Singh, (2014) prepared Zinc ferrite–PVA nanocomposite 

(ZnFe2O4) by coprecipitation of zinc and iron hydroxides and subsequent 

calcinations at 500°C.Theproduct was characterized by X-ray powder diffraction 

(XRD) and scanning electron microscopic (FESEM) techniques. Nanosize 

ZnFe2O4 (5 wt%) was dispersed in polyvinyl alcohol (PVA) solution and, on 

evaporation, a film of 1-mm thickness was formed. A PVA film of same dimension 

was also made. The film was characterized by Fourier Transform Infrared 

Spectroscopy (FTIR) and electrical conductivity measurement methods.  

Nematollahzadeh et al. (2015) synthesized polydopamine (PDA, i.e. 

catecholamine) coated maghemite nanoparticles (MNP) with strong magnetic 

attraction for removal of Cr(VI) ions by the adsorbing and bridging effect of PDA. 

Maghemite (�-Fe2O3) nanoparticles were synthesized by co-precipitation of ferric 

chloride (FeCl3) (1 M)and ferrous salts FeCl2·4H2O (2 M), in an alkaline medium 

[Mirzayi et al. 2014, 2015; Seraj et al. 2014].Liq. NH3 (2 M) was added dropwise 

to iron salt solution and obtained MNPs were separated by using magnetic field.An 

ultra-thin layer of polydopamine (PDA), as a catecholamine, was constructed on 

the surface of the MNP nanoparticles in an ex-situ process.MNPs 

(1g)weredistributed in 100 mL dopamine solution and shaken at room temperature 

for 24 h under ambient oxygen, the modified MNPs were obtained after 

completion of the self-polymerization of dopamine.  

Baig et al., 2015 fabricated polypyrrole– titanium(IV)phosphate (TiP) 

nanocomposite by in situ oxidative chemical polymerization of pyrrole with FeCl3, 
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in the presence of TiP particles. TiP was prepared from simple precipitation from 

aqueous solutions of titanium(IV)sulfate and H3PO4. With vital stirring, H3PO4 

was added dropwise into titanium(IV)sulfate solution. The mixture was stirred for 

24 h at 25 #C to form an absolute precipitate that was  filtered off,  dried at 100 #C 

for 24 h and  ground to yield a fine TiP powder. 

5. Hydrothermal: 

This method is typicallyperformed in autoclaves with or without Teflon liners 

under precise temperature and/or pressure in aqueous media. The temperature can 

be raised above the boiling point of water, to reach the pressure of vapor 

saturation. This method is extensivelyemployed for the generation of small 

particles in the various industriesand generation of variety of nanoparticles. 

Wang et al. (2018) prepared polyvinylpyrrolidone and polyacrylamide 

intercalated molybdenum disulfide (PVP/MoS2) composites by a simplistic way 

involving  room temperature heating of  Na2MoO4(0.60 g; 2.91 mM) with 

CH3CSNH2 (0.40 g; 5.32 mM) in deionized water (50 mL). Followed by addition 

of 0.10 g of PVP and continuous stirring (30 min), a uniform suspension was 

obtained. After further treatments (autoclave, centrifugation and washing), the 

developedmaterial (PVP/MoS2) was  vacuum dried (70 °C for 20 h)and used for 

further studies. For comparative studies, PAM/MoS2 composite was also 

fabricated on similar lines.  

6. Sol-gel: 

This method has gained importance in preparation of ceramic materials (Pierre 

et al. 2002; Lu et al. 2002; Wight and Davis, 2002; Schwarz et al.  1995; Hench 

and West, 1990).Initially, precursors (inorganic metal salts or metal organic 

compounds such as metal alkoxides) undergo hydrolysis and polymerization to 
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give a colloidal suspension (sol) that will convert into a solid gel via complete 

polymerization and loss of solvent. Aerogel (highly porous material with low-

density) is gotten when  solvent form  wet gel is detached under a supercritical 

state.Ceramic fibers have been drawn after adjusting viscosity of a sol while 

ultrafine/uniform ceramic powders can be achieved via precipitation, spray 

pyrolysis, or emulsion.  

Under specified scenario, nanomaterials and nanocomposites of TiO2 was 

achieved from hydrolysis of a titanium precursor. Doke et al. (2014) prepared 

Titania ceramic membranes by polymeric sol–gel technique [42]for elimination of 

Cr(VI) by surfactant boosted microfiltration. In brief, to the titanium 

tetraisopropoxide (TTIP) solution (0.5 M), ablend of water, nitric acid and 2-

propanol was added drop-wise and mixture is stirred, dried at 120#C for 5 h (to get 

polymeric gel) and calcinated to get TiO2 powder. Later on, aqueous PVA solution 

(was added with TiO2 powder to get homogenous paste (ratio of PVA/SG-TiO2 = 

2% (w/w) and H2O/SG-TiO2 = 1 (w/w); SGstandas for sol–gel). PVA has 

characteristics of binder with improved dispersion to create homogeneity in the 

material. The obtained paste is dried and pressed to titania ceramic membrane 

(diameter: 25 mm; thickness: 2 mm). 

7. Reduction 

Zhou et al. (2018) prepared the nano Fe0 functionalized with waste rock wool 

(RW) for proficientexclusion of Cr (VI). hexavalent chromium.waste RW (50 g) 

was acid treated to get ARW with micro/nano cracks. To 1 g of ARW,  

FeSO4·7H2O was added and resulting mixture is stirred. At that time, NaBH4 was 

added to reduce Fe2+ to Fe0 and stirred for 30 min. Through  
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magnetic separation,  precipitate of ARW/ ZVI composites was collected and 

dried.  

Télleza et al., 2011 studied removal of toxic Cr (VI) in water  by iron 

nanoparticles embedded in orange peel pith. The method used briefly 

thereparation of biomass followed by biocomposite.  Orange peel were dried, 

milled,sieved andstored under vacuum until use. Fabrication of biocomposite 

includestirring of mixture of orange peel powder (0.6 g) and iron(II) acetate (15 

mL of 1 × 10−2M)with dropwise addition of sodium borohydride (1 ×10−2M).  

Impregnation method (Incipient wetness, capillary or dry) 

Impregnation is usual technique for preparation of heterogeneous catalysts from 

active metal precursor and catalyst support comprising the identical pore-volume 

like volume of the metal solution. Capillary-action pulls the solution into the pores 

and addition of excess of solution changed capillary process into a much slower 

diffusion. After drying and calcination, metal deposited on the catalyst surface was 

obtained.  

Rajesh and co-workers(2011) synthesized trialkylamine impregnated with 

macroporous polymeric adsorbentfor treatment of Cr(VI) intoxicated industrial 

wastewater. In brief, Amberlite XAD-1180 (4 g) resin was stirred with 0.05 mol of 

TOA (octyl) to get homogeneous dispersion of the amine in the polymeric matrix 

in 2h. the obtained resin has  specific surface area (150 to 900 m2  g-1) and an 

average pore diameter (4 to 9 nm) with characteristic FT-IR stretching bands (3046 

cm-1 and 2924 cm-1 for aromatic and aliphatic C—H, 2368 cm-1 for protonated

nitrogen, 1605 cm-1 for aromatic C—C, and 1267 cm-1 for C—N). After the

Cr(VI)
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adsorption, adsorbent showed an additional peaks  at 889 cm-1  attributed to 

stretching  of Cr=O in HCrO4 and revealed the protonation of nitrogen to form an 

ion pair with HCrO4 in the acidic standard. 

Unnithan et al. (2004)  reported synthesis, and application of amine-modified 

polyacrylamide-grafted coconut coir as adsorbent for Cr(VI). Here, 

polyacrylamidewas grafted onto coconut coir pith (CP; 20.0 g)at constant 

temperature to obtain polyacrylamide-grafted CP (PGCP).  PGCP was refluxed 

with ethylenediamine (en; 25 mL) to change into an anion exchanger. On further 

treatment with 0.1 M HCl, the functionalized PGCP (PGCP-NH3 +Cl-) was 

obtained and sieved for studies. CP has characteristic IR peaks at 3407 cm-1forO-

H stretching from cellulose structure of the CP. In PGCPNH3 +Cl-,  following 

bands were obtained: broad absorption peaks at 3420 cm-1 for overlapping of C-H, 

N-H, and CdO stretching vibrations; 1627 cm-1 and 1565 cm-1  are due NH2 

group; 1452 and 1020 cm-1  (Not present in the CP) for aliphatic C-N vibration 

and -CH2NH3 + type nitrogen. Common peak at 2928 and 2925 cm-1 (CP and 

PGCP-NH3 +Cl-, respectively) indicated  the C-H stretching from >CH2. The 

bands at 1782 and 584 cm-1 are CdO stretching of hemicellulose and �-glucosidic 

linkage, respectively.IR completely favored the presence of polymeric chain 

(backbone) and the presence of -NH3 +Cl- functional group in PGCP-NH3 +Cl-. 

Sorption of Cr(VI) is found best at pH 3.0 and followed a pseudo-second-order 

kinetic.   

Fang Luo et al., 2016, synthesized agarose-Fe nanoparticles hydrogel using 

green method for Cr (VI) removal. In brief, same volume of Fe2+ solution (0.01 

mol/L) and grape leaf aqueous extract ( 2g/50 mL) was mixed thoroughly,  stirred 

and dried to get   Fe NPs which was added to hot agarose solution in order to get 

final agarose-Fe NPs hydrogel (uniform sized; average diameter of 5.0 mm). The 
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agarose solution was prepared by adding 0.075 g of agarose into 6 mL of water at 

its melting point (65–85 0C). Immobilization of Fe-NPs by agarose to 

formhydrogel  also considered as encapsulation. SEM, XPS, and FTIR showed 

macroporous center of the agarose-Fe NPs hydrogel and uniformly encapsulated of 

Fe NPs inside the hollow agarose hydrogel. 

Micelle and Reverse Micelle: 

Micelles the groups of surfactant particlesdistributed in a liquid colloid are 

formed when surfactant concentration surpasses the critical micelle concentration 

(CMC). Amount of lipid decides the self-assemblage of surfactants and lipids 

molecules, for examples; spherical micelles, elongated pipes and into stacked 

lamellae of pipes. The form of a micelle is decided by molecular geometry of the 

surfactant molecules involved and solution conditions  (surfactant concentration, 

temperature, pH, and ionic strength).Contrary to micelles, reverse micelles are 

obtained in non-aqueous media where hydrophobic groups arepresent 

towardsoutside the non-aqueous media. CMC is not considered true for reverse 

micelles in view of less number of assemblage that are not affected by surfactant 

concentration. TiO2 nanomaterials were extensively synthesized by micelles and 

inverse micelles methods (Rachna et al., 2018 a, b; 2019, a,b,c; Rani et al., 2017, a, 

b; 2018, a,b,c,d,e,f,g,h,I; 2019,a,b,c;). 

Miscellaneous: 

Chen et al.(2011) prepared magnetic MCM-41 nanosorbents by incorporation of 

the magnetic iron oxide nanoparticles (10 nm) inside MCM-41 matrix (250 ± 50 

nm) via the adding TEOS to the mixture. Briefly, aminopropyls were attached to 

the pores of the magnetic MCM-41 from 3-aminopropyltrimethoxysilane by reflux. 

The resulting NH2–magMCM-41 was converted to Fe3+–magMCM-41 by 
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overnight adsorption of Fe3+ (50 mM FeCl3 in 2-propanol). Magnetic colloid 

Fe3O4 nanoparticles was obtained from synthesis solution containing molar 

composition of 3.2 FeCl3:1.6 FeCl2:CTABr:39 NH4OH:2300 H2O) via 

sonochemical method. An aliquot of magnetic colloid (20 mL) was added to 

mixture of 1 CTABr:292 NH4OH:2773 H2O under vigorous mixing.  

Lyu et al., 2017 preparedcomposite of nanoscale iron sulfide supported on 

biochar (CMC-FeS@biochar composite). Initially, Fe2+- CMC complexes was 

prepared via addition of CMC solution (55 mL of 1%, w/w) to FeSO4.7H2O and 

then biochar (550 mg, particle size = 0.5–1 mm) was hosted into the mixture. FeS 

particles deposited on biochar by dropwise addition of Na2S solution (45 mL) 

under strong magnetic stirring (30 min).Diffraction peaks at 27.0, 31.9, 34.3, 38.0, 

46.4, 52.8, 59.2, and 64.1 was for FeS  and peak at 22.0 is for  existence of biochar 

in irregular granular CMC-FeS@biochar (<100 nm) [28]. Suppressing the 

aggregation of FeS by biochar was resulted in increase in sorption sites in 

composites (CMC-FeS@biochar) due to more surface area, pore size and volume 

and  smaller hydrodynamic diameters (256 ± 3 nm).FTIR data revealed that several 

functional groups ( e.g., -OH, C=C, C=O, O=C-O, C-O, and Si-O)might  have 

contributon in bonding of FeS particles onto the biochar surface. The point of zero 

charge (Pzc) was 5.7 and 5.0 for biochar and FeS, respectively,but CMC-

FeS@biochar was negatively charged from pH 2.3 to 9.0 i.e., Pzc <2.3 for CMC-

FeS@biochar.  

Boddu et al.(2003) composite chitosan biosorbent (spherical;  100-150 microns; 

105.2m2/g; nonporous) by coating the ceramic alumina  onchitosan gel. The dried 

alumina for coating(150 mesh)and chitosan (50 g) were acid treated individually. 

The acid and chitosan form a viscous mixture (gel) and to this, about 500 g of the 

acid treated alumina was slowly added. The mixture was allowed to settle and clear 
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liquid was filtered out. Coating was repeated and the total amount of chitosan on 

the double coated biosorbent was 21.1 wt %  andmicropore area of the biosorbent 

is only 3.3 m2/g.The XPS spectrum showed the predominance of  carbon, oxygen, 

nitrogen, and aluminum elements based on  binding energies at 289 eV (C 1s), 535 

eV (O 1s), 402 eV (N 1s), and 78 eV (Al 2p) and hence supported the presence of -

CH2OH, -CO, and -NH2 as surface moieties on the composite. 

Shaikh et al. (2017) prepared polyhydroxamic acid (PHA) functionalized 

sorbent by the method [21]. Acrylamide (CH2=CH-CO-NH2) and crosslinker, N, 

N’–methylene – bis – acrylamide (CH2-CH-CO-NH-CH2-NH-CO-CH-CH2) was 

dissolved in deionised water with constant stirring to get a clear solution. 

Ammonium persulfate (initiator) was added and resultant mixture was heated at 60 
0C for about 15 min to initiate the polymerization. The bulk polymer 

polyacrylamide (PAM) was crushed, and washed with water to remove the 

excess/un-polymerized reagents. PAM was further treated with hydroxylamine 

hydrochloride solution for 30 min followed by adjusting the pH of the solution to 

12. The mixture was left overnight and neutralized using 3 N HCl. Sorbent thus

obtained was washed with water till free from acid, air dried and termed as

polyhydroxamic acid (PHA).

Khare et al. (2017) fabricated a nanocomposite of chitosan supported 

microchannel-embedded metal–carbon–polymer (chitosan/Fe-oxide-CNF/PVA 

nanocomposite film). A PVA emulsion was set from hydrolysis of PVAc followed by 

modification with the hydrophobic methyl acrylate and acrylonitrile monomers as 

reported[Khare et al., 2015]. The Fe-oxide CNFs (Fe-CNFs) were separately prepared 

involving catalytic chemical vapor deposition and ball milling step [Bikshapathi et al., 

2012]. A fixed amount of the PEG-soaked Fe-CNF fillers was mixed into the chitosan 

solution (4 g in 100 mL) containing 0.1% (v/v)- glutaraldehyde as a cross-linking 
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agent. To this mixture solution modified PVA emulsion was added and the entire 

mixture was stirred for 30 min before casting. The cast material was sequentially dried 

(60 #C for 24 h and 150 #C for another 12 h).  
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Luo et al. (2013) prepared magnetic nanocomposite of manganese dioxide/iron 

oxide/acid oxidized multi-walled carbon nanotube (Fe3O4/o-MWCNTs). Initially, 

raw-MWCNTs were oxidized with a mixture of acid solution (conc. H2SO4 and 

HNO3 v/v 3:1) at 100 0C for 4 h to get o-MWCNTs. Deposition–precipitation 

method was used for deposition of Fe3O4on o-MWCNT surfacesusing Fe3+/Fe2+ 

salt precursors [Cunha et al., 2012]. Concisely, o-MWCNTs (200 mg) were 

ultrasonicated in deionized water for 30 min and to the suspension FeCl6.H2O (200 
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mg) and FeCl2.4H2O (100 mg) were sequentially added followed by dropwise 

addition of  6% ammonium hydroxide (30 mL). 
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Figure 4. Schematic representation of formation chitosan-graphene oxide nanocomposite 

Kumar A.S.K. et al. (2012) prepared celluloseNaMMT composite adsorbent 

where NaMMT clay was obtained from montmorillonite.  Initially, 

cetyltrimethylammonium bromide (CTABr; 100 mL of 0.001 mol/L) was added to 

the clay suspension containing sodium ions.The mixture was stirred followed by 

centrifugation solid material was washed and then dried overnight. Later on, 

cellulose powder (3 g) was added slowly to organophilic NaMMT, and the 
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resulting mixture was stirred for 12 h and resulting composite adsorbent was 

washed, dried for 6 h and used for further studies. 

