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Critical Reviews on Engineered Nanoparticles    in 1 

Environmental Remediation 2 

ABSTRACT 3 

Environmental contamination is one of the important issues that the world is facing today, it is 4 

always expanding and leading to grave and harmful effect to the Earth. Nanoparticles have 5 

diameter less than 100 nm exhibit new size – dependent properties compared with the bulk 6 

material. Engineered nanoparticles (ENPs) have unique characteristics in addition to high surface 7 

area -to-volume ratio, which may increase their toxicity relative to bulk materials. Due to high 8 

volume production of ENPs products such carbon nanotubes, titanium dioxide, silver, zinc oxide 9 

environmental exposure to these compounds is very common. ENPs have their unique properties 10 

and applications in the areas of medicine, food& drink, construction, automotive, textiles, 11 

energy, electronics, environment etc. Present critical review is focused on recent development of 12 

the applications of ENPs in the environmental remediation and their toxic effects. 13 

Keywords: Nanotechnology. Engineered nanoparticles,  environmental remediatio, carbonaceous 14 

materials, metal oxides, zerovalent metals, polymers, semi-conductor devices. 15 

 16 

 17 

Definition: 18 

According to ISO [1] nanoparticles processes at least one dimention of 1 – 100 nm. Particles 19 

have diameter less than 100 nm exhibit new size dependent properties compared with the bulk 20 
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material. These are several engineered nano materials such as carbon nanotubes, 21 

nanocomposites, quantum dots, fullerenes, quantum wire and nanofibers [2]. Nanomaterials are 22 

purposely manufactured by humans to achieve the specific characteristics of materials at 23 

nanometric scale. Natural nanoparticles are erosion dust or volcanic eruption dust or marine 24 

spray. Other nanoparticles produced unintentionally during burning wood or burning diesel 25 

engines [3]. Nanotechnology is the creation of materials, devices and systems by controlling 26 

matter at the nanometer scale (1 – 100 billionths of a meter). 27 

Classification: 28 

Nanoparticles are mainly classified into four types [4]. 29 

(i) Zero-dimensional (0D) nanostructure: All of the three dimensions are in the 30 

nanometric range. Ex. Well separated nano powders. 31 

(ii) One dimensional (1D) nanostructure: Two dimensions are in the nanometric range 32 

and third dimension remains large. Ex. Nanotubes, nano rods etc. 33 

(iii) Two – dimensional (2D) nanostructure: Only one dimension is in the nanometric 34 

range while other two dimensions remains large. Ex. Nano thin films, nano rods etc.  35 

(iv) Three – dimensional (3D) nanostructure: All three dimensions are outside the 36 

nanometric size range. It may consist of group of nano wires, nano tubes, or different 37 

distribution of nano particles. 38 

Nanoparticles have novel characteristics due to their high surface/volume ratio which make 39 

them more reactive than bulk forms of same materials [5]. Living organism required trace 40 

amounts of some heavy materials including Co, Cu, Fe, Mn, Mo, Sr and Zn these are 41 

essential metals but their excessive levels can be toxic to organism. Heavy metals including 42 
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Hg, Cr, Cd, As, Pb, Sr are non-essential metals and considered to be great threat for aquatic 43 

life. The iron oxide nano materials have potential nonasorbent properties in extraction of   44 

these heavy metals from ground water [6]. Fujishima and Konda [7] demonstrated the 45 

potential of TiO2 semiconductor material to split water into oxygen and hydrogen in photo 46 

electrochemical cell. 47 

The TiO2 band gap is 3.2 eV, therefore UV light (λ ≤ 387 nm) is required. The absorption of 48 

photon excites an electron to the conduction band (e- 
CB) generate a positive hole in the 49 

valency band (h+ 
VB) (Eq.1) 50 

Tio2 + hν       h+
VB + e- 

CB     (1) 
51 

The charge carriers can be trapped as Ti3+ and O
- 

defect sites in the TiO2 lattice, or they can 52 

recombine, dissipating energy [7]. Alternatively, the charge carrier can migrate to the catalyst 53 

surface and initiate redox reactions with adsorbates [8]. Positive holes can oxidize OH
- or 54 

water at the surface to produce *OH radicals (eq. 2), which, are extremely powerful oxidants. 55 

The hydroxyl radicals can subsequently oxidize organic pollutants with mineralization 56 

producing mineral salts, CO2 and H2O (eq. 5) [9]. Electrons in conduction band can be 57 

rapidly trapped by molecular oxygen adsorbed on the titania particles, which is reduced to 58 

form superoxide radical anion (O2*) (eq. 4) that may further react with H+ to generate 59 

hydroperoxyl (*OOH) (eq. 6) and further electrochemical reduction yields H2O2 (eq. 7) [10, 60 

11]. These reactive oxygen species may also contribute to the oxidative pathways such as the 61 

degradation of pollutant [eq.  8 and 9] [7, 9, 10]. The photocatalytic reactions mentioned 62 

above expressed as equations. 63 
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e
- 

CB + h+ 
VB    energy         (2) 64 

H2O + h+ 
VB       *OH + H+     (3) 65 

O2 + e- 
CB     O2

*-                 (4) 66 

*OH + pollutant H2O + CO2 (5) 67 

O2* - + H+       * OOH       (6) 68 

*OOH + *OOH H2O2 + O2     (7) 69 

O2 
*- + pollutant CO2 + H2O    (8) 70 

*OOH + pollutant CO2 + H2O      (9) 71 

Applications:  72 

Nanotechnology is fueling a revolution in manufacturing and production, creating new 73 

materials used in variety of different fields, such as cosmetic, pharmaceutical, energy, 74 

catalytic material and environmental applications [12 – 14]. Nanotechnology areas of 75 

applications are summarized in Table 1. 76 

 77 

 78 

 79 

 80 

 81 
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Table 1: Nanotechnology areas of application: 82 

Areas     Applications 83 

Automotive: Lightweight construction; catalysts; Painting; Tires; Sensors; Windshield and 84 

body coating 85 

 Construction:          Materials; insulation; Flame retardants; Surface coatings; Mortar 86 

Electronics:  Display; Data memory; Laser diodes; Fiber optics; Optical switches; Filters; 87 

Conductive coatings; Antistatic coatings; Transistors 88 

 Engineering:  Protective coatings for wood; machines; Lubricant-free bearings.  89 

Food and Drink:  Packaging; Storage life sensors; Additives; Juice clarifiers. 90 

Medicine: Drug delivery system; Contrast medium; Rapid testing systems; Prostheses and 91 

implants; Antimicrobial agents; in body diagnostic systems. 92 

Textiles: Surface coatings; “Smart” clothes (anti-wrinkle, stain resistant, temperature   93 

   controlled).    94 

 Chemical : Filter for paint; Composite material; Impregnation of papers; Adhesives; 95 