Yang et al. (2018) reported in-situ functionalization of poly(m-

phenylenediamine) (PmPD) nanoparticles on bacterial cellulose (BC) by 

adsorption of mPDs on BC followed by the chemical oxidative polymerization to 

form PmPD incorporated to BC fibril. Shyaa et al. (2015) synthesized ion 

exchange resin capable of coordinating with metal ion i.e., polyaniline/ zeolite 

nanocomposite for the removal of chromium (VI) from aqueous solution. Zeolite 

was modified with conducting polyaniline by the polymerization of anilinium 

cation in and outside of zeolite channels and a nanocomposite of 

polyaniline/zeolite (PANI/zeolite) was obtained by the oxidative polymerization of 

anilinium cation with the zeolite structure. Characterization indicate that composite 

(300 and 600 nm) has a high content of PANI.  

Khosravi et al. (2018) fabricated ultrasonic assisted green nanocomposite (ZVI-

PAC; size 60 nm) by loading GnZVI on powdered activated carbon (PAC) 

prepared fromPeganum harmala seed. Moreover, plant extract was also used for 

the synthesis of zero-valent iron nanoparticles (GnZVI). FESEM found that the 

surface of the produced activated carbon had many pores which indicated the 

effective role of ultrasonic waves in the process of activation. In addition, the FTIR 

range confirmed the role of hydroxyl groups generated by organic compounds in 

the synthesis of nanoparticles. BET test showed that after the loading of Iron 

nanoparticles the specific surface area of activated carbon reduced from 442 m2/g 

to 107 m2/g.  

Heavy metal treatment methods 
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Heavy metal could be treated with several techniques associated with their pros 

and cons. Traditionally used chemical precipitation is simple and cheap but limited 

to treat high concentration wastewater containing heavy metal ions and thereby 

generate large amount of sludge. Ion-exchange method is expensive to use at large 

scale and resins need to be regenerated and hence, further serious secondary 

pollution. Adsorption involving AC (high cost) and other low cost adsorbents is 

widely efficient method. Biosorption of heavy metals from aqueous solutions is a 

relatively new process.Membrane filtration has limitation of high cost, process 

complexity, membrane fouling and low permeate flux. Coagulation/flocculation 

could settle good sludges with dewatering characteristics but associated with 

chemical consumption.Flotation deals several gains over the more conventional 

methods (Rubio et al., 2002) but involve high cost of initial capital involving 

maintenance and operation.Electrochemical techniques are rapid and well-

controlled but expensive with electricity supply and capital cost. The selection of 

the most suitable techniques depends on the initial concentration of metal, the 

component of the wastewater, capital investment and operational cost, plant 

flexibility and reliability and environmental impact, etc. (Kurniawan et al., 2006). 

Removal of Cr 

The ground water contamination due to the chromium compounds used in 

electroplating and tannery industries [Ramos et al. 1994] need efficient treatment 

and sustainable technologies involving newer adsorbents [Saha et al. 2011]. 

Environmental Protection Agency (EPA) has set a limit of 0.1 mg L-1 for total 

chromium [Baral and Engelken, 2002; Xu and Zhao, 2007 ] in water. 
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Table 2: WHO and US EPA limitations of selected heavy metal in drinking water. 

Contaminant  

 

EPA limitations  WHO provisional 

guideline 

value(mg/L) 

 Maximum 

contamination 

level (MCL) (mg/L) 

Maximum 

contamination limit 

goal (MCLG) 

(mg/L) 

 

Lead  0.015   0 0.01 

Chromium  0.1 0.1 0.05 

Cadmium  0.005 0.005 0.003 

Arsenic  0.010 0 0.01 

Mercury  0.002 0.002 0.006 

Copper  1.3 1.3 2 

Zinc  5 - 3 

Nickel  - - 0.07 

 

Among the low-cost adsorbents, sawdust [Garg et al. 2004], agricultural bio-

waste [Park et al. 2008] and activated carbon [Mohan and Pittman Jr, 2006; 48] 

have showed good adsorption capacity. An electrochemical method involving 

electrodes of stainless steel nets coated with single walled carbon nanotubes has 

been used for the removal of chromium from aqueous solutions [Liu et al. 2011]. 
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Novel adsorbents belonging to carbon e.g., graphene and graphene oxide (a 

graphene derivative) with their unique layer stuructured and several functional 

groups on its surface have been found fruitful adsorbents for Cr(VI) removal  [Rao 

et al. 2009; Li et al. 2008; Quintana et al. 2013; Zhao et al. 2012; Dreyer et al. 

2010; Huang et al. 2011].  

Conventional technologies 

Several methods such as biological methods, combined chemical and 

biochemical methods (1; Tocchi et al., 2012), chemical oxidation and photo-

catalysis (Wang et al., 2014; 56,57; Hamad et al., 2015a,b),adsorption (Ma et al., 

2015), coagulation and membrane treatments, presentlyin trend for the elimination 

of pollutants from waste water (Stajˇci´c et al., 2015). Every of these methods have 

particularbenefits and shortcomings including incomplete metal removal and high 

cost. In view of above, there isurgentrequirement for the 

advancedmethodologywhich will be highly inexpensive, selective, more effective 

and easy to perform. 

Adsorption was found as one of the effective technology for cleaning of 

wastewater with heavy metals [Barakat, 2011]. Activated carbon (AC) and 

activated carbon fiber (ACF) due to their abundant micropores and huge specific 

surface areas, they have been extensivelyused for the complete removal of 

contaminants from the air and water [Chen and Zeng, 2003]. AC and ACF found 

excellent for the removal of organic pollutants, they can scarcely reduce the 

concentration of metal ions upto ppb level when used in the removal of metallic 

pollutants such as Cr(VI) [Zhang et al., 2010 Wang et al., 2011 Pillay et al., 2009]. 

Various carboneous nanomaterials like Magnetic grapheme (Mg)synthesized using 

graphene oxide -ferrocene [Gollavelli et al. 2013] adsorb chromium with an 
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adsorption capacity of 4.86 mg/g. Calcined graphene/MgAl-layered double 

hydroxides and nanoparticle decorated graphene are reported for Cr(VI) adsorption 

[Yuan et al. 2013; Jabeen et al. 2011; Ma et al. 2012]. Recently, the interaction of 

an ionic liquid, Aliquat-336 with graphene oxide for chromium remediation in 

effluent samples has been reported [Kumar and Rajesh, 2013]. Several adsorbent 

such as polyaniline nanorods dotted on graphene oxide nanosheets, Amine 

functionalized Fe3O4 hollow microspheres–graphene oxide composite Poly 

(amidoamine) modified graphene oxide, polypyrrole/GO composite nanosheets 

have been extensively studied for the effective adsorption of hexavalent chromium 

[Zhang et al.  2013; Liu, et al. 2013; Yuan et al. 2013; Li et al. 2012]. 

Duranoglu et al. (2012) studied kinetics and thermodynamics of Cr(VI) 

adsorption onto activated carbon derived from acrylonitrile–divinylbenzene 

copolymer. Tuzen and Soylak, (2007) used multiwalled carbon nanotubes for 

speciation of chromium in environmental samples. 

Kumar et al. (2013) used DBSA doped polyaniline/multi-walled carbon 

nanotubes composite for high efficiency removal of Cr(VI) from aqueous solution. 

Riahi et al. (2010) investigated removal of chromium from aqueous solution using 

polyaniline–poly ethylene glycol composite. Zhang et al. (2013) applied 

polyaniline nanorods dotted on graphene oxide nanosheets as a novel super 

adsorbent for Cr(VI). Raji and Anirudhan, (1998) studied kinetics and 

thermodynamics of Batch Cr(VI) removal by polyacrylamide-grafted sawdust. 

Deng and Bai, (2004) studied the removal of trivalent and hexavalent chromium 

with aminated polyacrylonitrile fibers. Senthurchelvan et al. (1996) studied 

thermodynamic, kinetic, and mechanistic aspects of reduction of hexavalent 

chromium in aqueous solutions by polypyrrole. Dossing et al. (2011) carried out 

reduction of hexavalent chromium by ferrous iron: a process of chromium isotope 
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fractionation and its relevance to natural environments. Lazaridis et al. (2005) 

studied  Cr (VI) sorptive removal from aqueous solutions by nanocrystalline 

akaganeite. Hu et al. (2009) studied removal of chromium from aqueous solution 

by using oxidized multiwalled carbon nanotubes.Zhu et al. (2012) carried out one-

pot synthesis of magnetic graphene nanocomposites decorated with core@double-

shell nanoparticles for fast chromium removal. Li et al. (2013) used N-doped 

porous carbon with magnetic particles formed in situ for enhanced Cr(VI) removal. 

Gu et al. (2012) investigated magnetic polyaniline nanocomposites toward toxic 

hexavalent chromium removal. Wang et al. (2013) prepared 

polyacrylonitrile/polyaniline core/shell nanofiber mat for removal of hexavalent 

chromium from aqueous solution. Samani et al. (2010) studied the removal of 

chromium from aqueous solution using polyaniline–poly ethylene glycol 

composite. 

Table 4. Cr(VI) adsorption by synthetic nanocomposites 

Adsorbent /composites pH/ 

Det. 

method 

Brief summary References 

cerium oxide-graphene oxide 

(CeO2-GO) (5 g/L) 

  85% of Cr removal (100 mL, 30 mg/L)  under UV-

light.enhanced 5-folds of photocatalytic activities than 

the pure GO and CeO2;pseudo-second-order adsorption 

Kashinath et al. 

(2018) 

Trioctylamine-exfoliated 

graphene oxide (TOA–EGO) 

2.5-3.0 TOA–EGO (99.4)> EGO(73.5) for Cr(VI) removal; 

Cr(III) removal by TOA–EGO is 92% at pH of 8 to 8.5 

Total Cr removal: 96% 

ASK Kumar et al. 

2013 

SiO2-SH/ED3A 

Thiol-functionalized 

silica/ethylenediaminetriacetate 

1.5–3.0 35 mg/g in less than  <15 min Zaitseva et al 2013 

Fe3O4/PANI microspheres 2.0 200 mg/g in 180 min Han et al 2013 



�

	�
�

PANI/MWCNTs Nanocomposite 

(NC) 

2.0 56 mg/g in 600 min   Kumar et al. 2013 

Polypyrrole /Fe3O4 

nanocomposite  

2.0 170 mg/g in 30–180 min 

 

Bhaumik et al. 

2011 

PPY/Fe3O4 microspheres  2.0 209 mg/g in 70 min Wang et al 2012 

Polyacrylonitrile/PPY core/shell 

nanofiber mat  

2.0 62 mg/g in 30-90 min Wang et al 2013 

Polypyrrole (PPY)/�-Fe2O3   

PANI/�-Fe2O3  

2.0 209 mg/g in 15 min 

196 mg/g in 35 min 

Chávez-Guajardo 

et al. 2015 

PPY-PANI nanofibers  2.0 227 mg/g in 30 min Bhaumik et al. 

2012 

PANI/SiO2 composite 4.2 63.41 mg/g Karthik and 

Meenakshi, 2014 

Magnetically modified MWCNTs 1 14.28 mg/g Bayazit and 

Kerkez, 2014 

Magnetically modified activated 

carbon  

1 5.07 mg/g Bayazit and 

Kerkez, 2014 

Aniline formaldehyde condensate 

coated on silica gel  

3 17.0 mg/g Albino Kumar et 

al. 2007 

PVP coated silica gel  5 3 mg/g Gang et al. 2000 

Imidazole grafted silica  4 113.0 mg/g Li et al. 2007 

Mesoporous aluminosilicate  5.5 112.0 mg/g Wu et al. 2010 

Activated carbo-aluminosilicate  4 92 mg/g Shawabkeh, 2006 

zeoliteNaX  4 6.414 mg/g Pandey et al. 2010 

DMAEMA-g-silica  2.5–5 68.0 mg/g Qiu et al. 2009 

DMAEMA-g-silica  1.5– 

5.4 

51.9 mg/g Zhao et al.2011 

Cyphos IL 104 functionalized 

silica (SG-2)  

0–2 19.31 mg/g Liu et al. 2010 

Cyphos[A336][C272 

functionalized silica(SG-5)]  

0–2 15.29 mg/g Liu et al. 2010 
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Dodecyl-benzene-sulfonic-acid 

(DBSA) doped PANI/MWNT 

composite  

2 /ICP 55.5 Kumar et al. 2013 

PANI/PEG poly ethylene glycol 5 /AAS 68.9 Riahi et al. 2010 

PANI/GO 3/ ICP-

MS 

1149.4 Zhang et al. 2013 

TiO2–RGO 6.3/ 

UV–

visible 

- Zhao et al. 2013 

Fe 3 O 4 @glycine doped 

polypyrrole magnetic 

nanocomposites  

2.0 238.0 mg/g in 30–180 min Ballav  et al 2014 

polypyrrole– 

titanium(IV)phosphate 

nanocomposite 

0.2 g 

42.7 mg/g;

spontaneous and endothermic 

pseudo-second-order model 

88% removal; 19 min, Cr(VI) initial concentration of 

200 mg L_1  

Baig et al. 2015 

Magnetic mesoporous carbon 

incorporated with polyaniline 

2 172.3 mg/g in 120 min Yang et al. 2014 

polyvinylpyrrolidone 

intercalated molybdenum 

disulfide composites and 

polyacrylamide intercalated 

molybdenum 

disulfide composites 

5 142.24 mg/g on PVP/MoS2 and 84.91 mg/g on 

PAM/MoS2  

spontaneous and endothermic process 

Cr(VI) ions were fixed on the composite surfaces by 

electrostatic attraction and then entered into the 

interlayer and combined with amide groups at the 

interlamination of the composites 

wang et al 2018 

MnO2/Fe3O4/ o-MWCNTs acid 

oxidized 

186.9 mg/g150 min;85%

pseudo-second-order rate 

Adsorption: spontaneous and endothermic 

Luo et al. 2016 

magnetic amino-functionalized 

composites (Fe 3 O 4 @A/PDA 

hollow 

dopamine (DA) and aminosilane 

2 284.1 mg/g in 10 min at 25 0C,  pseudo-second-order 

and Langmuir model; activation energy is 7.17 kJ/mol 

−1;Adsorption: 70% Cr(VI) removal, spontaneous

endothermic

Li et al. 2017 
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coupling agents (A1, A2, A3 

represent APTMS, TSPED and 

TPDA, respectively) 

Hollow Fe3O4@A2/PDA (284.1 mg/g)> 

PS@Fe3O4@A2/PDA (182.4)>Hollow 

Fe3O4@/PDA(138.2)>nanoFe3O4(21.3)  

 

MNP@PDA  3 38.6 mg/g in 240 min Nematollahzadeh 

et al. 2015 

EDA- Fe 3 O 4  2.0 81.5 mg/g in 120 min Fang  et al 2014 

PEI-modified magnetic adsorbent  2 78.1 mg/g in 30 min Pang et al. 2011 

 

Green adsorbent 

Several green nanocomposites of combination of nanomaterials with natural 

greenfeedstockshave been used for Cr removal via adsorption and reduction 

mechanism. In view of presence of diverse functional groups in their structure that 

offers them high capacity and selectivity towards heavy metals, natural organic 

macromolecules such as biopolymers such as alginate, chitosan, various gums, 

cyclodextrin, etc. have beenfor the selective removal of chromium from 

wastewater. Among these, chitosan, a natural polysaccharide produced by the N-

deacetylation of chitin was the best example being widely used in many studies 

[Liu et al, 2013]. This biopolymer ownsdecentadsorption capacity for various 

heavy metal ions because of its high amino content on the polymer matrix 

thatoffers selectivity to the adsorption process. To enhance its chemical stability in 

acidic medium, chitosan is generally cross-linked with another compound (e.g. 

glutaraldehyde, ethylenediamine, b-cyclodextrin, epichlorohydrin, etc.) into the 

chain. The amino and hydroxyl groups within the structure of chitosan can interact 

with heavy metals by ion exchange or complexation reactions along with 

electrostatic interactions [Wen et al., 2011; Li et al., 2008 ], However, raw chitosan 
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has few limitations such as poor chemical stability and mechanical strength and 

may block the filters or generates secondary pollution [Reddy and Lee, 2013].  

O

OH

NH3
+

O
HO

HCrO4
-

O

OH+

NH3
+

O
HO

HCrO4
-

O

+H2O

+H3N

O
HO2

+ HCrO4-

A combination of nanomaterial and biopolymer has fascinated for achieving high 

efficiency, biocompatibility and inert condition and also avoided direct exposure of 

metals or their oxides [Huang et al. 2018].  Among making green composites, iron 

nanomaterials having unique properties of magnetism, stability and high surface-

area along with ease of functionalizationis extensively used.  Among, metallic iron 

(cheap and safe moderate reducing reagent) or nano zerovalentiron (nZVI; Fe0) 

have been widely adopted (Gillham and O’Hannesin 1994; Orth and Gillham 1996; 

O’Hannesin and Gillham 1998). Working of Fe0 involves the 

electrochemical/corrosion reactions where iron gets oxidized fromexposure to 

oxygen and water. Contaminants freely accept the electrons from iron oxidation 

and reduced according to their stoichiometry.Although nZVI has many advantages, 

but its efficiency decreases with time because of formation of oxide layers that 

block its surface active sites. However, coupling of chitosan with the magnetic 

material (Fe3O4) could make its separation easy [Barquist and Larsen, 2010]. 

The adsorption process faces some challenges namely the separation of the 

adsorbate from solution. In batch mode, the separation is achieved by gravitational 

sedimentation or by filtration. However, incomplete sedimentation favors the 

presence of suspended material particles in the treated solution. The filtration 

method renders the method more expensive. Thus, magnetic separation presents 
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the solution to both these problems, where the cost as well as the risk of the 

presence of the adsorbent media in the treated solution, are both reduced. 

Chitosan coated MNPs (proficient of operating in a wide range of pH values 

without any interferences by sulfate, silicate or phosphate) is potential adsorbents 

for metallic oxyanions too [Thinh et al., 2013]. Chitosan has tendency to easily 

protonate at amino groups under lower pH: MNPs@Chitosan-NH2 + H+ = 

MNPs@Chitosan-NH+
3. While removing dichromate by MnFe2O4@-Chitosan, 

chelation between chitosan and metal ions played a much important role than the 

electrostatic interactions in the process (Xiao et al., [91].Chromium can be 

speciated as HCrO4-, CrO42-, and Cr2O72-based on pH and concentration of the 

aqueous phase (Luo et al. 2011).Cr (VI) exists primarily as bichromate ion 

(HCrO4-) in the pH range 3.8-5.5 and dichromate (Cr2O72-) at lower pH values 

(Suksabye et al. 2007). 

During the removal of Cr(IV) by biopolymer based nanocomposite,  HCrO4- 

species is associated as an ion pair with the positively charged nitrogen of 

biopolymer composite following the hard and soft acids and bases theory [Ho et 

al., 1975]. On the other hand, there is ligand-exchange reaction between the 

coordinated nitrate of Fe–crosslinked chitosan complex (Ch–Fe) and HCrO4 – ions 

(Zimmermann et al. 2010).  

At 25 �C, Ch–Fe showed maximum adsorption of 325 mg/g of Cr(VI) from water 

at pH 2. The results indicate that the Langmuir–Freundlich Cr(VI) uptake on the 

adsorbent decreased on increasing the pH (295 mg/g at pH 2,  295 mg/g and 125 

mg/g at pH 4.8 and 8.0, respectively), temperature ( 295 mg/g at 25 �C;  209 mg/g 

at 65 �C).Cr(VI) was analysed spectrophotometrically at 540nm and calculated by  

difference in their initial and final concentrations [Babu and Gupta, 2008].In 
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alkaline side, Cr(VI) adsorption is lower because of following reasons 1) high 

abundance of OH$% &' % '() * % +&*,% -./01% ) & % 2'-% *, % 34 '-)*&' % &* 5%

2)Ch-Fe cannot able to adsorb CrO42− (significant species at higher pH)(Wu et al.,

2007) and 3) At pH > pHzpc, the net surface charge becomes negative that result in

repulsive forces between Ch-Fe (pHzpc: 8.9) and Cr(VI) The pHpzc is an

important parameter that determined the range of pH sensibility and allows the

surface active and adsorption capacities to be predicted [Pintor et al., 2013]. These

results are supported by efficient chromium adsorption at lower pH by several

adsorbents like waste biomass (42 mg/g at pH 2.0), chitosan beads (58 mg/g at pH

of 3.5)[Zubair et al 2008], magnetic beads (108 mg/g at a pH of 2.0) [Bayramoglu

and Arica, 2008] and activated carbon(108 mg/g)  [Demiral et al. 2008]. Besides

chitosan, other organic coatings based on natural or synthetic polymers were found

potential adsorbents due to the high content of functional groups on their structure

[19,94–101,164–171].

A.S.K. Kumar et al. (2012) used mesoporous cellulose biopolymer – surfactant 

modified sodium montmorillonite clay composite (adsorption capacity: 22.2 mg/g 

for treatment of industrial wastewater. The ion pair interaction between positively 

charged nitrogen biopolymer composite surfacefollowed by the H-bonding 

interaction with OH-groups of cellulose is more prominentthan the interaction that 

exists between the quaternary ammonium cation and the hydroxyl groups of the 

biopolymer. This fact is supported by characteristic peaks of Cr=O and Cr-O at 

913 and 765 cm-1, respectively (Singh et al. 2008). Kalidhasan et al. (2011) also 

observed similar mechanism on effective adsorption of Cr by crystalline 

cellulose_ionic liquid blend polymeric material. In bioclay, the protonated SiOH2+ 

also further supported the adsorption of bichromate anion with the positively 

charged composite adsorbent surface (Hu et al 2006). Langmuir adsorption was 
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spontaneous (-6G) and following second order kinetics. The mesoporous nature of 

the cellulose-clay composite, nano pore size (1.8 nm; volume: 0.31 cm3/g) and the 

good surface area (87.09 m2/g) is an indication of effective adsorption of Cr on the 

polymeric adsorbent (Lin et al 1997). Overall, the percentage adsorption of Cr (VI) 

as bichromate anion onto the surface of the biocomposite material (0.5-0.6 g; 

Range: 0.1-1.0 g)  was found to be maximium (99.5%) in weakly acidic acondition 

(pH 3.8-5.5).  

Li et al. (2008) foundmaximum biosorption (capacity: 6.73 mg/g) of Cr(VI)  at 

initial concentration 40 mg/l and pH 1.0 and optimum temperature 28 °C in 

wastewater by bio-functional magnetic beads. The beads were mechanically stable 

and magnetic separatable and constituted by the powder of Rhizopus cohnii and 

Fe3O4 particles coated with alginate and polyvinyl alcohol (PVA). The groups of –

NH+
3 , –NH+

2 and NH– , –, and >NH– played an important role in the Cr(VI) 

adsorption. Furthermore, The bio-functional magnetic beads were regenerated (by 

desorption with 0.1 M NaOH solution) and reusable (n=5) with predominant 

characteristics of adsorption, recovery and magnetism. 

Zhou et al. (2018) used nanocomposite of Fe0-functionalized waste acid treated-

rock wool (ARWZ) for efficient removal of Cr(VI) (197.69 mg/g) from water and 

soil through adsorption and reduction due to its higher surface area credited to 

micro/nano cracks structure (porosity, active groups).Removal efficiency within 1 

h followed: ARW/ZVI composites (1:2 w/w)100%>ZVI (73%)>ARW 

(55%)>waste RW (~3%). Endothermic adsorption was higher with increasing 

initial Cr(VI) concentration ( increasing contact probability between adsorbent and 

Cr(VI) ions) (Chen et al. 2011) and decreasing pH (197.69 and 68.83 mg/g at pH  

2.0 and 11.0, respectively). The positive zeta potential of ARWZ under acidic 

condition could favor the adsorption of negatively-charged Cr (VI) on ARWZ 
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through electrostatic attraction and the reduction of Cr (VI) to Cr(III) [Zhang et al. 

2011]: 

Cr2 O7-2+ 14H++ 6e= 2Cr+3+ 7H2 O ………(1) 

López-Téllez et al., 2011 fabricated a biocomposite (iron nanoparticles embedded 

in orange peel pith) which coupled the reducing capability of iron nanoparticles 

with the adsorption capacity of cellulose to effectively remove 71%of Cr(VI) from 

industrial wastewater (10 mg/L) at pH 1 within 60 min. The biocomposite with the 

nanoparticles exhibited twice the Cr(VI) removal of the unmodified orange peel 

pith and also possesses over twice the adsorption capacity —5.37 mg/g vs. 1.90 

mg/g indicated the potential role of iron. The adsorption seem to have reduction of 

Cr(VI) to Cr(III)by Fe or Fe(II) followed by adsorption of  Cr(III). 

Kashinath et al. (2018) found that cerium oxide-graphene oxide (CeO2-GO) hybrid 

nanocomposite (5 g/L) showed 85% of Cr removal (100 mL, 30 mg/L)  under UV-

light. Hybrid was multiple times photo-effective than bared ones(GO and CeO2) 

due to enhanced surface area, charge transferred at the interface. More the 

absorption of light and transportation of charge, more will be photocatalytic 

reduction of Cr(VI)owing to synergistic effects of CeO2 and GO (Hu et al., 2015 

CeO2 + h78CeO (h++ e−) 

GO +e− 8GO (e−) 

Cr2O7
2− + 14H+ + 6e− 82Cr3+ + 7H2O 

2H2O + 4h+ 8O2 +4H+ 

The pseudo-second-order adsorption of HCrO4 − and Cr2O7 2− on CeO2-GO 

composite is credited to H-bonding between HCrO4− and composite containing 

empty 3d orbital of Ce3+. The HCrO4 – or Cr2O72− is the dominant form, and 
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CrO4- existed in neutral and alkaline medium. The enhanced removal of Cr(VI) at 

a relatively lower pH is attributed to large amount of H+ ions. 

HCrO4− + 7H+ + 3e− 8Cr3+ + 4H2O   ……..(1) 

Cr2O72− + 14H+ + 6e−82Cr3+ + 7H2O …..(2) 

CrO42− + 4H2O + 3e− 8Cr(OH)3+ 5OH−  …(3) 

Boddu et al. (2003) used a nonporous biosorbent composite (prepared by coating 

chitosan , a glucosamine biopolymer, onto nonporous ceramic alumina) for Cr(VI) 

from synthetic and actual chrome plating wastewater at 25 �C. Oxalated dianion 

was seemed to make a connection between alumina and chitosan (Fig.) byH-bonds 

with –OH, –CH2OH, or –NH2 groups on the biopolymer. The effect of pH, 

sulfate, and chloride ion on adsorption was also investigated. The biosorbent 

(105.2m2/g) have adsorption capacity of 153.85 mg/g chitosan and  regenerated 

using 0.1 M sodium hydroxide solution. Cr(VI) sorption occurred on protonated 

amine functional groups of the biopolymer as shown in Fig. 

M.K.Kim  et al. (2015) found synergism effect and  complexation interactions in 

chitosan based multicomponent functional gel (FG) with multiwall carbon 

nanotube and substituted polyaniline i.e., (MWNT)–poly(acrylic acid) (PAA)–

poly(4-amino diphenyl amine) (PADPA) for effective eradication of Cr (VI) from 

controlled and field samples.  Binding -NH2 sites in CS and PADPA while internal 

H+ ions through PAA increases removal efficiency over a pH range. Moreover, 

CS and PAA bestow 3D-hydrogel framework along with controlled 

swelling/shrinking action of the hydrogel. MWNTs impart stability to the gel 

during adsorption–desorption cycle and improves re-useability.Gokila et al., 2017  

usedchitosan -alginate nanocomposites for removal of Cr (VI) from waste water 
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under the effects of initial concentration, adsorbent dose, pH (5.0), and agitation 

time. 
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Table 5:  Cr(VI) adsorption by chitosan based composites 

Adsorbent /composites pH/ Det. 

method 

Brief summary Mechanism References 

chitosan-Fe0 

nanoparticles 

 pseudofirst-order reaction 

kinetics; rate constants favored 

temperature and iron loading. 

Lower adsorption at higher 

Cr(VI) conc and pH. 

adsorption of 

Cr(VI) and  

reduction to Cr(III) 

Geng et al. 2009 

Chitosan bead (3 mm)-

FeO nanocomposite 

(Tube shape; 58.6 mm; 

pore size:19.2 to 138.6) 

4.5 45 mg/g,  89.4% of 68 mg/L Cr 

(VI) in 2 h Lower adsorption at 

higher Cr(VI) conc and pH; 

electroplating wastewater; 

   

reduction of Cr 

(VI) to Cr (III) 

Liu et al.  2013 

Fe–crosslinked chitosan 

complex 

 (Ch–Fe) 

25 mg 

2.0–5.0 325 mg/g;adsorption of HCrO4 

– (97% of  600 mg/L in 60min 

at 25 �C;):  

pHzpc of ChFe is 8.9;  

 

ligand-exchange  

between 

coordinated nitrate 

and HCrO4 – ions; 

Zimmermann et al.  

2010 

Crosslinked chitosan–

Fe(III) complex (4.17 

lm)  

 

4.8 148 mg/g 1.5 h; 380 mg/L Adsorption-ion 

exchange 

Demarchi, et al 2015 

chitosan–magnetite (15–

30 nm; spheres) 

nanocomposite strip 

  92.33 %, of  Cr(VI) removal, 

better than chitosan strip (29.39 

%)  

 

Adsorption and ion 

exchange 

Sureshkumar et al. 

(2016) 

Magnetic chitosan–GO 

nanocomposite 

3  Adsorption -

photocatalytic 

Debnath et al. 2014 

ethylenediamine-

modified cross-linked 

magnetic chitosan resin 

2 The maximum adsorption 

capacities obtained from the 

Langmuir model are 51.813 mg 

g−1, 48.780 mg g−1 and 

45.872 mg g−1 at 293, 303 and 

313 K, respectively; time 6-10 

Reduction-

Adsorption 

Hu et al. 2011 
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min 

chitosan/Fe-oxide-

CNF/PVA 

nanocomposite 

composite; 

5.2 80 mg/ g in 1.3 h ; 400 mg/L; 

 CNF= carbon nanofibre 

PVA=polyvinyl alcohol 

Photocatalytic-

adsorption 

Khare et al. 2016 

Magnetic chitosan – 

iron(III) hydrogel  

3.0 135mg/g in  0.3 h; 115 mg/L Adsorption-ion 

exchange 

Yu et al 2013 

composite chitosan 

biosorbent  

Chitosan-ceramic 

alumina 

(105.2m2/g) 

4.0 Adsorption capacity: 153.85a 

mg/g; Cr(VI)= 5000 mg/L 

 chrome plating wastewater at 

25 �C 

regeneration: 0.1 M NaOH 

Adsorption-

reduction 

Boddu et al. 2003 

hydrolyzed 

polyacrylamide 

(HPAM)–chitosan gel 

4 

 AAS 

66.1 mg/g; Cr(VI)—82.9% and 

Cr(III)—67.6%; pseudo-

second-order rate kinetics and 

Langmuir isotherm 

Adsorption Kuang et al. 2012 

CS–MWNT–PAA–

PADPA/FG  

chitosan functional gel –

MWCNT- substituted 

polyaniline 

2 

UV–

visible 

2000 mg/g; synthetic/ field 

samples; adsorption; synergism 

effect; Cr removal mechanism: 

complexation interactions 

Adsorption Kim  et al. (2015) 

Chitosan -Alginate 

nanocomposites 

5  removal of Cr (VI) from waste 

water;second-order 

kinetics;Freundlich 

isotherm;multilayer adsorption 

Adsorption Gokila et al., 2017 

Chitosan coated with 

poly 3-methyl thiophene 

2 127.6 mg/g Langmuir Adsorption Hena, 2010 

Chitosan–g-polyaniline 

composite  

Cross linked-chitosan–g-

polyaniline composite  

4.2 165.6 mg/g Freundlich 

179.2 mg/g Freundlich 

Adsorption-ion 

exchange 

Karthik and 

Meenakshi, 2014 
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Si gel- chitosan 

composite  

4 Si-Chitosan (3.5 mg/g) > Si 

(1.08) 

Adsorption Rajiv Gandhi and 

Meenakshi. 2012 

La(III) encapsulated 

silica gel chitosan 

composite 

4 240 mg/g Adsorption Rajiv Gandhi and 

Meenakshi. 2012 

amino terminated 

polyamidoamine 

functionalized chitosan 

beads 

  Adsorption-ion 

exchange 

Rajiv Gandhi and 

Meenakshi. 2013 

Hydrolysis product of 

chitosan (size NA)   

 

3 26 mg/g; 24 mg/L Adsorption  Ramnani, and 

Sabharwal, 2006 

Xanthated chitosan 

flakes (0.3 mm)  

3 230 mg/g 16.0 h; 10 mg/L Adsorption Chauhan, N. 