Magnetic fluids.     96 

Cosmetics : Sunscreen; Lipsticks; Skin creams; Toothpaste. 97 

Energy: Lighting; Fuel cells; Solar cells; Batteries; Capacitors. 98 

 Environmental: Environmental monitoring; Soil and groundwater remediation; Toxic 99 

exposure sensors;  Fuel changing catalysts; Green chemistry.     100 
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Household: Ceramic coatings for irons; Odor removers; Cleaner for glass; Ceramics; Metals. 101 

Sports: Ski wax; Tennis rackets; Golf clubs; Tennis balls; Antifouling coatings for boats;  102 

        Antifogging coatings for glasses; goggles. 103 

Military: Neutralization material for chemical weapons; bullet-proof protection.   104 

 105 

The nanotechnological applications in different environmental areas reported by Mansoori et 106 

al. [15] are given in Table 2. 107 

Table 2: Nanotechnological applications in different environmental areas 108 

Type of 

nanoparticles 

Type of 

treatment 

Removal 

target 

Advantage Disadvantage 

Nanoparticles 

based TiO2 

Photocatalyst 

oxidation 

Organic 

pollutant 

Non toxicity, water 

insolubility under most 

conditions, photo-

stability 

High operation 

cost, Hard to 

recovery, 

sludge 

generation 

Nanoparticles 

based iron 

Reduction 

adsorption 

Heavy metals, 

anions, Organic 

pollutant 

(dechlorination)

In situ remediation, soil 

and water treatment, 

low cost, safe to handle 

Hard to 

recovery, 

sludge 

generation, 

cost for sludge 

disposal, health 
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risk 

Nanoparticles 

based 

Bimetallic 

Reduction 

adsorption 

Dechlorination, 

Denitrification 

Higher reactivity than 

the iron nanoparticle 

Hard to 

recovery, 

sludge 

generation 

Nanoclay Adsorption Heavy metals, 

anions, Organic 

pollutant 

Low cost, Unique 

structures, Long-term 

stability, reuse, High 

sorption capacity, Easy 

recovery, large surface 

and pore volume 

Sludge 

generation 

Nanotube & 

fullerene 

Adsorption Heavy metals, 

anions, Organic 

pollutant 

Treatment of pollution 

from air and water, 

exceptional mechanical 

properties, unique 

electrical properties, 

Highly chemical 

stability 

High capital 

cost, low 

adsorption 

capacity, hard 

to recovery, 

sludge 

generation, 

Health risk 

Dendrimers  Encapsulation Heavy metals, 

Organic 

pollutant 

Simple separation, 

renewable, large 

binding capacity, cost-

effective, no sludge 

Costly 
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generation, reduce 

pollutant to the level of 

a few ppb, Treatment of 

pollution from soil and 

water 

Micelles Adsorption Organic 

pollutant from 

soil 

In situ treatment, high 

affinity for hydrophobic 

organic pollutant 

Costly 

Metal-sorbing 

vesicles  

Adsorption Heavy metals Re-use, high selective 

uptake profile, high 

metal affinity 

 

Magnetite 

& 

nanoparticles 

Adsorption Heavy metals, 

Organic 

pollutant 

Simple separation, no 

sludge generation 

External 

magnetically 

field are 

required for 

separation, 

Costly 

Nanofiltration 

&nanosieve 

membranes 

Nanofiltration Organic and 

inorganic 

compound 

Low pressure than RO Costly, prone 

to membrane 

fouling 

 109 

The application of engineered nanoparticles9 (ENPs) reported by several researchers [16-21] 110 

are given in Table 3. 111 
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 112 

Table 3:  Applications of Engineered Nanoparticles. 113 

ENP Applications 

Carbonaceous compounds 114 

CNTs and their derivatives Electronics, computers, plastics, catalysts, batteries, 

conductive coatings, supercapacitors, water purification 

systems, orthopedic implants, aircraft, sporting goods, 

car parts, concrete, ceramics, solar cells, textiles 

Fullerenes  Removal of organometallic compounds, cancer 

treatment, cosmetics, magnetic resonance imaging, X-ray 

contrasting agent, anti-viral therapy 

Metal Oxides 115 

TiO2 Sunscreen lotion, cosmetics, skin care products, solar 

cells, conductive coatings, sporting goods, paints, 

cement, windows, electronic coating, bioremediation 

ZnO Skin care products, bottle coatings, gas purification, 

contaminant sensors 

CeO2 Combustion catalyst in diesel fuels, solar cells, oxygen 

pumps, coatings, electronics, glass/ceramics, ophthalmic 

lenses 

Semi-conductor Devices 116 
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Quantum dots Medical imaging, targeted therapeutics, solar cells, 

photovoltaic cells, security links, telecommunications 

Zero-valence Metals 117 

Zero-valent iron Remediation of water, sediments and soils to remove 

nitrates, detoxification of organochlorine pesticides and 

polychlorinated biphenyls  

Nanoparticulate silver Textiles (e. g., socks, shirts, pants), disinfectant sprays, 

deodorants, laundry soaps, wound dressings, air filters, 

toothpaste, baby products (milk bottles, teethers), 

cosmetics, medical instruments, hardware(computer, 

mobile phones), food storage containers, cooking 

utensils, food additive/supplements, appliances (hair 

dryers, vacuum cleaners, washing machines, 

refrigerators), coatings/paints 

Colloidal elemental gold Tumor therapy, flexible conducting inks or films, 

catalyst, cosmetics, pregnancy tests, anti-microbial 

coatings 

Polymers 118 

Dendrimers Drug delivery, tumor treatment, manufacture of 

macrocapsules, nanolatex, coloured glasses, chemical 

sensors, modified electrodes 

 119 
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Use of graphene for the treatment of greenhouse gases (CO2, NH3, SO2, H2S and N2) 120 

described by several researchers [22 – 24]. The application of fullerene B40 and fullerene – 121 

like boron nitride nano cage for the treatment of greenhouse gases CO2 and N2O are also 122 

reported by workers [25, 26]. The impacts of nanomaterials,  carbon nanotubes [27 – 32], 123 

silver nanoparticles [33 – 35], ZnO and TiO2 nanoparticles [36 – 37] and cerium oxide on 124 

human health described by several researchers [38, 39]. Nanoparticles also have several 125 

applications in drug delivery [40], imaging [41], sensor [42], blood purification [43, 44] and 126 

tissue engineering [45 - 47]. 127 

Umar et al. [48] has investigated that the simple synthesized - Fe2 O3 nanoparticles can 128 

effectively be used as efficient photocatalyst for the photocatalytic degradation of organic 129 

dyes and effective electron mediators for the fabrication of highly sensitive chemical sensors 130 

in aqueous medium. A review summarizes the use of nanomaterials such as zero valent iron 131 