Sankararamakrishnan, 

2011 

Ethylamine-modified 

chitosan in rice husk-

carbon beads (size = 

NA)  

 

2.0 53mg/g;   300 mg/L Adsorption Sugashini, et al. 2012 

PNMANI/Ch–HCl 

composite  

4.2 192.4 mg/g Freundlich Adsorption Yavuz et al.2011 

P2EANI/Ch–HCl 

composite  

4.2 148.7 mg/g Freundlich Adsorption Yavuz et al.2011 

PNEANI/Ch–HCl 

composite  

4.2 229.8 mg/g Freundlich Adsorption Yavuz et al.2011 

chitosan-NaMMT 

(unmodified clay) 

 9.36 Adsorption Hyok An and Dultz, 

2008 

metal ion imprinted 

chitosan  

5.5         51.0  mg/g  1000.0 mg/l Adsorption Tan Tianwei et al 

2001 

metal ion imprinted 

chitosan cross-linked 

with epichlorohydrin  

5.5 51.0   mg/g           1000.0 mg/l Adsorption-ion 

exchange 

Tan Tian wei et al 

2001 

chitosan cross-linked 5.5 56.8   mg/g          1000.0 mg/l Adsorption Tan Tianwei et al 
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with ethylene glycol 

diglycidyl ether  

2001 

chitosan cross-linked 

with epichlorohydrin  

5.5 52.3   mg/g        1000.0 mg/l Adsorption Tan Tian wei et al 

2001 

natural and crosslinked 

chitosan membranes 

  Adsorption Baroni et al.  2008 

cross-linked chitosan  5.0 50.0   mg/g          1000.0 mg/l Adsorption Schmuhl et al 2001 

Chitosan (13 g l−1 3 22.09 mg g−1 at 30 mg l−1 while 

102 mg g−1 for 

100 mg l−1initial Cr(VI); 92.9% 

Cr(VI) removal  

adsorption Aydın and Aksoy  

2009 

chitosan  5.0 78.0 mg/g 1000.0 mg/l Adsorption Manuel et al. 1995 

chitosan  ?   27.2 mg/g Adsorption Masri et al.1974 

 

a Based on the amount of chitosan (21.1 wt %) on the composite biosorbent. This corresponds to maximum capacity 

of 35.4 mg/g of composite biosorbent 
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Liu et al. (2013) used enhanced chitosan beads-supported Fe0-nanoparticles (CS-

NZVI) for complete reduction of Cr (VI) to Cr (III) in less than 2 h from 

electroplating wastewater in permeable reactive barriers. CS-NZVI beads (Tube 

shape; 58.6 mm; pore size:19.2 to 138.6) enhanced by ethylene glycol diglycidyl 

ether (EGDE) had a loose and porous surface with a nucleus-shell structure. 

chitosan (CS) beads were introduced as a support material in permeable reactive 

barriers (PRBs). The removal rate of Cr (VI) (89.4%), decreased with an increase 

of pH and initial Cr (VI) concentration. Ozay et al. (2009) fitted bothLangmuir and 

Freundlich adsorption isotherms for removal of Cr(III) from water with magnetic 

hydrogels based on 2-acrylamido-2-methyl-1-propansulfonic acid. Sureshkumar et 

al. (2016) found that chitosan–magnetite (15–30 nm; spheres) nanocomposite strip 

showed 92.33 %, of Cr removal, better than chitosan strip (29.39 %) from 

K2Cr2O7 solution containing Cr(VI) ions. 

Ostovar  et al. (2017) used silver oxide/sawdust nanocomposite (Ag2O/SD NC) 

(Adsorption capacity: 13.41 mg/g)  for removal of Cr (VI) ions from aqueous 

solutions at different feed solution pH (2, 6, and 10), influent concentration of Cr 

(VI) (25 mg/L;  range: 25-100 mg/L), flow rate (2 mL/min;  range: 1-5 mL/min) 

and bed depth (4-12 cm). Thomas model found best in Adams-Bohart and Bed 

Depth Service Time (BDST) models used for adsorption kinetics. Nanocomposite 

can be regenerated using a dilute solution of NaOH (0.01 M). 

Shyaa et al. (2015) investigated capacity studies of ion exchange resin capable of 

coordinating with metal ion i.e., polyaniline/ zeolite nanocomposite for the 

removal of Cr(VI) from aqueous solution. PANI/zeolite nanocomposite (300-600 

nm) has a high content of PANI. The capacity of chromium adsorption on 

PANI/zeolite increases with initial metal concentration, the metal ion adsorption on 

surfactant is well represented by the Freundlich isotherm. 
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Khosravi et al. (2018) used green nanocomposite ( ZVI-PAC) prepared by loading 

of GnZVI on PAC for Cr(VI) removal. Nanocomposite (107 m2/g)with a size of 

60 nm has hydroxyl groups and many pores on surface of the activated carbon. 

Equilibrium adsorption are endothermic and spontaneous and were well-fitted with 

Langmuir model and Ho pseudo-second order model. Moreover, intraparticle 

diffusion and film diffusion were the mechanisms involved in the adsorption 

process. 

Unnithan and Anirudhan, (2001) used iron(III) complex of a carboxylated 

polyacrylamide-grafted sawdust for adsorption (>99.0%) of Cr(VI) (25.0 mg/L in 

the pH range 2.0−3.0). predominant species being HCrO4
- was rapidly adsorbed via 

coordination on unsaturated sites for the iron(III) complex of polymer.Adsorption 

of Cr(VI)  over complex surface was endothermic (144.20 mg/g at 20 °C to 172.74 

mg/g at 60 °C) and following second-order kinetic. The L-type adsorption isotherm 

could be interpreted by the Langmuir and Freundlich equations.  

Amine-modified polyacrylamide-grafted coconut coir pith carrying -NH3+Cl- 

(PGCP-NH3+Cl-) was found more active than Dowex (commercial chloride anion 

exchanger of quaternary amine) and CP for complete removal of 25.0 mg/L Cr(VI) 

at 30 °C, pH 3.0, and an adsorbent dosage of 2.0 g/L (Unnithan et al. 2004). 

Adsorption is favorable at low temperature(exothermic), pH and initial 

concentration and followed Freundlich model. The removal involve the anion 

exchange mechanism at pH 3.0 between adsorbent having -NH3 +Cl and dominant 

Cr (VI) species HCrO4- and Cr2O72-(Bailar et al. 1973)  

PGCP-NH3+Cl- + HCrO4- =PGCP-NH3+...HCrO4- + Cl- (3) 

2PGCP-NH3+Cl- + Cr2O7 2- =(PGCP-NH3+)2...Cr2O7 2- + 2Cl- (4) 
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Below pH < 2.5, Cr(VI) polymerized as Cr3O102- and Cr4O132- whichexchanged 

Cl ions from the adsorbent surface with difficulty and resulted in a lower 

adsorption. The explanation of leastadsorption at higher pH is same as discussed 

earlier involving role of pHzpc (7.6 for PGCP-NH3 +Cl-) and competition from 

the OH- ions. Adsorption of Cr(VI) was increasing with increase in adsorbent ( 

composites or individual on moss peat and sawdust carbon) dose due to more 

active sites (Sharma and Forster, 1993; Raji et al. 1997) who studied the adsorption 

of Cr(VI), respectively. Due to variation in experimental conditions, comparison 

among adsorbents doesn’t make sense but can provide the fruitful scenario.For 

example, the high adsorption capacity per gram of hydrotalcite hydrotalcite than  

that of PGCP-NH3+Cl- was attributed to difference in the ion-exchange behavior 

(Lazaridis et al. 2001; Lazaridis and Asouhidou, 2003) 

Hydrotalcite has two kinds of anion retention sites within the interlayer and onto 

the external surfaces that affect the uptake capacity.  

Rajesh et al. (2011) used Macroporous polymeric Trioctylamine impregnated 

Amberlite XAD-1180showed the efficient removal of Cr(VI) in acidic condition 

(predominant polymeric species  HCrO4- and Cr2O7-2) by ion-pair formation 

(Cabatingan et al. 2001). Exothermic adsorption ( -6H due to ion-pair mechanism). 

For the recovery of Cr (VI) as sodium chromate, desorption efficiency follows the 

order: sodium nitrite (75 %) < ascorbic acid (88.6 %) < sodiumsulfite (90 %) < 

sodiumhydroxide (99.5 %), respectively (Kalidhasan and Rajesh, 2009; Kalidhasan 

et al. 2010).  
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Table:  Cr(VI) adsorption by PANI , polymer and green based composites 

Adsorbent /composites pH/ 
Det. 

method 

Brief summary Mechanism References 

polyaniline/ zeolite 
nanocomposite (300-600 nm) 

 Cr(VI) water; Freundlich isotherm. 

 

 Shyaa et al. 
(2015) 

short chain polyaniline - jute 
fiber  

PANI-jute 

3 62.9 mg/g; Cr(VI) (50–500 mg/L);  
94% within 40–120 min at 20 �C;  
Wastewater  

Exothermic adsorption: 
Regeneration:10 min by 2M NaOH.  

electrostatic 
attraction of acid 
chromate ion with 
protonated PANI-
jute. 

Albino Kumar et 
al.  2008 

PANI/humic acid composite 5.0 671 mg g$95%9:;%( < %& %9=;%(& 5 

pseudo-second-order;Freundlich 
isotherm 

 Li et al 2011 

PANI/sawdust NC  2.0 0.25 mg/g in 20 min  Esfandian et al. 
2012 

Polyaniline/cellulose fiber 4.8   Liu et al. 2013 

Flake-like 
PANI/montmorillonite NCs  

2.0 168 mg/g in 150 min  Chen et al. 2013 

sodiumalginate-polyaniline 
nanofibers 

2 73.34 mg g$95) 4'-second-order; 
Langmuir;  Removal of 78.63% of 
Cr(VI) (100 mg/L) in 60 min at 30 
0C 

electrostatic 
interaction between 
the Cr(VI) ions and 
SAP nanofibers; 

Karthik,and 
Meenakshi, 2015 

polyacrylamide-grafted sawdust 3 28.8 mg/g;  Cr(VI) (100 mg l−1 ) 
adsorption: 91.0% at 30°C; 
exothermic; first-order kinetics 
Freundlich, regenerated using 0.2 M 
NaOH and 0.5 M NaCl  

 Raji and  
Anirudhan, 1998 

Cassia marginata seed gum 

 functionalized with PMMA ( 5 
g/L) 

microwave irradiation 

1  16.94 mg/g;  20 mL of 100 ppm 

Cr(VI) solution at 30 °C. Langmuir  
and Freundlich; second order 
kinetics; rate constant =0.10 × 
10−5 g/(mg min) at 100 mg/L 
Cr(VI); resuse: 2 M NaOH 

 Singh et al. 2008 

cellulose–clay composite (87.09 
m2/g; 1.8 nm; volume: 0.31 
cm3/g)  

0.5-0.6 g 

3.8-5.5 22.2 mg/g; 99.5%; industrial 
wastewater,  

spontaneous adsorption, Langmuir 
isotherm, second order kinetics. 

 Kumar A.S.K. et 
al. 2012 

amine-modified 
polyacrylamide-grafted coconut 
coir pith 

3 99.4% (12.43 mg/g) adsorption of  
25.0 mg/L Cr (VI) from aqueous 
solution and wastewater at 30 °C.  

 Unnithan et al. 
(2004) 
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(PGCP-NH3+Cl-) 

2.0 g/L 

polyacrylonitrile/pumice 
(PAn/Pmc) composite 

8 adsorption of Cr3+ (100–500 mg/g) 
from water: PAn/Pmc(87% removal; 
capacity: 0.268 mmol/g) composite 
> Pmc(80%; 0.031) in 6h at room 
temperature 

Langmuir models  

Mechanism-
complexation and 
sorption; 

 

Yavuz et al. 2008 

CTAB-silica gelatin composite  7.5 16.6 mg/g  Venditti et al. 

2007 

Alumina/alginate (AlAlg) 
composite  

2 17.45 mg/g  Gopalakannan et 
al.  2016 

HDTMA modified 
montmorillonite clay 

 7.28  Akar et al. 2009 

silver oxide/sawdust 
nanocomposite (Ag2O/SD NC) 

2 13.41 mg/g; Cr (VI) (25 mg/L); 
water;  

Thomas model  for adsorption 
kinetics.  Regenerated: dil NaOH 
(0.01 M). 

 Ostovar  et al. 
(2017) 
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Based on this theme, the same group (ASK Kumar et al. 2013) prepared 

Trioctylamine (TOA) impregnated exfoliated graphene oxide (EGO) (adsorption 

capacity: 232.55 mg/g) for the removal of 96% Cr(VI) in wastewater via 

electrostatic interaction and H-bonding. In acidic medium, the protonated amine 

and the HCrO4- show good affinity towards EGO in the form of cation-p and 

electrostatic interactions with adherence to second order kinetics. The -6G, -6H 

and -6S showed that adsorption is spontaneous, exothermic along with decreased 

randomness at the amine-EGO–Cr(VI) (solid-solution) interface. Moreover, Cr( 

VI) and Cr (III) can be removed by amine modified EGO.
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Figure 5: Chromium removal by expoliated graphene oxide 

 

Karthik and Meenakshi (2014) found that cross linked-chitosan–grafted-

polyaniline composite (CCGP) was better adsorbent than that of chitosan–grafted-

polyaniline(CGP) composite due to intraparticle diffusion pattern. The spontaneous 

and endothermic adsorption process (pseudo-second-order kinetic) was well 

described by Freundlich isotherm model for both the composites.  The maximum 

adsorption capacity of CGP and CCGP composite for Cr(VI) ions was 165.6 mg/g 

and 179.2 mg/g at 303 K. Kumar et al. (2008) observed electrostatic attraction of 
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acid chromate ion with protonated PANI-jute (short chain polyaniline synthesized 

on jute fiber) as an adsorbent to remove Cr(VI) (62.9 mg/g within 40–120 min). By 

ignition of Cr bounded PANI-jute, 94% Cr(VI) were able to recover as Cr(III) 

along with reduction in weight by 95%. 

Lyu et al. (2017) observed external mass transfer along with hybrid sorption-

reduction processby biochar supported nanoscale iron sulfide composite (CMC-

FeS@biochar composite) for removal of Cr(VI) under acidic conditions. FeS 

particles adhered on biochar through oxygen-containing functional groups 

wascame out in enhanced surface area along with relatively higher Cr(VI) uptake 

(130.5 mg/g) than respective FeS (38.6 mg/g) and biochar (25.4 mg/g). Chen et al. 

(2011) used magnetic MCM-41 nanosorbents of large surface area (>550 m2 g−1) 

and high magnetization (�8.0 emu g−1). Due to high cost of chemicals and 

production of toxic sludge, use of Cassia marginata seed gum functionalized with 

poly(methylmethacrylate) using microwave irradiation was preferred for efficient 

Cr (VI) adsorption (Singh et al. 2008). Kuang et al. (2012) used HPAM–chitosan 

gel beads for adsorption of Cr(VI)—82.9% and Cr(III)—67.6%  from water 

according to pseudo-second-order rate kinetics. Both Langmuir equations and 

Freundlich equations were used for explaining the experimental data of adsorption 

isotherm, which demonstrated a better fit to the Lagmuir model i.e.,  a monolayer 

adsorption process onto the gel beads.  

Geng et al. (2009) observed both physical adsorption of Cr(VI) onto the chitosan-

Fe0 surface and subsequent reduction of Cr(VI) to Cr(III). After the reaction, 

relative to Cr(VI) and Fe(0), Cr(III) and Fe(III) are the predominant species on the 

surface of chitosan-Fe0 . Chitosan has also been found to inhibit the formation of 

Fe(III)–Cr(III) precipitation due to its high efficiency in chelating the Fe(III) ions.  



�

	
��

 

Table 6. Adsorption Capacities of Different Adsorbents for Chromium(VI) 

adsorbent 

 

maximum ads. 

capacity(mg/g)  

pH maximum 

initial 

concn 

(mg/L) 

ref 

activated carbon (Filtrosorb 400)  125.5 6.0 260.0 Huang and Wu, 

1977 

sawdust  3.3  6.0 50.0 Srivastava et al. 

1986 

coconut shell activated carbon  20.0 2.5 - Alaerts et al. 