(NZVI) and carbon nanotubes (CNT) in environment cleanup like ground water remediation 132 

for drinking and reuse, reported by Rajan [49]. Mansouri et al. [50] described various 133 

environmental treatment and remediations using different types of nanostructured materials 134 

from air, contaminated waste-water, groundwater, surface water and soil. The nanoparticles 135 

studies include titanium dioxide, iron, bimetallic, catalytic particles, clays, carbon nanotube, 136 

dendrimers, fullerenes and magnetic nanoparticles. Their advantages and limitations in the 137 

environment applications are evaluated and compared with each other and with the existing 138 

techniques.  139 

The use of inorganic, carbon-based and polymeric-based nanomaterials has been   140 

demonstrated by Guerra et al.  [51]. These researchers have reviewed the use of these 141 

nanomaterials for the remediation of different environmental contaminants such as dyes. 142 
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Organophosphorous compounds volatile organic compounds, halogenated herbicides, heavy 143 

metals, chlorinated organic compounds, etc. 144 

Li et al. [52] studied engineered superparamagnetic ion oxide nanoparticles for 145 

environmental applications. The 8 nm iron oxide nanoparticles were synthesized and 146 

transferred into water as stable suspensions by way of an interfacial oleic acid bilayer 147 

surface. Once stabilized and characterized, particles-particles and model surface interactions 148 

were quantitatively investigated and described as a function of ionic strength, zeta potential, 149 

dynamic light scattering and real-time quartz crystal microbalance with dissipation 150 

monitoring measurements. The use of metal nanoxides, tungstates and molybdates for the 151 

removal of toxic and radioactive species was discussed by Rajkumar [53]. The surface charge 152 

of nanomaterials was of great importance as this decided the applications. Antimony 153 

phosphate nano ribbons showed a clean separation of uranyl ion from its various mixtures. 154 

Nano crystalline manganese oxide was used for the separation of uranium from different 155 

metal ions.  156 

Patil et al. [54] examined the application of nanoscale zero valent iron, carbon nanotubes and 157 

nano-fibers for the remediation of a variety of contaminants including chlorinated 158 

compounds, hydrocarbons, organic compounds and heavy metals. 159 

Ecofriendly applications of several nanomaterials that have been used in bioremediation of 160 

waste and toxic materials have been discussed by Rizwan et al. [55]. Nanomaterials not only 161 

directly catalyzed degradation of waste and toxic materials, which is toxic to microorganism, 162 

but also it helps enhance the efficiency of microorganism in degradation of waste and toxic 163 

materials. This also shows that phytoremediation can be applied in the removal of heavy 164 
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toxic metal from contaminated soil. This work focused on immense applications of 165 

nanomaterials in bioremediation. 166 

Khin et al. [56] gives an overview of the applications of nanomaterials in various 167 

shapes/morphologies, such as nanoparticles, wires, tubes, fibers, etc. function as adsorbents 168 

and catalysts and their composites with polymers are used for detection and removal of 169 

gases, chemicals, organic pollutants and biological substances such as viruses, bacteria, 170 

parasites and antibiotics. Nanomaterials have better environmental remediation properties 171 

due to its high surface area and reactivity. They have developed dendritic nanopolymers for 172 

low pressure filtration process to remove perchlorate and uranium from contaminated water. 173 

A review on recent development of the commercial available engineered nanoparticles in the 174 

environmental remediation and their toxic effects was reported by Kamali et al. [57]. The 175 

comparative study of the effectiveness and the toxicity of the engineered nanoparticles for 176 

environmental remediation indicated that advanced bimetallic materials such as Fe/Pd, or 177 

Fe/Ni can exhibit a better performance in degrading the recalcitrant, environmental pollutants 178 

on one hand, and a lower observed toxicity on the other hand. The copper oxides engineered 179 

nanoparticles have shown relatively high level of toxicity. Nano zero valent iron (nZVI) is 180 

emerging as a new option for the treatment of contaminated ground water. Taghizadeh et al. 181 

[58] has given an overview on the characteristics and application of nano zero valent iron and 182 

summarizes its use in ground water remediation. The nZVI effectively reduces chlorinated 183 

organic contaminants (e.g. perchlorobenzene, pesticides, tetrachloroethylene, 184 

perchloroethylene ) and inorganic anion perchlorate. The nZVI is more effective at reaching 185 

deep zones of contamination, and is more effective at contaminant degradation than iron of 186 

larger size. 187 
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Karn et al. [59] has discussed nanoscale zero valent iron in environmental remediation. 188 

Nanoscale Fe particles are effective for the remediation and transformation of a variety of 189 

environmental contaminants. No ground water is pumped out for above-ground treatment, 190 

and soil is transported to other places for treatment and disposal. Because of the high cost 191 

and lengthy operating periods for pump and treat remedies, in situ ground water treatment 192 

technologies are increasing. 193 

A review on use of nanomaterials for the remediation of environmental contaminants viz, 194 

heavy metals, dyes, organophosphorous compounds, chlorinated organic compounds, and 195 

halogenated herbicides described by Guerra et al. [51]. This review provides an overview of 196 

inorganic, carbon-based and polymeric-based nanomaterials for environmental remediation. 197 

Muller and Nowack [60] has described three examples of the use of engineered 198 

nanomaterials in soil remediation are nanoscale zero-valent iron for the degradation of 199 

halogenated organic compounds, nanoscale calcium peroxide for the destruction of organics 200 

(e.g. gasoline) and nanoscale metal oxide for adsorption of metal. The nanoscale  zero valent 201 

iron is the only application of nanomaterials in soil and ground water remediation that has 202 

been successfully commercialized. A short review on application of nanotechnology in the 203 

remediation of contaminated ground water was explained by Agarwal and Joshi [61]. The 204 

quantitative removal of chlorpyrifos and malathion pesticides achieved by gold and silver 205 

nanoparticles supported on activated alumina. 206 

Chen et al. [62] presented review which highlights the application of nano zero valent iron 207 

(nZVI) in treating refractory compounds. The use of nZVI has some drawbacks such as (i) 208 

magnetic attraction between nano iron particles causes the rapid aggregation of particles (ii) 209 

nZVI are more prone to react with dissolved oxygen and oxygen rich compounds (iii) nZVI 210 
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exert some degree of toxicity studies suggest that cell membrane disruption and oxidative 211 

stress through the generation of Fe2+ and oxidative stress through the generation of Fe2+ and 212 

reactive oxygen species by nZVI are the main mechanism contributing to nZVI cytotoxicity. 213 

These drawbacks overcome by immobilizing nZVI particles on suitable solid supports and 214 

also to expand the effective pH range of the Fenton reaction. 215 

The nanoparticles made by mechanical and/or microbial action with fundamental building 216 

blocks are among the smallest human made objects and exhibit novel physical, chemical and 217 

biological properties: which has wider application for detection, prevention, monitoring and 218 

remediation of pollutants. This review paper reported by Pandey and Fulekar [63] highlights 219 

that nanotechnology offers great promise for delivering new and improved remediation 220 

technology to clean up the environment.  Present review discussed methods of synthesis 221 