1989 

activated carbon (Filtrosorb 400)  145.0 2.5 1000.0 Sharma and 

Forster, 1994b 

sphagnum moss peat  119.0 1.5 1000.0 Sharma and 

Forster, 1994b 

compost  101.0 1.5 1000.0 Sharma and 

Forster, 1994b 

leaf mould  43.0 2 1000.0 Sharma and 

Forster, 1994b 

sawdust  39.7 2 1000.0 Sharma and 

Forster, 1994a 

sugar beat pulp  17.2 2.0 500.0 Sharma and 

Forster, 1994a 

maize cob  13.8 1.5 300.0 Sharma and 

Forster, 1994a 

sugar cane bagasse  13.4 2.0 500.0 Sharma and 

Forster, 1994a 
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coconut husk fibers  29.0 2.1 - Tan et al. 1993 

palm pressed-fibers  15.0 2.0 - Tan et al. 1993 

pinus sylvestris bark activated by 0.05 

N NaCl  

19.5 4.5 20.0 Alves et al. 1993 

leather based activated carbon  241.0 3.0 1000.0 Manuel et al. 

1995 

Biogas residual slurry  5.87   Namasivayam 

and Yamuna, 

1995 

Wool 

Pine needles  

8.66 

5.36 

2 69.3% adso 

42.9% 

Dakiky et al. 

2002 

Eucalyptus bark  45.00   Sarin and Pant, 

2006 

 

Liu et al. (2015) used nanoscale zero-valent iron on pumice (P-nZVI) for removal 

of heavy metals from wastewater from industrial effluents. At the optimum 

condition, NZVI with a mean 

diameter of 20.2 nm was distributed uniformly and consistently on the surface of 

pumice. Freundlich isotherm suggested the heterogeneous surface of P-NZVI 

(106.9 mg/g) and removal of Cr (VI) was an endothermic and spontaneous and 

followed pseudo-first-order kinetic model.  

Pumice (Chitosan matrix) is a porous material with large surface area, which can 

provide more reaction sites for heavy metals thus leading to the removal of heavy 

metals from wastewater [Candy and Sharma, 1993]. Pumice can be used as an 

efficient low-cost adsorbent for heavy metals [Yavuz et al. 2008]. Furthermore, 

pumice particles were effective as a support media infiltration and heterogeneous 
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catalytic reactions [Farizoglu  et al 2003, Rachel  et al. 2002]. Iron-coated pumice 

performed well both in maintaining the long-term hydraulic conductivity and 

eliminating contaminants [Moraci and Calabrò, 2010]. 

Altundogan, (2005) observed the hydrolysing product of ferric chloride 

impregnated-saponified sugar beet pulp (PSFH) most suitable adsorbent for 

removal of 83.1% Cr(VI) at the final pH of 4.4. Yavuz et al. 2008 carried out the 

adsorption of Cr3+ (100–500 mg/g) from water onto pumice (Pmc) and 

polyacrylonitrile/pumice (PAn/Pmc) composite within 6h at room temperature and 

pH values of 8.0. Adsorption Cr3+ in the solutions was in following order: 

PAn/Pmc(87% removal; capacity: 0.268 mmol/g) composite > Pmc(80%; 0.031). 

Effective removal of metal ions was demonstrated at. The mechanism for cations 

removal by the Pmc and (PAn/Pmc) composite includes complexation and 

sorption. Al-Othman et al. (2012) studied adsorption, kinetics, equilibrium and 

thermodynamic of  Cr (VI) removal from aqueous medium by activated carbon 

prepared from peanut shell. Baroni et al. (2008) evaluated batch adsorption of 

chromium ions on natural and crosslinked chitosan membranes.  

Jung et al. (2013) investigated that a positively charged surface under acidic 

conditions or low pH (pH 4) attracted the predominant Cr(VI) species (i.e.,HCrO-4 

) by both physisorption and chemisorption and hence, pseudo second-order fitted 

models. Adsorption was dependent on surface area, pore size, and surface 

functional groups while ion exchange and complexation were involved in the 

Cr(VI) adsorption process, although the most plausible Cr(VI) adsorption 

mechanism was electrostatic attraction. Protonated functional groups on the 

carbonaceous adsorbents and amine groups in chitosan were responsible for Cr(VI) 

electrostatic attraction. Furthermore, the adsorption behavior of chitosan for heavy 

metal removal is widely known to be attributable to its high hydrophilicity, with 
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hydroxyl and primary amino groups allowing a high activity and a flexible 

structure of the polymer chains having suitable configurations for the adsorption of 

metal ions.  

Cr adsorption mechanism:  

Cr(VI) mainly can be removed by two mechanisms 

 Mechanism I 

The pH of the aqueous solution influences Cr speciation and the dissociation of 

active functional groups (–OH, –COOH, –NH2). Therefore, Cr adsorption is 

critically associated with solution pH that control the adsorption process or 

adsorption capacity of adsorbent as it affects the surface charge of the adsorbents, 

the degree of ionization, and the species of adsorbate i.e., Cr(VI) speciation. Cr(VI) 

exists as CrO4 2−, Cr2O7 2−, HCrO4−, HCr2O7 −  in aqueous solutions from pH 

1 to 8,  and HCrO4
- and Cr2O72- are the predominant species in acidic media. 

Chromium uptake in the pH range 2.0–5.0 occurred correspond to bichromate 

anion and involve the ion exchange, ligand-exchange, ion-pair, electrostatic 

attaraction (Rajesh et al. 2011) whereas Cr(III) was retained at alkaline pH due to 

the interaction of the amine with Cr(OH)2
+ and Cr(OH)2+ species. The electrostatic 

attraction in  complex reactions of Cr(VI) adsorption  could be explained by used 

hard acid soft base (HSAB) principle where  Cr (negatively charged bichromate 

anion) and nitrogen (positively charged nitrogen) are classified as  hard acid and 

hard base, respectively (Choppin and Morgenstern, 2000). Less adsorption, beyond 

pH 5.5 or higher pH values, could be attributed to several factors: 1)deprotonation 

of the surface hydroxyl groups in the biopolymer composite (Hu et al. 2006; 

A.S.K. Kumar et al. 2012); 2)  competition of the hydroxide anion OH− with the 

bichromate anion for the effective adsorption sites (the end-pH was lower than the 
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initial pH) (Wu et al. 2007; Rajesh et al. 2011;Zimmermann et al.  2010) 3) The 

pHpzc that determined the range of pH sensibility and allows the surface active 

and adsorption capacities to be predicted [Pintor et al., 2013]. At pH> pHzpc, the 

net surface charge becomes negative, resulting in repulsive forces between 

composite and Cr(VI) (Bohli et al. 2015; Doke and Yadav, 2014;Zubair et al 2008 

Bayramoglu and Arica, 2008; Demiral et al. 2008).  

At low pH, the functional groups in the surface of the bio material are protonated 

and restrict the approach of cationic species as the result of repulsive forces. As the 

pH increases, the degree of protonation decreases, and the functional groups 

become negatively charged (pH > pKa).  
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Table 7:  Cr(VI) adsorption by Iron based composites 

Adsorbent /composites pH/ 

Det. 

method

Brief summary Mechanism References 

nanoscale  Fe0  on 

pumice (P-nZVI) 

- 106.9 mg/g; industrial 

wastewater;  

Adsorption: endothermic and 

spontaneous Freundlich 

isotherm and pseudo-first-

order kinetic 

- Liu et 

al.2015 

bio-functional 

magnetic beads 

(Rhizopus cohnii - 

Fe3O4)  

1 6.73 mg/g;  Cr (40 mg/l) 

;Wastewater; 

28 °C; regenerated (0.1 M 

NaOH) and  

reusable (n=5) 

- Li, et al. 

2008 

nano Fe0 - waste rock 

wool (RW) 

ARW: acid treated 

RW 

2 197.69 mg/g;  

Removal efficiency within 1 

h: ARW/ZVI composites (1:2 

w/w) 100%> ZVI (73%)> 

ARW (55%)>waste RW 

(~3%). 

electrostatic 

attraction and 

the reduction 

of Cr (VI) to 

Cr(III) 

Zhou et al. 

(2018) 

magnetic hydrogels   76.87 mg/g; Cr(III) Langmuir 

and Freundlich adsorption 

isotherms 

- Ozay et al.   

2009 

iron(III) complex of a 

carboxylated 

polyacrylamidegrafted 

2-3 144.20 mg/g at 20 °C to 

172.74 mg/g at 60 °C;  

>99.0% removal of 25.0 mg/L 

- Unnithan 

and 

Anirudhan, 
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sawdust ;second-order kinetic 

model;Langmuir and 

Freundlich equations 

Reuse: 0.1 M NaOH 

2001 

iron (III) 

hydroxideloaded sugar 

beet pulp  

4.4 5.1 mg/g; 83.1% removal of 

10 mg /1of Cr(VI) in 120 min 

at  25 oC;  Water; 

- Altundogan, 

2005 

biocomposite (iron 

nanoparticles 

embedded in orange 

peel pith) 

1 10 mg/Lof  Cr(VI) adsorption: 

71% with biocomposite (5.37 

mg/g) > 34% biomass (1.90 

mg/g)from industrial 

wastewater within 60 min. 

reduction of 

Cr(VI) to 

Cr(III) by Fe 

or Fe(II) and 

adsorption of 

the Cr(III). 

López-

Téllez et al., 

2011 

bamboo charcoal-iron 

(Fe–BC) 

Microwave-assisted 

preparation 

5 33.1 mg/g; 25 oC; Langmuir 

model, pseudo-second-order; 

adsorption of Cr(VI)  from 

water onto Fe–BC was 

spontaneous and exothermic. 

0.12 mg/L of Cr(VI) reduced 

to to below 0.05 mg/L in 2 

min 

regenerated by dilute NaOH  

- Wang et al. 

2011 

green nanocomposite ( 

ZVI-PAC)  

Fe0-powdered 

activated carbon 60 

nm; 107 m2/g 

2 53.48 mg/g ; Cr(VI) removal; 

adsorption: endothermic, 

spontaneous, Langmuir model 

and Ho pseudo-second order 

model. adsorption 

mechanisms:   intraparticle 

- Khosravi et 

al. (2018) 



�

	�	�

diffusion and film diffusion  

biochar supported 

nanoscale iron sulfide 

composite 

CMC-FeS@BC 

(1;1;1) 

low-cost, ‘‘green”, and 

effective sorbent 

5.5 Cr(VI) from aqueous 

solutions; 

enhanced adsorption 

capacity:130.5 mg/g > 38.6 

mg/g for FeS and 25.4 mg/g 

for biochar;  

57% reduction and 43% was 

sorption;Redlich-Peterson 

model. 

- Lyu et al. 

2017 

agarose-Fe 

nanoparticles hydrogel 

(green synthesis) 

- 84.9% of Cr(VI); Chemical 

reduction 

24 h; Fe(III)–Cr(III) 

complexes might be formed 

after reaction 

- Luo et al. 

2016 
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Mechanism II 

Nowadays, the “adsorption-coupled reduction” reaction (reduction of 

Cr(VI) to Cr(III) occurs after Cr(VI) is adsorbed) is widely accepted as the 

true mechanism of Cr(VI) adsorption by natural biomaterials under acidic 

conditions because of its high redox potential. Park et al. 2011, reported 

that Cr(VI) could be removed from solution by natural biomaterial through 

both direct and indirect reduction mechanisms: 

i) Direct reduction mechanism: The reduction of Cr(VI) to Cr(III) occurs in 

the aqueous phase by contact with the electron-donor groups of the 

biomaterial that have lower reduction potential values than that of Cr(VI). 

Cr(III) ions remain in the aqueous solution or form complexes with the Cr-

binding groups present in the biomaterial. 

(ii) Indirect reduction mechanism consists in 3 steps: (a) binding of anionic 

Cr(VI) to the positively charged groups in the biomaterial surface such as 

amino and carboxyl groups, (b) reduction of Cr(VI) to Cr(III) by adjacent 

electron-donor groups and (c) release of Cr(III) into aqueous phase due to 

repulsion between positively charged Cr(III) and positively charged groups 

in the biomaterial surface, or complexation of Cr(III) with adjacent groups. 

Amino and carboxyl groups take part in step (a) of indirect reduction. 

For adsorption of Cr(VI) ions by nanocomposites, mostly Langmuir and 

Freundlich isotherm have been investigated. The Langmuir model assumes 

homogeneous adsorption/active sites, whereas the Freundlich model takes 

into account heterogeneity in sites. Chitosan -Alginate nanocomposites 

(Gokila et al., 2017)   and PGCP-NH3+Cl- (Unnithan et al. 2004) followed 

Freundlich model. Fe–crosslinked chitosan complex (Ch–Fe) 

(Zimmermann et al. 2010), Trialkylamine impregnated macroporous 

polymeric sorbent (Rajesh et al. 2011) followed Langmuir.  Adsorption 

process by mesoporous cellulose– montmorillonite clay composite 
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(adsorption capacity of 22.2 mg/g) was spontaneous, in accordance with 

Langmuir isotherm model  (A.S.K. Kumar et al. 2012). The model of 

Langmuir isotherm could be better used to fit the sorption process of bio-

functional magnetic beads for  removal of Cr(VI) (Li et al. 2008).,  

biocomposite of iron nanoparticles embedded in orange peel pith  (López-

Téllez et al., 2011), ceramic alumina-chitosan (Boddu et al. 2003).  

Cr(VI) adsorbed onto the TOA–EGO adsorbent followed second order 

model as the t/Xt versus t plot (Fig. 10B) in the gave a nice fit to the 

experimental data in terms of the higher regression coefficient (Table 3). It 

was also observed that the Xe (calculated 24.72 mg/g) and the Xe 

(experimental 25.12 mg/g) values were in accordance with the second order 

kinetics. The adsorption of hexavalent chromium onto the TOA–EGO 

adsorbent could involve pore, surface or intraparticle diffusion [57]. The 

Weber–Morris [58] plot for this adsorbent–adsorbate system yields a 

straight line with a finite intercept. This feature could be attributed to the 

boundary layer mechanism for elucidating the kinetics of adsorption of 

Cr(VI) onto the TOA–EGO adsorbent. Adsorption of Cr(VI) on Ch-Fe 

follows pseudo-second order kinetics indicates chemisorption as the rate 

controlling step involving a sharing or exchange of electrons between the 

adsorbate and the adsorbent [30]. The suitability of the second order rate 

equation was reported in the literature for the removal of chromium for the 

adsorbents: active carbon from olive bagasse, magnetic beads, waste 

biomass and thermally activated weed. On the other hand, the results found 

in this work are different from those reported by Fagundes et al. 1998, for 

adsorption of As(V) by Ch-Fe.Pseudo-second-order kinetic model (Temp 

and conc dependent)  was shown by PGCP-NH3+Cl-  (Unnithan et al. 

2004). Fe–crosslinked chitosan complex (Ch–Fe) (Zimmermann et al. 

2010), Trialkylamine impregnated macroporous polymeric sorbent (Rajesh 

et al. 2011), mesoporous cellulose– montmorillonite clay composite 
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(A.S.K. Kumar et al. 2012) and  Chitosan -Alginate nanocomposites 

(Gokila et al., 2017).  While bio-functional magnetic beads for  removal of 

Cr(VI),  followed Lagergren (first order)  (Li et al. 2008). 

Zimmerman et al.  (2010) found that adsorption of Cr(VI) with Ch-Fe is 

exothermic (6H�: −499 kJ/mol), and spontaneous (6Go:−12.3 kJ/mol, 

−10.8 kJ/mol and −10.6 kJ/mol to 298 K, 308K and 328 K, 

respectively).Hence, the amount adsorbed at equilibrium must decrease 

with increasing temperature, because 6G� decreases with increasing 

temperature of the solution. Similar results from 6G� to 6H� have been 

reported for Cr(VI) adsorption by iron (III) hydroxide-loaded sugar beet 

pulp Altungodan [2005]. The negative value _S� (−1.69 kJ/mol K) of 

Cr(VI) adsorption corresponds to a decrease in randomness at the 

solid/liquid interface during the adsorption of Cr(VI) on Ch-Fe. The results 

are in agreement with those reported by Zubair et al. [2008] for adsorption 

of Cr(VI) by waste biomass. 

The spontaneity of the TOA–EGO–Cr interaction is reflected in the 

negative 6G0 (6G0 = -RT lnK) values obtained at different 

temperatures.The free energy of adsorption essentially depends on the 

TOA–EGO as well as Cr(VI)-amine/EGO interactions. The negative 6S0 

obtained from the Van’t Hoff plot  shows that there is more orderliness in 

the interaction between the tertiary amine and exfoliated graphene oxide. 