(milling of large particle, precipitation of nanoparticles, SCF technology, emulsion and 222 

biogenic) size measurements and characterization (TEM, SEM, XPS and XRD etc.) of 223 

nanoparticles use of nanoparticles as sensors (Bio, electrochemical, mass, optical, gas) has 224 

also been discussed. 225 

Firozjaee et al. [64] described a review on application of nanotechnology in pesticides 226 

removal from aqueous solutions. The aim of this review is to compile and study current 227 

publications regarding pesticides removal by nanotechnology. This study discusses the 228 

applications, advantages and limitations various technology processes for removal of 229 

pesticides. 230 

A review on different management approaches to reduce level of metal contamination in soil 231 

and finally to the food chain discussed by Singh and Prasad [65]. The heavy metal pollution 232 

is very much concerned because of their toxicity for plants, animals and human being and 233 
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their lack of biodegradability. The applications of nanoparticles for metal remediation have 234 

been attracting great research interest due to their exceptional adsorption and mechanical 235 

properties, unique electrical property, highly chemical stability and large specific surface 236 

area. 237 

Mohamed [66] reported a review on application of nanotechnology in air pollution 238 

monitoring. He also gave definition, classification, properties and application of 239 

nanoparticles. Air mostly contained pollutants like CO, chlorofluorocarbons, volatile organic 240 

compounds, hydrocarbons and nitrogen oxides. 241 

Biogenic uranite nanoparticles and their importance for uranium remediation have been 242 

described by Bargar et al.  [67]. First step in biogenic uranite formation is the reduction of U 243 

(VI) to U (IV). Electron transfer presumed to be mediated by C-type cytochromes localized 244 

either in the periplasm or on the outer membrane. The second step in biogenic uranite 245 

formation entails the precipitation of the mineral. The hydrated biogenic uranite due to its 246 

diminutive size, the molecular-scale structure, energetic appear to be similar to those of 247 

courser-particles, abiotic, stoichiometric UO2. These properties of biogenic uranite 248 

nanoparticles make it suitable for the bioremediation of subsurface U (VI) contamination. 249 

Adeleye et al. [68] presented review on the performances of traditional technologies and 250 

nanotechnology for water treatment and environmental remediation were compared with the 251 

goal of providing an up to-date reference on the state of treatment techniques for researchers, 252 

industries and policy makers. Case studies were conducted on emulsified zero-valent 253 

nanoscale iron for ground water remediation and nanosized silver-enabled ceramic water 254 

filters for drinking water treatment. This review submits that nanotechnology is emerging as 255 

a promising alternative to traditional methods of water treatment and pollution remediation. 256 
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The use of iron oxide nanomaterials for the extraction of toxic heavy metals viz. Cd, Cr, As, 257 

Pb and Hg from ground water studied by Neyaz et al. [69]. Naturally occurring iron oxide 258 

nanoparticles are magnetite (Fe3O4), maghamite (γ-Fe2O3) and hematite ( -Fe2O3) found in 259 

environmental sources such as volcanoes and fires. Metal ferrites such as MnFe2O4, CoFe2O4 260 

and Ni Fe2O4 can be formed by constituting Fe (II) with the corresponding metal cations. The 261 

selection of best method for water purification should follow four conditions (i) Treatment 262 

flexibility and final efficiency (ii) Reuse of treatment materials (iii) Environmental 263 

friendliness (iv) Low cost. Surface modified iron oxide nanoparticles with various functional 264 

groups (like – COOH, NH2, - OH, -SH) tend to be a hot research field due to its unique 265 

physico-chemical characteristics such as easy and fast separation by applying external 266 

magnetic field, chemical inertness, less toxic by-products, biologically safe and 267 

biocompatible etc. 268 

Buzea et al. [7o] conducted studies on sources and toxicity of nanoparticles. Nanotoxicity is 269 

now concept to service, present review reveals the results of life long history of evolution in 270 

the presence of nanoparticles, and how the human body in particular has adapted to defend 271 

itself against nanoparticulate intruders. The key to toxicity of nanoparticles is their minute 272 

size, penetrate basic biological structure and disrupt their normal function. The toxic effect 273 

included tissue inflammation and cell death. Human have always been exposed to tiny 274 

particles via dust storms, volcanic ash, and other natural processes, and that our bodily 275 

systems are well adapted to protect us from potentially harmful intruders. 276 

The overview of development of nanotechnology in waste water treatment and their adverse 277 

effect on human health has been described by Zekic et al. [71]. This overview discussed main 278 

nanotechnological processes such as nanofiltration, catalysis, photocatalysis, water 279 



18 
 

 

disinfection, adsorption of pollutants and nanoscale zero valent iron, the nanomaterials used 280 

for water disinfection include chitosan, silver nanoparticles, titanium dioxide, fullerene, 281 

carbon nanotubes etc. Present review also described effect of nanomaterials used in 282 

wastewater treatment on human health and ecosystem. 283 

Nayana and Pushpa [72] has synthesized nanozero valent iron (nZVI) borohydride reduction 284 

method for the treatment of wastewater in terms of colour and chemical oxygen demand. The 285 

nZVI characterized by scanning electron microscope and particle size analyzer. Batch 286 

experiments were carried out under various conditions of pH, dosages and contact time. The 287 

COD was reduced to 85% from initial concentration of 9,600 mg/L. The colour was reduced 288 

to 55% from initial absorbance value of 0.6596 at 655 nm at a pH of 2.48 at 150 min of 289 

contact time and at adsorbent doses of 1.5 g. Colour removal increased with a decrease in 290 

pH. 291 

The potential for improving the effectiveness of photocatalytic processes by means of 292 

semiconductor-metal nanocomposites and merits of combining two advanced oxidation 293 

processes was discussed by Kamat and Meisel [73]. Present work described semiconductor 294 

nanoparticles as photocatalyst (TiO2) and semiconductor-metals viz: (Ag, Au, Cu and Pt) 295 

nanocomposites for improving the efficiency of photocatalyst. Sensing potential of SnO2 and 296 

ZnO  based semiconductor system has also been discussed. The TiO2 photocatalysis is most 297 

useful to degrade polar compounds. When highly polar compounds are formed during the 298 

oxidation of organic contaminants, complete breakdown to CO2 and H2O is quickly realized. 299 

Ruttkay-Nedecky et al. [74] has summarized that the latest findings on the phototoxicity of 300 

nanomaterial products based on essential metals used in plant protection. Phototoxicity of 301 

nanoparticles may be as a result of the toxicity of substances, which are used for its 302 
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preparation. The nanoparticles may have potentiating of inhibitory effects on plant growth in 303 

different developmental stage. It is concluded from present study that the nanoparticles 304 

prepared from essential heavy metals and their oxides have proven to be suitable for use in 305 

the agriculture. The least phototoxic of these appear to be nanoparticles made from iron 306 

oxides and manganese oxides. 307 

The overview of current knowledge of magnetic nanoparticles zero valent iron (nZVI), 308 

magnetite (Fe3O4) and maghamite (γ-Fe2O3) reported by Tang and Lo [75]. This review 309 

presented contaminant removal mechanism by magnetic nanoparticles along with factors 310 

affecting the ability of contaminant desorption. This review has also discussed aggregation of 311 

magnetic nanoparticles, methods for enhancing stability and toxicological effects owing to 312 

magnetic nanoparticles. 313 

Grieger et al. [76] has discussed environmental benefits and risks of use of zero valent iron 314 

nanoparticles (nZVI) for soil and ground water remediation. They have apply a best and 315 

worst case scenario evaluation as a first step to quantitatively evaluate the current state of 316 

knowledge regarding the potential environmental risk of nZVI. 317 

A review on application of nanoscale zero valent iron and its composites for the removal of 318 

heavy metal ions from the environment studied by Zou et al. [77]. Present review show 319 

excellent removal capacity and environmental remediation of nZVI based materials for 320 

various heavy metal ions [ Pb(II), Cr(III), Cd(II), As(III), Cu(II), ZN (II), Ni(II), Sb(II)]. A 321 

new look on nZVI based materials [ nZVI @ Mg(OH)2, nZVI –KOOL, chitosan based nZVI, 322 

bentonite and beta zeolite supported nZVI] and possible interaction mechanism (e.g. 323 

adsorption, reduction and oxidation) and latest environmental applications are discussed. The 324 

effects of various environmental conditions (e.g. pH, temperature, coexisting cations and 325 
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oxoanions) and potential problems for the removal of heavy metal ions on nZVI-based 326 

materials with the DFT theoretical calculations and EXAFS technology are also discussed. 327 

Verma [78] has summarized sustainable synthetic processes developed during the past two 328 

decades involving the use of alternate energy inputs and greener reaction media. Titanium 329 

dioxide can be doped with metal (Ag) and non-metal atoms such as S, N, C to enhance its 330 

activity in visible light. The evolution in the development of “greener processes” continues 331 

from solvent-free reactions to the use of alternative energy-input systems, such as microwave 332 

or mechanochemical mixing in benign reaction media such as polyethylene glycol and water. 333 

The generation of recyclable nanocomposites, especially originating from biomass and waste 334 

that is not even consumed by animals (algal and sorghum residues) can be used as agents for 335 

the removal or degradation of pollutants and toxins under visible light, thus encompassing 336 

several green chemistry principles concurrently. 337 

A review on synthesis, structure, sizes compositions and surface properties and applications 338 

of bimetallic Fe nanoparticles has been reported by Liu et al. [79]. Reactions between  339 

the bimetallic nanoparticles (NPs) and those pollutants categories into four types (i) catalytic 340 

replacement reaction for heavy- metal removal, (ii) hydrodehalogenation for halogenated 341 

hydrocarbons, (iii) nitro and azo hydrogenation for nitro and azo compounds and (iv) 342 

hydrodeoxygenation for oxyanions. The composition for some bimetallic nanoparticles  are 343 

Fe CO3, Fe2Pt5, FePt3, Fe o.6 Au2, Fe Ni5, Fe45Pt55 etc.  Compared with monometallic Fe 344 

NP’s, bimetallic Fe NP’s have considerable separability and catalytic ability of degrade 345 

nanobiodegradable pollutants. 346 
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Metal and metal oxide nanoparticles exhibit unique properties such as sorption, magnetic, 347 

chemical reduction, ligand sequestration etc. and have separation, catalysis, environmental 348 

remediation sensing and biomedical applications. This review on broad coverage of 349 

nanoparticles and polymeric/biopolymeric host materials and their properties have been 350 

reported by Sarkar et al. [80]. This review also discusses the role of the donnan membrane 351 

effect exerted by the host functionalized polymer in harnessing the desirable properties of 352 

metal and metal oxide nanoparticles for intended application. Present work is a good channel 353 

for the development of new types of hybrid ion exchangers for applications in areas such as 354 

heterogeneous catalysis, sensors, health and medicine and drug-delivery. 355 

Mukherjee et al. [81] discussed review on the recent developments and approaches made in 356 

synthesis of nano zero valent iron (nZVI), structure and characterization of nZVI, challenges 357 

faced in the transport of nZVI in the surface environment and the augmentation of the 358 

motility of nZVI. They have discussed the effective use of nZVI in remediating organic 359 

pollutants (halogenated organic compounds, pharmaceutical waste and azo dyes) and 360 

inorganic pollutants (Ni2+, PO4
3-, Co2+, Cu2+ ). Aggregation of nZVI has been reported to be 361 

the major drawback for its applications. The modification of nZVI in order to overcome the 362 

challenges faced in the transport of nZVI through the soil has also been discussed. 363 

The review focuses on the synthesis, protection, functionalization and application of 364 

magnetic nanomaterials (Fe3 O4, γ-Fe2 O3, Mg Fe2 O4, Mn Fe2O4, Co Fe3 O4, Co Pt3, Fe pt) as 365 

well as magnetic properties of nanostructured systems reported by Lu et al. [82]. Methods 366 

such as co-precipitation, thermal decomposition, micelle synthesis and hydrothermal 367 

synthesis are discussed to control size and shape of magnetic nanoparticles. The protection 368 

strategies surfactant/polymer coating, silica coating and carbon coating of nanomaterials are 369 
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also discussed in order to protect them from corrosion. Suitable polymers for coating  are 370 

includes poly (pyrrole), poly (aniline), poly (alkylcaenoacrylates), poly (methylidene 371 

malonate)  and polyesters such as poly (lactic acid) poly (glycolic acid) and their copolymers. 372 

The application of protected nanomaterials in catalysis and biotechnology are briefly 373 

reviewed. 374 

Kemp et al. [83] investigated a review deals with wide-ranging environmental studies of 375 

graphene-based composite material (Fe- rGO, Fe3O4, Fe3 O4- rGO, M Fe2O4 – rGO , Fe C2 376 

O4- rGO, rGO = reduced graphene oxide) on the adsorption of hazardous materials and 377 

photocatalytic degradation of pollutants for water remediation. This review also addressed 378 

biological toxicity of graphene applied to environmental remediation. The photocatalyst 379 

(TiO2- rGO, SnO2 - rGO, CuO - rGO, WO3 - rGO, Cu- rGO, Au – rGO) for the degradation 380 

of organic pollutants are also discussed. 381 

The synthesis and applications of magnetic graphene nanocomposites (MGNCS) for the 382 

removal of heavy metals (Cr, As, Pd, Hg) from the environment was described by Zhu et al. 383 

[84]. Their focus is to reveal potential of MGNCS to reduce the level of heavy metals below 384 

EPA requirements. Adsorption behaviour of heavy metals on MGNCS included adsorption 385 

kinetics, solution pH effects, concentration effect of both contaminants and adsorbents. 386 

Auffan et al. [85] has defined nanoparticles are the particle that has sizes between 1 and 100 387 

nm (10-9 m) which show properties that are not found bulk samples of the same material. 388 

They reviewed the size dependent properties of a variety of inorganic nanoparticles and 389 

found that about 30 nm do not in general show properties that could require regulatory 390 

scrutiny beyond that required for their bulk counterparts. 391 
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A review with a set of recommendations for the advancement of understanding of the role of 392 

nanoscale silver in environment and ecotoxicological research investigated by Fabrego et al. 393 