The overall adsorption process is exothermic. The negative entropy of 

adsorption that indicates the decreased randomness also depends on the 

6STOA–EGO and 6SCr–TOA–EGOinteractions. This feature could be ascribed to 

the fact that entropy being a state function and an extensive property, the 

total 6Sads would depend on the sum of the above interactions. 

Hence, 6G adsorption = 6Hadsorption — T (6SCr–TOA–EGO + 6HCr–TOA–EGO). 
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The lone pair-�, cation-� (R3NH+…..aromatic moiety) and the electrostatic 

(HCrO-
4......NH+R3) interactions are responsible for the compactness [59] 

and decrease in randomness at the solid-solution interface. The long chain 

protonated amine orients itself with the alkyl groups pointed away thereby 

facilitating the head group(NH+) to interact electrostatically with 

hexavalent chromium oxyanion 

7. Utilization of green synthesized nanomaterials in remediation for

environment

Nanomaterials generated via green route are cheap.  Green synthesized 

nanoparticles acted same as other nanomaterials but showed enhanced 

efficiency due to introduction of phytoconstituents in crystal lattice. 

Currently, a lot of researchers worldwide are working on synthesis of 

nanoparticles using by employing sunlight, or plant-based surfactants or 

microorganisms and water or combination of those. For example, silver 

nanoparticles were biosynthesized extracellularly by bacteria Bacillus

cereus with high activity against bacteria (Prakash et al., 2011). Shukla & 

Iravani (2017) reviewed green strategies for the preparation of metallic 

nanoparticles applied for water purification. The use of enzymes, vitamins, 

monosaccharides, polysaccharides and biodegradable polymers including 

microwave-assisted synthesis were discussed in detail. These biosynthesis 

methods are economical and eco-friendly, thus, can be used on large-scale. 

Application of these bioactive nanoparticles in the degradation of harmful 

PAHs will help in reconstructing the polluted environment. Green process 

not only control the morphology but are also efficient than chemically 

synthesized nanoparticles.Biosynthesized nanoparticles ZnO, copper oxide 

and ZnO/Graphene oxide showed good photocatalytic potential for 

anthracene and dyes [49-50]. Fardood and co-workers synthesiszed a 

number of nanomaterials (oxides of Zn, Cu and Ni; ferrites of Ni–Cu–Mg, 
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Ni�Cu�Zn and magnetic copper)  via green routes employing gel, gum or 

plants and evaluated them as catalyst for organic synthesis as well as 

photocatalyst for remediation of organic pollutants. Superparamagnetic 

magnesium ferrite and MgFe2O4@�–Al2O3 nanoparticles were prepared for 

degradation of reactive blue 21 and other organic dyes, respectively. 

Shanker and his research group fabricated nanomaterials of double metal 

cyanides, ferrates and metal oxides by use of sunlight, Sapindus mucrossi 

and A. marmelos  forcatalytic oxidation of organic wastes (phenols, dyes, 

amines, PAHs). Lots of work have been done on estimation of 

photocatalytic activities of green (tea or starch) fabricated iron based 

nanoparticles. Green synthesized bimetallic Fe/Pd nanoparticles were better 

than Fe alone. Compared to constituents, doped Fe2O3@ZnHCF nanocubes 

prepared from Azadirachta indica were showedenhanced photocatalytic 

degradation of chrysene [Rachna et al. 2018]. Plant extract ofA. indica is 

(locally found tree in India) would be prepared after crushing leaves with 

continued addition of deionized water. Ag-Cr-AC nanocomposites (pHpzc: 

6.29) synthesisized via green route employing A. indica can be efficiently 

employed to remove the coloured effluent (64.92%  to 82.47%) from 

aqueous media by ultrasonicated assisted adsorption process (Saad et al. 

2017). Spontaneous adsorption obeyed Harkins-Jura model at temperature 

of 40 °C. Shahwan et al. ,observed that green tea-iron iron nanoparticles 

were a better catalyst than Fe nanoparticles produced by borohydride 

reduction.   

Xing et al. (2018) developed a green nanocomposite of filter paper 

decorated with polyethylene glycol and polypyrrole to (FP/PEG/PPy) and 

found high adsorption capacity for Cr(VI). Moreover, it could be 

regenerated by electro-assisted or photo-assisted regeneration to reduce 

eluent use. Green syntheized magnetically separable g-Fe3O4/RGO 

nanocomposite (hydrothermal synthesis involving Averrhoa carambola leaf 
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extract) was showed potential reduction (97%) of Cr(VI) at room 

temperature (Padhi  et al. 2017). The higher activity (including better 

antimicrobial activity) of g-Fe3O4/2RGO was attributed to the in situ 

loading of RGO, and the synergism developed between RGO and the super 

magnetic Fe3O4 nanoparticle. A. carambola  played a major role in the 

modification of structural, optical, and electronic properties of the Fe3O4 

nanoparticle.Li et al. (2017) carried out “Sol-Gel-like”condensation of 

dopamine (DA) and aminosilane coupling agents for fabrication of 

multifunctional magnetic hollow composites (Fe3O4@A/PDA). They 

concluded that process is green via post-grafting pathways that can avoid 

using organic solvents and high-temperature treatment. Magnetically 

separable Fe3O4@A/PDA exhibited the highest adsorption capacity (284.1 

mg/g at 298 K and pH 2.0) for Cr(VI) removal ( more than 70% even after 

five cycles). Adsorption was spontaneous and endothermic following 

pseudo-second-order and Langmuir model. Electrostatic attraction and 

reduction reaction could be used to explain the adsorption mechanism. 

Cruz et al. (2017) carried out green synthesis of a magnetic hybrid 

adsorbent (CoFe2O4/NOM) using water rich in natural organic matter; for 

removal of chromium from industrial effluent. The hybrid obtained at 

ambient temperature (HbAmb) was calcined at 200, 400, and 800�C for 2 

h, and formation of thecobalt ferrite phase was confirmed by XRD, which 

indicated the presence of NOM in the structure of thematerial. Removal 

tests showed that HbAmb provided efficient removal of chromium at the 

natural pH ofthe effluent, while the other materials were effective at pH 6. 

Evaluation of the kinetics showed excellentperformance of the process, 

with 70–87% removal in 20 min, which provided a high degree of 

flexibility.The hybrid showed high removal during five reuse cycles, 

ranging from 96% in the first cycle to 82% in thefinal. The matrices 

containing the saturated adsorbent (HbAmb Sat) and recovered chromium 
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ions (CrD)showed high performance in the catalytic reduction of 4-

nitrophenol, with conversion rates of 99.9% inshort periods of time, as well 

as excellent potential for reuse in three cycles. The results demonstrated 

thatthe production of a technological material and its use for remediation 

could be achieved in an ecologicallysustainable manner. 

Dinari et al. (2018) carried out ultrasound-assisted synthesis of 

nanocomposites based on aromatic polyamide and surface modified ZnO 

nanoparticle with s-triazine heterocyclic ring for removal of toxic Cr(VI) 

from water. The surface of ZnO nanoparticle was modified by s-triazine 

core silane coupling agent (ZnOTSC) and PA/ZnO-TSC NCs with different 

amount of ZnO-TSC nanoparticles (0, 5, 10 and 15 wt%) were prepared by 

ultrasonic irradiation. The synthesized PA/ZnO-TSC NCs were 

characterized by FT-IR, XRD, FE-SEM, TEM and TGA methods. TEM 

images showed that ZnO nanoparticles were dispersed homogeneously in 

the polymer matrix. The adsorption experiments were carried out in batch 

mode to optimize various parameters like contact time, pH and 

concentration of metal ion that influence the adsorption rate. The maximum 

uptakes of Cr (VI) at pH 4.0 was 72%, 81%, 89% and 91% for pure PA, 

NC5%, NC10% and NC15%, respectively. The kinetic of adsorption was 

investigated and the pseudo second-order model is an appropriate model for 

interpretation of adsorption mechanism of Cr(VI) ions. 

Liu et al., (2018) presents a novel sandwiched nanocomposite synthesized 

using graphene oxide (GO), manganese dioxide (MnO2) nanowires, iron 

oxide (Fe3O4) nanoparticles and polypyrrole (PPy) to remove hexavalent 

chromium ion Cr(VI) from water by an adsorption–reduction mechanism.In 

the sandwiched nanocomposites, GO provided enough surface area, 

functional groups, and hydrophilic surface for efficient absorption. Fe3O4 

nanoparticles with excellent magnetic properties make it easy to separate 
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and recover from water. Under acidic conditions, MnO2 nanowires act as 

both template and oxidant to initiate the polymerization of pyrrole 

monomers on its freshly activated surface to obtain GO/MnO2/Fe3O4/PPy 

(designated as GMFP) nanocomposite. GMFP could effectively adsorb 

Cr(VI) through electrostatic attraction, and the adsorbed Cr(VI) ions were 

partly reduced to trivalent chromium Cr(III) (62%), resulting in the 

efficient adsorption and high removal of Cr(VI) from water. Hexavalent 

chromium adsorption by GMFP is strongly pH dependent and the 

adsorption kinetics followed the pseudo-second-order model. The 

Langmuir isothermal model described the adsorption isotherm data well 

and the maximum adsorption capacity was up to 374.53 mg g−1 at pH 2.0. 

These experimental results suggested that GMFP had great potential as an 

economic and efficient adsorbent of hexavalent chromium from 

wastewater, which has huge application potential. 

Conclusions 

Hazardous heavy metal pollution of wastewater is one of the most 

important environmental problems throughout the world. To meet the 

increased more and more stringent environmental regulations, a wide range 

of treatment technologies such as chemical precipitation, coagulation-

flocculation, flotation, ion-exchange and membrane filtration, have been 

developed for heavy metal removal from wastewater. It is evident from the 

literature that ion-exchange, adsorption and membrane filtration are the 

most frequently studied for the treatment of heavy metal wastewater. Ion-

exchange processes have been widely used to remove metals from 

wastewater. Adsorption by low-cost adsorbents and biosorbents is 

recognized as an effective andeconomic method for low concentration 

heavy metal wastewater treatment as an alternative AC. Membrane 

filtration technology can remove heavy metal ions with high efficiency. 
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There is lack of few reports on removal of Cr by green nano-

biocomposites. Most of the studies are confined to microorganisms 

mediated degradation. Such methodologies need more time for complete 

metabolism from several days to month and are also very expensive, 

consequently, cannot be employed at industrial scale. The limited research 

facilitates the need for exploring new pathways, especially the use of 

nanomaterials as they have a unique property of high surface-to-volume 

ratio, which makes them excellent adsorbents. Moreover, green synthesized 

nanoparticles have been showing potential role in making environment 

green. Nanoadsorbents like TiO2 or ZnO as such or doped are playing an 

excellent role in complete mineralization of PAHs than microorganisms in 

a time as short as few minutes (Figure 15). Furthermore, these advanced 

nanomaterials are observed to be highly potential candidates as revealed by 

either absence of toxic by-products or transient metabolites which get 

quickly mineralized into non-toxic smaller by-products. Photooxidation 

mechanisms of PAHs could be operated by singlet oxygen mechanism or 

radical chain mechanism (Calvert et al. 2002;) (Figure 16). 

Use of nanoparticles for the degradation of high molecular weight PAHs 

like Dibenzo (a,h) anthracene, Indeno (1,2,3-cd) pyrene, Benzo (g,h,i) 

perylene, Benzo (k) fluoranthene is still awaited. Due to high aromaticity, 

these compounds are very stable and do no undergo biodegradation. Hence, 

must be degraded using effective nanoadsorbents due to their long half-

lives from days to years and high persistence in nature. 

9. Future Scope 

This chapter covered the encouragingperformances of a variety of green 

nanomaterials and nanocomposites as adsorbentand heterogeneous redox 

catalyst for the effective removal of toxic and bioaccumulating Cr. The 

Cr(VI), appear to be one of the major heavy metal pollutants globally in 
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this century. Cr(VI), derived from industrial wastewater, is highly toxic and 

present a serious threat to human health and environment.Comparisons of 

different techniques are very difficult because of inconsistencies in the data 

presentation. Cr(VI) removal was evaluated at different conditions, such as 

pH, initial chromium concentration, temperature, ratios. Various 

chromium-contaminated water such as ground water, drinking water, 

tannery wastewater, electroplating wastewater, and synthetic industrial 

wastewater were used.Adsorption/biosorption is found best in terms of 

economy and efficiency. Extensively used green and commercial 

adsorbents is associated with several drawbacks like high cost, long time 

requirements, difficulty in handling and selectivity along with difficult to 

separate. Activated carbons with less adsorption capacity are expensive and 

difficult to regenerate. Chitosan is a good adsorbent for Cr(VI) because of 

high its hydrophilicity, large number of primary amino groups and flexible 

structure of polymer chain. Being inexpensive, facile synthesis, non-toxic 

in nature, and of high efficiency, green nanocomposites based on biomass 

and biopolymer including chitosan, iron and PANI  have proven to be 

effective adsorbents in removing  completely in short period of few 

minutes to hours .They not only adsorb the toxic Cr (VI), but also 

transform them into into less hazardous forms Cr (III) in an eco-friendly 

manner with minimum requirement of energy, time and cost. Synthetic 

nanocomposites worked on base of reduction and adsorption. 
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1 Introduction
A variety of toxic organic and inorganic pollutants are generally released into the aquatic system, which

pollute the aquatic system. These pollutants are of most toxicological concern because of their bioac-

cumulation and nonbiodegradability. The main sources of these pollutants into water system are min-

ing, metallurgical, chemical manufacturing, tannery, battery manufacturing industries, fossil fuel,

chemical industries, etc. The presence of organic pollutants in water is carcinogenic and nonbiodegrad-

able and persists in the environment for long time and caused harmful effects in mammalian and

aquatic life. A large number of herbicides are applied on the agricultural fields, which, apart from kill-

ing their respective weed, due to their chemical stability, resistance to biodegradation, and sufficient

water solubility, either can penetrate deep into the groundwater aquifers or can be washed away to the

surface water bodies (Hettige, Mani, & Wheeler, 2000).

These compounds, due to their toxicity, stability to natural decomposition, and persistence in the

environment, have been of much concern to the societies and regulation authorities around the world

(El-Geundi, 1997). 2,4-Dichlorophenoxy acetic is commonly known as 2,4-D. It is one of the most

commonly used herbicides for controlling broadleaf weeds and other vegetation. 2,4-D is used to con-

trol broadleaf weeds in a variety of places such as home lawns, cereal and grain crops, commercial

areas, commercial turf, rights-of-way, and forests. Because of the toxicity, conventional treatment

methods are not suitable for wastewaters containing 2,4-D, as they can destroy the microbial population

of the treatment plants. Therefore the development of an effective degradation process for this herbi-

cide is very important (Khan, Zia, & Qasim, 2010; Li & Zhang, 1999; Malhat, Haggag, Loutfy, Osman,

& Ahmed, 2015; Thuy, Van Geluwe, Nguyen, & Vander Bruggen, 2012).

The presence of pesticide contaminants in various water sources such as surface water and ground-

water has increased manyfold in recent years due to their significant use in agricultural field for plant

and crop protection. The contamination of water bodies may be due to direct applications of insecti-

cides, rainwater runoff from agricultural fields, and disposal of outdated stocks and discharge of waste

water from industries (Colabuono, Taniguchi, & Montone, 2010; Hu et al., 2011). To meet the global

food demand, yearly, tonnes of pesticides have been used without apprehending their consequences

(Karami-Mohajeri & Abdollahi, 2011). Currently, India involved in biggest producer of pesticides
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in Asia, after China. India ranks as fourth largest pesticide-producing nation in the world after the

United States, Japan, and China. Pesticides in Jammu with the highest consumption rates include

monocrotophos, endosulfan, phorate, chlorpyriphos, methyl parathion, quinalphos, mancozeb, para-

quat, butachlor, isoproturon, and phosphamidon. In India, due to intense agricultural activities, some

organophosphates and organochlorine pesticides were detected abundantly in groundwater (Freire,

Koifman, & Koifman, 2015).