[86]. Present review summarizes synthesis, characterization and bioaccumulation mechanism 394 

of silver nanoparticles. It also present effects of Ag NPs to aquatic organism fish prokaryotes, 395 

invertebrates algae and microbes mechanism of toxicity indicated that Ag NPs are more toxic 396 

than dissolve silver ion. 397 

Bhattacharya et al. [87] have synthesized mixed oxides such as iron-cerium, iron-manganese, 398 

iron-zirconium, iron-titanium, iron-chromium, cerium-manganese, thoroughly characterized 399 

in sophisticated instruments like SEM, TEM, FTIR, AFM and employed for water treatment. 400 

The rapidly growing use of engineered nanoparticles in a variety of industrial scenarios and 401 

their potential for waste water purification still have challenge how these nanoparticles can 402 

be removed in the water cycle. 403 

A review on core/shell nanoparticles: classes, properties, synthesis mechanism 404 

characterization and applications described by Chaudhuri and Paria [88]. Core/shell 405 

nanoparticles categories as inorganic/inorganic; inorganic/organic; organic/inorganic; 406 

organic/organic materials. The choice of shell material of the core/shell nanoparticles is 407 

generally strongly depend on the end application and use. The magnetic and fluorescence 408 

core materials coated with inorganic materials are extensively studied because of their wide 409 

applications in the biomedical and electronics fields. The efficiency of a core/shell 410 

semiconductors enhanced by selective coating of core material with higher band gap shell 411 

materials. The core/shell has potential of direct use in both imaging and selective drug 412 

release. 413 
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The increasing use of nanomaterials for treatment of ground water results their release in 414 

aquatic environment and also their toxic effect to aquatic life nanoparticles are more toxic 415 

than larger particle of same substance. Liu et al. [89] present brief summary of technique for 416 

nanoparticles removal in water and wastewater but it looks that no treatment can absolutely 417 

protect the public from exposure to a large scale dissemination of nanoparticles separation 418 

from aquatic environment such as coagulation, electrocoagulation, flotation process, filtration 419 

process, biological process, magnetic filtration, capillary electrophoresis etc, are also 420 

discussed in the review. 421 

Bezbaruah et al. [90] has investigated trichloroethylene (TCE) remediation using 422 

encapsulated nanoscale zero valet iron (nZVI) in Ca- alginate biopolymer. Encapsulation 423 

expected to offer distinct advances over entrapment. This study has demonstrated that nZVI 424 

particles can be encapsulated in Ca – alginate without significant reduction in their reactivity. 425 

The TCE removal using encapsulated nZVI was 89 – 91% when compared to 88 – 90% 426 

removal using bare nZVI over a 2h period. This TCE degradation followed pseudo first order 427 

kinetics for encapsulated nZVI systems. The use of Ca – alginate encapsulated nZVI can 428 

overcome the mobility and settlement problems associated with bare nZVI and can be a 429 

potential technique for in situ remediation of groundwater. 430 

An article on preparation, characterization and application of nanoparticles in 431 

preconcentration, separation and determination of trace pollutants from various 432 

environmental samples was investigated by Kaur and Gupta, [91]. Nanoparticles are suitable 433 

replacement for organic solvent and reactive complexants in the extraction and 434 

preconcentration of trace metals and organic compounds from natural water and 435 

environmental   samples. Chemically modified  nanoparticles of silica , titania , zirconia and 436 
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magnesia with ( dithizone , gallic acid , PAN, 8-hudroxiquinilone etc.) are found effective , 437 

highly selective and more efficient for the preconcentration of  environmental pollutants .  438 

     Uzum et al. [92] synthesized nano zero valent iron (nZVI) from borohydride reduction and 439 

examined for the removal of aqueous Co2+ ions over a wide range of concentrations from 1.0-440 

1000.0 mg/L. The size of nZVI particles was predominantly within the range of 20.0-80.0 nm. 441 

Experiment investigated the effects of V/m ratio, concentration, contact time and pH for the 442 

removal of Co2+ ions. Iron nanoparticles demonstrates very rapid uptake and large capacity for 443 

the removal of Co2+ ions. X- photoelectron indicate that fixation of Co2+ ions takes place through 444 

the interaction of their ions with the oxohydroxyl groups on the iron nanoparticle surface in 445 

addition to spontaneous precipitate formation on high loading. 446 

Synthesis, properties, toxicology and applications of silver nanoparticles was reported by 447 

Tran et al. [93]. Transmission of infectious pathogens to the community has caused outbreaks 448 

of disease such as influenza (A/H5N1), diarrhea (Escherichia coli), cholera (vibrio cholera) 449 

etc. throughout the world. This review presented the synthesis and antimicrobial effects of 450 

Ag – NPs against various pathogens including bacteria fungi and virus. Some current 451 

applications Ag-NPs in water, water – air, surface – disinfection are described. Toxicology 452 

considerations of Ag – NPs to humans and ecology are discussed in detail. The future 453 

prospects of Ag – NPs for treatment and prevention of currently emerging infections are also 454 

discussed. Kharisov et al. [94] has discussed review on iron containing nanomaterials, their 455 

synthesis, properties and environmental applications. Attention is also paid to and 456 

polymorphic forms of iron oxides and Fe OOH. Greener methods, coated, doped, supported 457 

with polymers or inert inorganic materials, core-shell nanostructure of iron oxides and gold 458 

was discussed. Water disinfection (against viruses and bacteria), toxicity and risks of iron 459 
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nanomaterial and applications were examined. This review also described use of iron – 460 

containing nanomaterials for the remediation of organic contaminants (chlorine – containing 461 

pollutants, benzoic and formic acids, dyes) and inorganic cations Zn(II), Cu(II), Cd(II), and 462 

Pb(II) and anions (nitrates, biomates, arsenates) from the environment. 463 

Enhanced chitosan/ Feo – nanoparticles beads for hexavalent chromium removal from 464 

wastewater studied by Liu et al, [95]. Feo nanoparticles (nZVI) were successfully 465 

immobilized on epichlorohydrin/chitosan beads (ECH-CS-nZVI beads) for reduction of Cr 466 

(VI) from wastewater. ECH-CS-nZVI beads were characterized by SEM and FTIR.  The 467 

removal of Cr (VI) using ECH – Cs – nZVI beads was consistent with pseudo first - order 468 

reaction kinetics. This study demonstrated that SCH –CS – n ZVI beads could became an 469 

effective and promising technology for in situ remediation of Cr (VI). 470 

The nanoscale zerovalent iron – rectorite (nZVI-R) composite was successfully synthesized 471 

through incorporation of nZVI into the natural rectorite as support by Lou et al. [96]. Iron 472 

ions were imbedded in the interlayer of rectorite, and then the exchangeable Fe (III) cations 473 

were reduced to nZVI by NaBH4 in solution. Prepared nZVI-R composite material was 474 

characterized using XRD, HR-TFM, XPS and XRF etc. In comparison to commercially 475 

available nZVI-Junye, nZVI- Lab and Na- rectorite the synthesized nZVI- R composite in 476 

this study showed higher decolourization potential for orange (II). The mechanism for nZVI- 477 