Organophosphorus pesticides represent the most applied group of insecticides for the last two de-

cades. OPs are composed of 10 most widely used pesticides all over the world. They have been used

as an alternative to organochlorine compounds for pest control. However, they are considered as ex-

tremely toxic compounds. Organophosphorus pesticides like monocrotophos and chlorpyrifos are com-

monly used in India and noticed in various environmental segments, such as soil, water, and air due to

their extensive use (Calle, Frumkin, Henley, Savitz, & Thun, 2002). Chlorpyrifos is another widely used

organophosphorus pesticide in agriculture. This compound was first developed in 1965 and applied in

over 100 countries across the world. Chlorpyrifos has become the largest organophosphate insecticide

in world in both volume and value. It is used to control the populations of insects, soil grubs, rootworms,

subterranean termites, foliage, and soil-born insects (Robinson et al., 2015). Chlorpyrifos is not readily

soluble in water and easily comes out of solution. However, temperatures above 63°C allow chlorpyrifos

to dissolve at a faster rate into solution. Exposure to chlorpyrifos and its metabolites has resulted in a

variety of nerve disorders in humans. Its acute poisoning causes headache, nausea, muscle twitching,

and convulsions and in some extreme cases even death (Gasnier et al., 2009; Jaga & Dharmani,

2003; McKinlay, Plant, Bell, & Voulvoulis, 2008). Despite the major role of pesticides in increasing pro-

ductivity, there is a concern about the progressive pesticide contamination of groundwater.

2 Entry of pesticides into animals
Insecticides are used to kill insects by getting inside their bodies where they then act as poison. There

are three different ways of entry of pesticides into animals.

2.1 Dermal entry
The insecticides enter into the body of animals through the skin. In the case of insects, the skin is called

the cuticle. Insecticides of this type are called as contact poisons. Dermal enter into the body of insect

takes place when aerosol spray droplets hit the insect and insects walk over and in doing so come into

contact with powder or granule forms of insecticide. In most work situations, absorption through the

skin is the most common route of pesticide exposure. People can be exposed to a splash or mist when

mixing, loading, or applying the pesticide. Pesticides can also be absorbed through eyes. In addition,

pesticides can cause injuries to the eye itself.

2.2 Oral entry
When the insecticide enters the body through the mouth, then it is called oral entry. It occurs when the

insect eats the insecticides. Insecticides of this type are called ingested poisons. The insecticides are

ingested by the insect as poisonous bait and when it cleans itself after the poison comes into contact

154 Chapter 9 Photocatalytical degradation of pesticides



with its body. There are numerous reports of people accidentally drinking a pesticide that has been put

into an unlabeled bottle or beverage cup/container (including soft drink cans or bottles). Workers who

handle pesticides may also inadvertently ingest when eating or smoking if they have not washed their

hands first.

2.3 Respiratory entry
The insecticides are breathed in by the insect then it is called respiratory entry. These insecticides are

called inhaled poisons. Insects do not breathe through the mouth as observed in most of animals. They

breathe through spiracles. The pesticides with a high inhalation hazard will be labeled with directions to

use a respirator. Fig. 1 shows the respiratory entry of pesticides.

3 Types of insecticides
3.1 Classification based on types of pests that they kill
The main groups of pesticides are categorized into the following six groups:

1. Insecticides—Killing insects

2. Herbicides—Killing plants

3. Rodenticides—Killing rodents, like mice and rats

4. Bactericides—Killing bacteria

5. Fungicides—Killing fungi

6. Larvicides—Killing larvae

3.2 Classification based on biodegradability
Pesticides can also be classified into two types based on biodegradability:

FIG. 1

Respiratory entry of pesticides.
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3.2.1 Biodegradable
The biodegradable pesticides are those that can be broken down by microbes and other living beings

into harmless compounds.

3.2.2 Persistent
The persistent pesticides are those that may take months or years to break down.

3.3 Chemically related pesticides
3.3.1 Organophosphate
Most organophosphates are insecticides; they affect the nervous system by disrupting the enzyme

that regulates a neurotransmitter. Organophosphates, which were promoted as a more ecological al-

ternative to organochlorines, include a great variety of pesticides, the most common of which is

glyphosate. This class also includes other known pesticides, such as malathion, parathion, and di-

methoate; some are known for their endocrine-disrupting potential. This class of pesticides has been

associated with effects on the function of cholinesterase enzymes ( Jaga & Dharmani, 2003;

McKinlay et al., 2008); decrease in insulin secretion; disruption of normal cellular metabolism of

proteins, carbohydrates, and fats; also genotoxic effects (Li et al., 2015); and effects on mitochon-

drial function, causing cellular oxidative stress and problems to the nervous and endocrine systems.

Population-based studies have revealed possible relations between the exposure to organophospho-

rus pesticides and serious health effects including cardiovascular diseases, negative effects on the

male reproductive system and on the nervous system, dementia, and also a possible increased risk

for non-Hodgkin’s lymphoma. Furthermore, prenatal exposure to organophosphates has been corre-

lated with decreased gestational duration and neurological problems occurring in children ( Jamal,

Haque, Singh, & Rastogi, 2015).

3.3.2 Carbamate
Similar to the organophosphorus pesticides, the carbamate pesticides also affect the nervous system by

disrupting an enzyme that regulates the neurotransmitter. However, the enzyme effects are usually re-

versible. Carbamate pesticides, such as aldicarb, carbofuran, and ziram, are another class of chemical

pesticides that have been associated with endocrine-disrupting activity, possible reproductive disorders

(Goad, Goad, Atieh, & Gupta, 2004), and effects on cellular metabolic mechanisms and mitochondrial

function. Moreover, in vitro studies have revealed the ability of carbamate pesticides to cause cytotoxic

and genotoxic effects in hamster ovarian cells and to induce apoptosis and necrosis in human immune

cells and natural killer cells and also apoptosis in T lymphocytes (Li, Kobayashi, & Kawada, 2011;

Soloneski, Kujawski, Scuto, & Larramendy, 2015).

Furthermore, it has been confirmed that carbaryl, which belongs to the category of carbamate pes-

ticides, can act as a ligand for the hepatic aryl hydrocarbon receptor, a transcription factor involved in

the mechanism of dioxin toxicity. There is also evidence for the ability of carbamate pesticides to cause

neurobehavioral effects, increased risk for dementia, and non-Hodgkin’s lymphoma (Denison, Phelan,

Winter, & Ziccardi, 1998; Lifshitz, Shahak, Bolotin, & Sofer, 1997).
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3.3.3 Organochlorine insecticides
They were commonly used earlier, but now, many countries have removed organochlorine insecticides

from their market due to their health and environmental effects and their persistence (e.g., DDT, chlor-

dane, and toxaphene). Exposure to organochlorines occurs through ingestion of contaminated food or

water, inhalation of vapor, and absorption through the skin. Dietary exposure results in bioaccumula-

tion of these chemicals in the human body. The accumulation of organochlorine compounds is a result

of their chemical structure and their physical properties such as polarity and solubility. These fat-

soluble compounds persist in both the body and the environment. Consequently, researchers and reg-

ulatory agencies have banned several organochlorines (Gomathi, Devi, & Kumar, 2009). The main

symptoms of organochlorine intoxication are dizziness, headache, anorexia, nausea, vomiting, malaise,

dermatitis, diarrhea, apprehension, excitement, irritability, gait disorders, excessive sweating, altered

reflexes, muscle weakness, tremors, spasms, mental confusion, anxiety, seizures, coma, and death. The

carcinogenicity of this class of compounds is assigned to polychlorocyclodiene compounds that form

epoxides during their biotransformation. Because organochlorines have long half-life, these levels in

the serum constitute a marker of exposure to these pesticides (Hossain, Fakhruddin, Chowdhury, &

Alam, 2013).

3.3.4 Pyrethroid
These are a synthetic version of pyrethrin, a naturally occurring pesticide, found in chrysanthemums

(flower). They were developed in such a way as to maximize their stability in the environment. They

comprise active agents (pyrethrins I–VI), but pyrethrins I and II are the most active. These compounds

decompose rapidly in the presence of light, but synthetic production of pyrethroids around 1950 over-

came some disadvantages of natural pyrethrins (Hossain et al., 2013). After absorption, rapid pyre-

throid distribution occurs in the organism. Therein, these compounds undergo biotransformation via

two mechanisms: hydrolysis of the ester linkage by carboxylesterases and oxidation of the alcohol moi-

ety by cytochromes P450. Pyrethroids exert the same mechanism of action in insects and mammals.

3.3.5 Sulfonylurea herbicides
The sulfonylureas herbicides have been commercialized for weed control such as pyrithiobac-sodium,

cyclosulfamuron, bispyribac-sodium, terbacil, sulfometuron-methyl, sulfosulfuron, rimsulfuron,

pyrazosulfuron-ethyl, imazosulfuron, nicosulfuron, oxasulfuron, flazasulfuron, primisulfuron-methyl,

halosulfuron-methyl, flupyrsulfuron-methyl-sodium, ethoxysulfuron, chlorimuron-ethyl, bensulfuron-

methyl, azimsulfuron, and amidosulfuron.

3.3.6 Biopesticide
The biopesticides are certain types of pesticides derived from such natural materials as animals, plants,

bacteria, and certain minerals.

4 Usage of pesticides in India
The pesticide use has been started during the times of ancient Romans. The people burn the sulfur for

destroying pests and employed the salt, ashes, and bitter for controlling weeds. A Roman naturalist

insisted the use of arsenic as an insecticide (History of pesticide use 1998). Mixture of honey and
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arsenic has been employed for monitoring ants in 1600. During the 1800s, the US farmers used certain

chemicals such as nicotine sulfate, calcium arsenate, and sulfur as pesticides (Wasse, Salmon, &

Delaplane, 2000). In 1867, an impure form of copper, arsenic, has been utilized to check the potato

beetle in the United States. The major burst through pesticide growth has been found in the era around

and after the Second World War. The numerous operative and economical pesticides have been man-

ufactured. This period is marked by the discovery of aldrin, dichlorodiphenyltrichloroethane (DDT) in

1939, dieldrin, β-benzene hexachloride (BHC), 2,4-dichlorophenoxyacetic acid (2,4-D), chlordane,

and endrin. In 1962 an American scientist Rachel Carson emphasized in her book, Silent Spring, that
DDT spray has found to cause the sudden death of nontarget creatures using direct or indirect noxious-

ness. (Delaplane, vander Steen, & Guzman-Novoa, 2013; Jabbar & Mallick, 1994).

The production of pesticides started in India in 1952 with the establishment of a plant for the pro-

duction at Calcutta. Today, India is the second leading manufacturer of pesticides in Asia after China

and ranks 12th globally (Mathur, 1999). There has been a steady increase in the production of pesticides

in India, from 5000 metric tons in 1958 to 102,240 metric tons in 1998. The demand for pesticides in

terms of value was estimated to be around Rs. 22 billion (USD 0.5 billion), which is about 2% of the

total world market during 1996–97. The pattern of pesticide usage in India is different from has been

shown Fig. 2. It was recorded that in India 76% of the pesticide used is insecticide, as against 44%

globally (Mathur, 1999). The use of herbicides and fungicides usage is less compared with pesticides.

The major use of pesticides in India has been recorded for cotton crops (45%), followed by paddy

and wheat.

5 Harmful effects of pesticides
The harmful effects accompanying the pesticide usage have suppressed their positive effects.

Pesticides have life-threatening effects on nontarget species including animal, plant biodiversity,

and aquatic as well as terrestrial ecosystems. As per the data available, approximately 80%–90% of

applied pesticides should volatilize after few days of applications (Majewski & Capel, 1996). The

volatilized pesticides rapidly vaporize and consequently pose danger to nontarget creature. Abandoned

uses of pesticides have threatened the existence of erratic species such as bald eagle, peregrine falcon,

FIG. 2

Pattern of pesticides in India.
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and osprey (Helfrich, Li, Sharp, & Sales, 2009). Furthermore, air, water, and soil have been polluted

with these chemicals to the noxious level.

Depending upon the solubility of pesticides, they enter the ecosystem by two different methods.

Water-soluble pesticides dissolved in water and arrive in the watercourse, rivers, and lake, therefore

posing damage to the untargeted species. Secondly, fat-soluble pesticides enter into the animals using

bioamplification process.

5.1 Effect on human
Pesticides have amended the standard of human well-being by monitoring vector-borne ailments, but

long-term and random use has resulted in serious health issues. Human beings chiefly newborns and

children are extremely prone to poisonous effects of pesticides due to nonspecific nature and inade-

quate usage of pesticides. The pesticide use has become augmented over past few decades. The expo-

sure to these chemicals has also significantly increased. According to World Health Organization,

approximate 3,000,000 cases of pesticide poisoning and 220,000 deaths have been reported in devel-

oping countries (Haakstad &Bø, 2011). Nearly about 2.2 million people in the developing countries are

at threat to exposure of pesticides (Hicks et al., 2013).

Pesticides reach the human body by ingestion, inhalation, or the upper layer of the skin. Though,

human bodies have mechanism for the removal of toxins. However, in some cases, it retains them

through absorption in the circulatory system. Studies have revealed the close association of pesticides

and the development of cancers in both children and adults. The close exposure with pesticide impart

greater risk to various malignancies such as leukemia, Burkitt’s lymphoma, neuroblastoma, Wilm’s

tumor, non-Hodgkin’s lymphoma, soft tissue sarcoma, ovarian cancer, lung cancer, stomach cancer,

colon cancer, bladder cancer, and rectal cancer (Bonner & Laskey, 1974). Many childhood cancers

are found to be associated with pesticide exposure. Compared with other cancer types, more convincing

evidence was presented in a population-based case-control study of acute myelocytic leukemia (AML).

A comparison of 491 cases between an age group of 0–9years was done for polymorphisms in

CYP1A1, CYP2D6, GSTT1, and GSTM1 genes responsible to encode enzymes responsible to metab-

olize carcinogenic substances (Infante-Rivard, Labuda, Krajinovic, & Sinnett, 1999). Fig. 3 shows

effect of pesticides on various cellular activities.

5.2 Effect on biodiversity
Pesticide-polluted water poses a hazard to aquatic life. It can affect aquatic plants. It declines the dis-

solved oxygen in the water system and causes physiological and behavioral change in the fish popula-

tions. Lawn care pesticides have been reported in the surface water and water bodies such as ponds,

streams, and lakes. Pesticides applied to land drift to aquatic ecosystem are noxious to fish and non-

target organism. These pesticides not only are poisonous themselves but also interact with stressors and

include harmful algal blooms. However, excessive use of pesticides causes decrease in the populations

of different fish species (Scholz, 2012). Roughly 80% of the dissolved oxygen has been supplied by

aquatic plant. It is essential for the survival of aquatic life. The aquatic fauna have been killed by her-

bicides causing low O2 level, hence finally leading to asphyxia and decreased fish productivity

(Helfrich et al., 2009). Mostly, level of pesticides is too much higher in the surface water than ground-

water. It was probably due to surface runoff from the farmland and contaminations using spray drift.
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However, pesticides enter the underground by the seepage of polluted surface water, improper dump-

ing, and accidental spill and leakage.

Pesticide exposure is also responsible for the lethal effect on the terrestrial plant apart from killing

of nontarget plant. The volatilization of phenoxy herbicides caused harm to nearby trees and shrub.

Herbicide such as glyphosate enhanced the susceptibility of plant to various noxious diseases

(Brammall & Higgins, 1988), hence decreasing the quality of seed. However, low doses of herbicide,

sulfonylureas, sulfonamides, imidazolinones, etc. have posed noxious effect onto the productivity of

nontarget crop, natural plant, and wildlife (Fletcher, Pfleeger, & Ratsch, 1993).

5.3 Soil contamination
A large number of transformation products (TPs) from a widespread range of pesticides have been

reported (Hutson & Roberts, 1999). Persistency and movement of these pesticides and their TPs have

been measured using some parameters such as water solubility, soil-sorption constant, and half-life in

soil (DT50). They can be moved from soil by runoff and leaching, thereby constituting a problem for

the supply of drinking water to the population. The most researched pesticide TPs in soil are undoubt-

edly those from herbicides. Several metabolic pathways have been suggested, involving transformation
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Effect of pesticides on various cellular activities.
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through hydrolysis, methylation, and ring cleavage that produce several toxic phenolic compounds.

The pesticides and their TPs are retained by soils to different degrees, depending on the interactions

between soil and pesticide properties. The most influential soil characteristic is the organic matter con-

tent. The larger the organic matter content, the greater the adsorption of pesticides and TPs. The ca-

pacity of the soil to hold positively charged ions in an exchangeable form is important with paraquat

and other pesticides that are positively charged. Strong mineral acid is required for extracting these

chemicals, without any analytical improvement or study reported in recent years. Soil pH is also of

some importance. Adsorption increases with decreasing soil pH for ionizable pesticides

(e.g., 2,4-D,2,4,5-T, picloram, and atrazine) (Andreu & Pico, 2004).

6 Different methods for the degradation of pesticides
Several attempts have been made for the treatment of pesticides and its residues from surroundings.