R in discoloration of orange (II) was postulated by FTIR. The nZVI- R has potential 478 

applications in cleaning up environmental contaminants such as organic dyes or halogen 479 

compounds. 480 

Metal nanoparticles of Au, Ag, Pd and Pt have been synthesized in aqueous media using red 481 

grape pomace as a reducing agent and a copping agent described by Baruwati and Verma 482 
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[97]. The particles are formed within a few seconds when expose to microwave irradiation at 483 

a power level as low as 50 W. Particles could be formed at room temperature, but they tend 484 

to be amorphous in nature except for gold. A detailed study of the morphology of the 485 

ensuring particles with various reaction conditions has been carried out. 486 

Nanoscale zerovalent iron (nZVI) became more effective to remove heavy metals from 487 

electroplating wastewater when enhances chitosan (CS) beads were introduced as a support 488 

material in permeable reactive barriers (PRBS).Investigated by Liu et al. [98]. The SEM 489 

images showed that CS – nZVI beads enhanced by ethylene glycol diglycidyl ether (EGDE) 490 

had a loose and porous surface with a nucleus – shell – structure. At low concentration (< 40 491 

mg/L), heavy metals were removed in order Cd (II) > Cu (II) >Pb (II) > Cr (II). As 492 

concentration increased the removal order was changed into Pb (II)> Cu (II) > Cd (II) > Cr 493 

(VI). The finding revealed that EGDE – CS – NZVI – beads PRBs had the capacity to 494 

remediate actual electroplating wastewater and may become an effective and promising 495 

technology for remediation of heavy metals: 496 

Scott et al. [99] reported the effect of vacuum annealing on the structure and surface 497 

chemistry of iron nanoparticles (INP). The corrosion resistance and longevity imbued by 498 

vacuum annealing of nanoparticles material may prove favourable for applying remediation 499 

technologies more effectively in natural and industrial situations. A multidisciplinary 500 

approach was used to investigate changes induced by vacuum annealing (< 5 X 10-8 m bar) at 501 

500 0C on the bulk and surface chemistry of INP, in vacuum annealing of  INP particle size 502 

did not change but surface oxide thickness decreases from 3 – 4 nm to 2 nm. The XRD 503 

confirmed that recrystallization of metallic core had occurred converting a significant 504 

fraction of poorly crystalline iron to bcc –Fe and Fe2 B phases. The XPS indicated a 505 
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change in the surface oxide stoichiometry from magnetite (Fe3 O4) towards wustite (Fe O) 506 

and migration of boron and carbon to the particle surface. 507 

A novel biosorbent prepared by the immobilization of phanerochaete chrysosporium with 508 

iron oxide magnetic nanoparticles (MNPs) and Ca – alginate by Xu et al. [100].  The 509 

structure of prepared MNPs – and Ca – alginate immobilized P. Chrysosporium was 510 

confirmed by ESEM, EDS, FTIP and XRD characterization. The prepared MNPs – and Ca – 511 

alginate immobilized P. Chrysosporium was capable of removing Pb (II) ions from solution 512 

efficiently, in terms of its performance and cost. Present work provide a potential and unique 513 

technique for heavy metals removal by enhanced removal capacity and application stability. 514 

Corte et al. [101] reported innovated method for biological synthesis of Pd nanoparticles (bio 515 

– Pd). Present review discussed different bio – Pd precipitating microorganisms (Escherichia 516 

coli, Klebsiella pneumoniae, anabaena, calothrix, clostridium pasterianum, citrobacter 517 

Braaki, etc.) and application of catalyst for the degradation of environmental contaminants 518 

(e.g. Cr (VI), ClO4
-
, Lindane, Chlorophenol, Trichloroethylene etc.).  The microbial scaffold 519 

allows a green synthesis of NPs and offers some advantages and perspectives for the 520 

development of reactor technologies for metal recovery, soil and water treatment. 521 

A short review on application of nanotechnology in the remediation of contaminated ground 522 

water was described by Agarwal and Joshi [102]. Present article reviewed status of 523 

groundwater quality, basic idea of nanotechnology for remediation and its practical 524 

applicability, ongoing projects and future scope of nanotechnology in India. The use of nano 525 

zero valent iron (nZVI) in the treatment of chlorinated hydrocarbons and metals from 526 

hydrocarbon discussed in the article. The practical applicability of Feo particles lies in the 527 
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fact to get oxidized into +2 and +3 oxidation states thereby reducing other organic as well as 528 

inorganic impurities. The metallic iron (Feo) served effectively as electron donor 529 

Fe 0    Fe2+   +   2e
-
         (1) 530 

Chlorinated hydrocarbons accept the electrons and undergo reductive dechlorination 531 

 RCl + H+ + 2e- RH + Cl
-
 – (2)  532 

from a thermodyamic perspective the coupling of the reactions (1) and (2) is often 533 

energetically highly favourable  534 

RCl + Feo + H+ RH + Fe2+ + Cl
-
 – (3) 535 

The standard reduction potential of ZVI, (Fe2+/Fe3+) is 0.44 V, which is lower than many 536 

organic compounds like chlorinated hydrocarbon and metals such as Pb, Cd, Ni, and Cr, 537 

hence these organic compounds and metals are thus prone to reduction by ZVI nanoparticles. 538 

Chandhuri and Paria [103] reported an easy synthesis technique a sulfur doped hollow 539 

TiO2 nanocatalyst for photodegradation of organic dye under solar light. The sulfur doped   540 

hallow TiO2 nanoparticles synthesized by template base sacrificial core technique. The 541 

photocatalytic potential of synthesized catalyst was tested by degradation of methylene 542 

blue dye under solar light. The surface area of synthesized hallow doped nanoparticles 543 

comparatively higher (318.11 m2g-1) than TiO2 particles (130.94 m2g-1) because of the  544 

hallow and porous structure, Sulfur doping on TiO2 decreases the band gap from 3.2 – 2.5 545 

eV which make the material more suitable as photocatalyst under solar light. This catalyst 546 
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can be used effective for environmental remediation purposes because of high surface 547 

area and low band gap. 548 

The biodegradability of fullerenes, single, double, multi-walled as well as COOH 549 

functionalized carbon nanotubes and cellulose and starch nanocrystals in aqueous 550 

environment has been investigated by Kummerer et al. [104]. The cellulose and starch 551 

nanocrystals are actually better biodegradable than their macroscopic counterparts in aqueous 552 

environments whereas fullerenes and CNTS are not at all biodegradable. None of the 553 

particles were found to be toxic to micro-organism necessary for oxygen take-up. 554 