The degradation of pesticides is the breakdown of toxic chemicals into nontoxic compounds. The pro-

cess of breakdown can take a wide range of time, that is, from hours, to days, to years. It depends on the

chemical properties of the pesticide and environmental conditions. Degradation of pesticide occurs by

chemical and biological processes (Berg, Hagmeyer, & Gimbel, 1997; Gupta, Gupta, Rastogi,

Agarwal, & Nayak, 2011). The pesticides that quickly breakdown do not persist in the environment

and have short time control on crop. Due to adverse effects of using pesticides, researchers are encour-

aged to explore and design proficient techniques for the removal of different harmful pesticides. Sev-

eral physical, chemical, and biological methods such as adsorption, catalytic degradation, membrane

filtration, biological treatment, and advanced oxidation processes (AOP) have been investigated as

shown in Fig. 4.

FIG. 4

Different methods for the degradation of pesticides.
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6.1 Physical processes for remediation of pesticides
Various methods have been explored for the remediation of pesticides on large scale as shown in Fig. 5.

6.1.1 Clays
Natural clay particles are hydrophilic, negatively charged, and used for the retention of cationic pes-

ticides because of their high surface area, low cost, and high availability. Natural clays have been mod-

ified to improve the retention of pesticides. Therefore, in recent years, much attention has been paid to

the expansion of modified clays with enhanced sorption capacities for both polar and nonpolar pollut-

ants (Haderlein, Weissmahr, & Schwarzenbach, 1996; Li, Sheng, Teppen, Johnston, & Boyd, 2003).

Various parameters that effect the adsorption include initial pesticide concentrations, adsorbent mass,

pH, contact time, ionic strength, and temperature. The efficiency of organoclays for the adsorption of

different pesticides from water including prometron, butachlor, metsulfuron, and bensulfuron has been

reported. But there is difficulty in the separation of clayminerals fromwater after treatment process and

limits their use as adsorbent. Introduction of clay minerals as a coagulant aid made it easy for the sep-

aration of clay minerals after treatment because of improved sedimentation (Sanchez-Martin,

Rodriguez-Cruz, Andrades, & Sanchez-Camazano, 2006). There are numerous benefits of using small

amounts of clay minerals as a coagulant aid.

The pesticides get removed through flocculation process, and pesticides get adsorbed over the clay

mineral, which improves the removal efficiency. In the presence of chemical coagulants, the low neg-

atively charged organic clay may act as a sorbent for pesticides or nucleus for flocculation. Also,

surfactant-modified nanomontmorillonites have been used to enhance the sorption capacity of the ad-

sorbent as compared with commercial normal bentonites, which helps to remove the pesticides even at

low concentration (Gerstl, Nasser, & Mingelgrin, 1998; Manisankar, Selvanathan, & Vedhi, 2006).

6.1.2 Activated carbon
Charcoal is porous, soft, black substance made by heating substances containing carbon such as ma-

terial from hardwood trees and coconut shells. Activated charcoal has been used for many years to

exclude organic contaminants from wastewaters and in water purification. Powdered activated char-

coal is made up of very small carbon particles and has a high affinity for organic chemicals such as

pesticides. Activated charcoal is used to adsorb and deactivate organic chemicals such as pesticides

in soil. When pesticide has been adsorbed onto activated charcoal, it is biologically inactive and cannot

cause injury to the turfgrass (Ayranci & Hoda, 2005; Hameed, Salman, & Ahmad, 2009). Due to its

dark color, it has ability to absorb heat; therefore activated charcoal is also used to artificially warm the

soil to minimize the effects of light frosts or to allow earlier seeding of an area.

Activated charcoal is an excellent adsorbent with large surface area and has high adsorption of phar-

maceuticals and pesticides fromwater. The adsorption process of activated carbon depends on different

FIG. 5

Different physical methods for removal of pesticides.
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aspects like structure, surface chemistry, and nature of adsorbate and the properties of the adsorption

solution (Salman, Njoku, & Hameed, 2011). Activated charcoal materials are of different types includ-

ing granular active carbon, powder active carbon, black electrodes, fiber, and carbon. Powder active

carbon is employed as an efficient approach to eliminate pesticide from drinking water treatment due to

its cost-effectiveness and flexibility (Humbert, Gallard, Suty, & Crou�e, 2008; Zhang et al., 2017).

6.1.3 Zeolites and polymeric materials
Zeolites are widely used in pollution control, agriculture, and industry to remove pesticides and heavy

metals. In recent years, zeolite has attracted much attention because of its excellent physicochemical

properties, availability, and low cost. Zeolites are crystalline aluminosilicate materials and have

extremely high adsorption capacity with interconnected micropores. They have superior catalytic prop-

erties and thermally stable and good resistance to most compounds (Kanan, Kanan, & Patterson, 2006).

Zeolites used as an adsorbent to treat water contaminated with pesticides are imidacloprid, benta-

zon, isoproturon, etc. The adsorption rate mainly depends on the mobility and polarity of pesticides.

The high adsorption rate for carbamate pesticides has been detected by cetyltrimethyl ammonium

bromide–modified zeolite (Kyriakopoulos & Doulia, 2006). The immobile pesticides like imidaclo-

prid, isoproturon, and metalaxyl-m have been associated with zeolite, whereas more mobile pesticides

like bentazon and clopyralid are partitioned in water. Isoproturon and metalaxyl-m are nonionic

pesticides and show higher affinity for the zeolites on the basis of their polarity. Therefore the rate

of trapping by zeolites mainly depends on the mobility and polarity of pesticide. Polymeric materials

such as cyclodextrins, dendrimers, and hypercross-linked polymers have been employed for the

elimination of pesticides. The most important advantages of polymeric materials in contrast to carbo-

naceous material are that they require lower energy and lower cost for the regeneration of adsorbents

(Badawy, Ghaly, & Gad-Allah, 2006; Roy, Singh, Bajpai, & Bajpai, 2014).

6.2 Chemical treatment for removal of pesticides
Chemical treatment involves various processes including advanced oxidation process, adsorption, and

biological treatment as shown in Fig. 6.

FIG. 6

Chemical processes for removal of pesticides.
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6.2.1 Advanced oxidation process (AOP’s)
Advanced oxidation processes are the oxidation techniques in which hydroxyl radicals have been pro-

duced by different methods. These are used for the removal of pollutants that have high chemical sta-

bility and low biodegradability. The hydroxyl radicals are efficient enough to initiates a series of

reactions and convert pollutants completely to carbon dioxide and water (Cheng et al., 2016;

Ikehata & El-Din, 2006). These are environmental friendly because they do not transfer pollutants from

one phase to another. AOP’s mechanisms involved various processes such as the following:

Fenton process
Fenton reaction is one of the efficient tools used for the oxidation of organic pollutant. In this, oxidation

of organic substrates by Fe (II) and hydrogen peroxide occurs. The reaction involves in situ generation

of a strong oxidizing agent, hydroxyl radical from hydrogen peroxide. The chemical equation of Fenton

reaction is

Fe2+ +H2O2 ! Fe3+ +OH∗ +OH� (1)

Fe3+ forms further react with hydrogen peroxide, and catalyst is regenerated again.

Fe3+ +H2O2 ! Fe2+ +HO2
∗ +H+ (2)

These OH∗ radicals will react with organics (RH) by the abstraction of proton and producing organic

radicals (R∗), and these are highly reactive and can be further oxidized (Malato et al., 2002). Twomajor

drawbacks of this process are requirement of acidic pH and formation of iron sludge. H2O2 dosage, pH,

and iron dosage are the main factors affecting the efficiency of the process. Fenton process has been

extensively used for the removal of total organic carbon, dyes, pigments, phenolic compounds, etc. It is

very difficult to oxidize highly colored effluents from textile industries at low concentration. Therefore

Fenton oxidation was effectively used for the removal of such compounds (Hamby, 1996). This process

was also explored for the degradation of specific compounds like cresols, phenols, EDTA, cyanides,

and organics. Another main application is wastewater treatment from oil recovery industry wastewater,

landfill leachate, and natural gas plant wastewater.

UV and UV/H2O2 process
In this method the compounds will absorb the radiation passing to excited state promoting reactions.

Degradation may be by either direct photolysis or indirect photolysis. Effectiveness of UV treatment

for the removal of pharmaceuticals was observed only for ketoprofen, diclofenac, and antipyrine. The

applicability and productivity of UV process depend on the stability of the compound, pH, and the

nature of light source (Galindo, Jacques, & Kalt, 2000; Yuan et al., 2011). When H2O2 is used in

the presence of UV, there is the formation of hydroxyl radicals by the photolysis of H2O2.

In this the oxidation of compounds can occur by either direct photolysis or reaction with hydroxyl

radicals. Different parameters including pH, intensity of UV light, and H2O2 dosage affect the perfor-

mance of system. It has been observed that acidic condition favors UV/H2O2 process because the acidic

pH favors the hydroxyl radical formation. The rate of photolysis of H2O2 is pH dependent and increases

when more alkaline conditions are used. But at higher pH, H2O2 autodecomposes forming water and

oxygen. Excessive dose of H2O2 will reduce the degradation of pollutant; therefore, sufficient dose of
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H2O2 is necessary to absorb UV to accelerate the generation of hydroxyl radicals (Gupta, Ali, &

Saini, 2006).

6.3 Adsorption
Adsorption process by solid adsorbents is one of the most effective methods for dealing with the or-

ganic impurities from wastewater (Al-Qodah, Shawaqfeh, & Lafi, 2007). It is an excellent technique

for the remediation of pesticides as compared with other traditional methods because of its simple

design, high efficiency, low maintenance cost, highly economic benefits, and insensitivity for toxic

substances. In recent years, the low-cost adsorbents with intensified pollutant removal capacities have

been explored. Agricultural wastes, natural materials, and industrial wastes produced low-cost adsor-

bents like activated carbon that are used in wastewater treatment. Natural adsorbents have more

advantages including technical feasibility, local availability, inexpensive, treatability, and their dis-

posal (Kyriakopoulos, Doulia, & Anagnostopoulos, 2005; Lafi & Al-Qodah, 2006). There are some

natural adsorbents that have excellent pesticide removal capacity as shown in Fig. 7. The role of various

adsorbents for the removal of pesticide has been summarized in Table 1.

6.4 Biological treatment
Biological remediation involves complete transfer of organic compounds into less toxic end products

like CO2 and H2O. This method is environmentally friendly and highly economic as compared with

other tools for eliminating pollutants (Shawaqfeh, 2010).

There are three types of bioremediation with micro scale organism:

• Remediation through improved natural attenuation

• Bioaugmentation

• Biostimulation

The microorganisms capable of degrading organic pollutants can be isolated from surroundings includ-

ing contaminated site or marine sediment. In recent decades, fungi have been used for biodegradation

and bioremediation of pesticides. It has been observed that fungal isolates have found to be effective

bioresource to degrade different pesticides such as lindane, methamidophos, atrazine, cypermethrin,

endosulfan, chlorpyrifos, dieldrin, methyl parathion, and heptachlor. (Gerhardson, 2002). The main

disadvantage is the speed of fungal degradation of pesticides, which depends on temperature, pH,

FIG. 7

Natural adsorbents used for the removal of pesticides.
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nutrient availability, oxygen level, and soil moisture content. Different enzymes such as peroxidase,

hydrolase, lactase, esterase, dehydrogenase, manganese peroxidase, lignin peroxidase mediate the bio-

degradation of a wide range of pesticides. Different biochemistry processes such as hydroxylation, de-

chlorination, demethylation, dioxygenation, dehydrochlorination, esterification, and oxidation have

been employed on the fungal strains during the biodegradation of pesticides (Reddy & Kim, 2015).

Biological processes for the elimination of pesticides may be affected by various environmental factors

such as nutrients, pH, temperature, inoculum density, pesticide concentration, and chemical and phys-

ical characteristics of substrate (Chishti, Hussain, Arshad, Khalid, & Arshad, 2013).

Table 1 List of adsorbents used for the remediation of pesticides from aqueous system.

Adsorbent Pesticides Qmax (mg/g) Reference

Activated carbon Bromopropylate 18.9�10–2 Ioannidou, Zabaniotou, Stavropoulos, Islam, and

Albanis (2010)

Activated carbon Bromopropylate 11.6�10–2 Ioannidou et al. (2010)

Activated carbon Bromopropylate 12.3�10–2 Ioannidou et al. (2010)

Commercial activated

carbon

4,4 DDT 163 Boussahel, Irinislimane, Harik, and Moussaoui

(2009)

Cork wastes 4,4 DDT 2.03–19.08 Boussahel et al. (2009)

Wood saw dust 4,4 DDT 4.25–69.44 Boussahel et al. (2009)

Bagasse fly ash 9DDD 7.69�10�3 Zolgharnein, Shahmoradi, and Ghasemi (2011)

Bagasse fly ash DDE 6.67�10–3 Zolgharnein et al. (2011)

Bagasse fly ash Lindane 2.51�10–3 Zolgharnein et al. (2011)

Bagasse fly as Endrin 43.71 Zolgharnein et al. (2011)

Bagasse fly as Aldrin 19.54�10–3 Zolgharnein et al. (2011)

Tea leaves Quinalphos 196.07�10–3 Islam, Sakkas, and Albanis (2009)

Cork α-Cypermethrin 303�10–3 Ahmad et al. (2010)

Activated carbon 2(3H)-one 4.32 Arvand et al. (2009)

Commercial activated

carbon

2,4D 8.13–10.48 Chingombe, Saha, and Wakeman (2006)

Vegetable activated

carbon

Prometon 23.51 Moreno, López, Galvı́n, Cordón, and Mellado

(2010)

Coconut activated

carbon

Prometon 26.02 Moreno et al. (2010)

Vegetable activated

carbon

Propazine 25.62 Moreno et al. (2010)

Coconut activated

carbon

Propazine 27.15 Moreno et al. (2010)

Lignocellulosic

material

Terbumeton 11.2 Boudesocque, Guillon, Aplincourt, Martel, and

Noël (2008)

Lignocellulosic

material

Isoproturon 61.8 Boudesocque et al. (2008)

Ayous saw dust Praquat 9.47 Nanseu-Njiki, Dedzo, and Ngameni (2010)
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6.5 Photocatalysis
Photocatalysis is one of the effective and competent advanced oxidation processes (AOPs) used to de-

toxify the contaminants emitted from the various industrial processes with negligible waste. Photoca-

talysis typically ensues with the illumination of solar light and photon generated catalytically species.

The process of photodegradation involves the following steps: Initially, solar irradiation of certain

wavelength is incident onto semiconductor. If the energy of incident radiation is equal to band energy

or band gap of the photocatalyst, then electrons are excited from the valence band (VB) to the conduc-

tion band (CB) of photocatalyst and holes (h+) left in the valence shell.

The electrons (e�) and holes (h+) endure the successive oxidation and reduction reactions with ac-

tive compounds adsorbed onto the semiconductor surface to produce the degraded products. The photo-

catalytic processes involve the highly reactive hydroxyl radicals (OH*). These radicals are capable of
degrading the organic pollutants into innocuous product from aqueous system. It has high capacity to

mineralize nearly all organic pollutants into harmless substance such as CO2 and H2O under ambient

conditions. The schematic representation of photocatalytic process under visible region is shown in

Fig. 8.

FIG. 8

Photocatalytic mechanism.

1676 Different methods for the degradation of pesticides



Since the revolutionary work in the 1970s, semiconductor-based nanocomposites have revealed the

higher degradation rate for various pollutants (Liu, Chen, Hu, Wu, & Wang, 2011). Semiconductor-

based composites were used as excellent photocatalytsts due to their potential applications for envi-

ronmental decontamination. Photocatalysis using heterogeneous semiconductor appeared as most

agreeable mean of degradation due to economical, nontoxic, higher–surface area, broad absorption

spectra with greater absorption and capability for multi–electron transfer, etc.

Higher adsorption increased the catalytic degradation of organic and inorganic pollutants. There-

fore nanoparticles are incorporated into some organic moieties and provide the enhanced surface area

for the photodegradation of pollutants. Some of the advantages of carbon supported nanoparticles are as

follows:

• They are innocuous in nature.

• Carbon suppresses the electron–hole pair recombination by acting as an electron acceptor.

• Organic moieties keep the metal nanoparticles in dispersed phase, hence preventing the

agglomeration of nanoparticles.

7 Conclusions
Aquatic pollution is the biggest and most alarming problem that requires effective solutions. However,

various initiatives have been taken to tackle this problem. Further, research dedicated to this problem is

still needed. Recently, bionanocomposites have been widely explored for the removal of various pes-

ticides from water system. Photodegradation is an abiotic method for the removal of pesticide. In this

method, molecular excitation occurred by the absorption of solar energy. This results in the generation

of various highly reactive species such as oxide and peroxide radicals. This specifically or nonspeci-

fically oxidize the functional group present in a pesticide. However, extensive research has been con-

ducted for the degradation of pesticide. However, additional research is required to evaluate the

environmental impact of these ubiquitous pesticides.
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