Gawande et al. [105] has synthesized Fe3 O4 – cysteine MNPs without any additional source 555 

of linkers. The Fe3 O4 – cysteine, MNPs were successfully used for the synthesis of P-amino 556 

carbonyl and hydroquinoline. Magnetic organocatalysts can be easily recovered by simple 557 

magnetic decantation and their catalytic activity remains unaltered after nine consecutive 558 

cycles making them environmentally friendly and widely applicable due to their efficiency, 559 

easy of handling and cost effectiveness. 560 

Synthesis, characterization and manipulation of dendrimer – stabilized iron sulfide 561 

nanoparticles were studied by Shi et al. [106]. The Fe S nanoparticles were synthesized using 562 

ethylenediamie core poly (amidoamine) (PAMAM) dendrimer of generation 4 terminated 563 

with amino (G4 – NH2), hydroxyl (G4 –NglyOH) and carboxyl (G4 – SAH) groups, 564 

respectively as stabilizers. Deposition of FeS NPs on to mesoporous silica gel microparticles 565 

was confirmed by zeta potential and SEM measurements. Study shows that dendrimer – 566 

coated silica particles facilitate the much more effective loading of FeS NPs. The synthesis 567 

and manipulation of FeS NPs onto mesoporous silica microparticles provide remediation 568 

applications. 569 
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The potential of nano zero valent iron application for removal of different organic 570 

contaminants in different scenario (i. e. ground water, waste water etc.,) is studied by 571 

Raychaudhury and Scheytt [107]. The reaction efficiencies of nZVI for reduction of nitro 572 

organic compounds are found high. The halogenated compounds with high molecular 573 

weights or complex structures (i.e. iodinated contrast media, DDT, polychlorinated biphenyls 574 

etc.) has showed lower reaction rates with nZVI compared to the widely studied chlorinated 575 

hydrocarbons (i.e. trichloroethylene). 576 

A review on recent applications nanotechnology is agro-environmental studies with 577 

particular attention to the fate of nanomaterials once introduced in water and soil to the 578 

advantages of their use and their possible toxicology reported by Mura et al. [108]. Finding 579 

show that the use of nanomaterials can improve the quality of the environment and help to 580 

detect and remediate polluted sites. It is noted that not all nanomaterials induce toxic effects 581 

e.g. TiO2, carbon black show low toxicity.  582 

Xu et al. [109] investigated review which outline the applications of iron oxide nanomaterials 583 

(Fe3 O4 – silica, flower like iron oxides, hydrous iron oxide MNPs, cysteine coated Fe2 O3 584 

MNPs, amino modified Fe3 O4 MNPs etc.)  for the  removal of heavy metals (Cu (II), Cr 585 

(VI), As (V), Hg (II), Ni (II) Pb (II) etc.) from waste water. Present review described the use 586 

of iron oxide as nanosorbents for heavy metals, organic contaminants, as photocatalyst in 587 

photodegradation  reactions. The Fe2 O3 can be applied as a sensitizer for TiO2 photocatalyst, 588 

photo – Fenton like system has been set up with the existence of iron oxides and oxalate. The 589 

outlook for potential applications and further challenges as well as the likely fate of 590 

nanomaterials discharge to the environment were discussed. 591 
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A review on application of nanoparticles in agriculture (improving seed germination, plant 592 

protection, pathogen detection, pesticide/herbicide etc.) and the role these can play in future 593 

agriculture production described by Khot et al. [110]. Toxicity of the ecosystem, potential, 594 

residue carried – over in food stuff and nanomaterials phototoxicity are some of the major 595 

concerns for the application of nanomaterials in agriculture. There is also need to evaluate 596 

the toxicokinetics and toxicodynamics of nanomaterials used for agricultural production. 597 

About 1045 residues reported by Food Administration Department (FAD) as pesticide 598 

residue, nanomaterial based nanosensors can be used to detect such pesticide residue. 599 

Ariga et al. [111] focused especially on materials for environmental remediation based on the 600 

concept of materials nano architectonics. Study classified into three categories: (i) 601 

Continuous arising problem: Such as removal and degradation of toxic substances including 602 

waste due to fossil fuel uses and organic pollutants (ii) Current urgent problem: current 603 

emerging topics concerning oil spills and nuclear waste (iii) Breakthrough for future 604 

development:  advanced method based on supramolecular chemistry and nanotechnology. 605 

Toxic substances include removal of fossil waste, degradation of organic pollutants, removal 606 

and filtration of other hazardous substances. Current emerging topics included oil spills, 607 

nuclear waste, future technology for materials detection include advanced supramolecular 608 

systems for sensing. The good knowledge of both basic science and practical usage is 609 

required for environmental remediation. 610 

Bhuyan et al. [112] investigated biosynthesize zinc oxide nanoparticles from   Azadirachta 611 

indica for antibacterial and photocatalytic applications. The present work reported low cost, 612 

green synthesis of ZnO nanoparticles using 25% (W/V) of neem leaf extract: synthesized 613 

nanoparticles characterized by TEM, EDX, XRD, UV-VIS, FTIR. Biosynthesized ZnO were 614 
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of size 9.6 – 25.5 nm, band gap 3.87 eV and have wurtzite structure. The ZnO nanoparticles 615 

have shown good antibacterial (S. Aureus, S. Pyogenes and E. coli) and photocatalytic 616 

(methylene blue degradation) activity. Synthesized ZnO nanoparticles found to act as an 617 

effective antimicrobial and photocatalytic agent. 618 

The biosynthesis of inorganic nanoparticles including metallic nanoparticles (Au, Ag, Hg, 619 

CdFe, AuAg, Se, Pt ) oxide nanoparticles ( Fe3 O4, Fe2 O3 , TiO2, BaTiO3, ZrO2) sulfide 620 

nanoparticles (ZnS, CdS, FeS) and other typical nanoparticles (PbCO3, CdCO3, SrCO3, 621 

CdSe) described by Li et al. [113]. The biosynthesis of nanoparticles by microbes is taught to 622 

be clean, nontoxic and environmentally acceptable “green chemistry” procedure. The use of 623 

microorganism (bacteria, yeast, fungi and actinomycetes) classified into intracellular and 624 

extracellular according to location where nanoparticles are formed. The applications of these 625 

biosynthesized nanoparticles include drug delivery, cancer treatment, gene therapy, DNA 626 

analysis, antibacterial agent, biosensors, enhancing reaction rates, separation science and  627 

MRI. The main drawback of biosynthesis of nanoparticles are slow process (several or even a 628 

few days) instability (nanoparticles formed by microorganism may be decomposed after 629 

certain period of time). These two drawbacks need further study. 630 

Bi et al. [114] demonstrated that metallic Ag nanocrystals can be selectively formed on the 631 

entire surface, edges and partial [100] facets or only edges of simple – crystalline Ag3 PO4 632 

submicro-cubes by simple adjusting the concentrations of ammonia. The photocatalytic 633 

performance studies for decomposition of shodamine B indicates that Ag/Ag3 PO4 634 

heterocubes exhibit much higher photocatalytic properties than pure Ag3 PO4 cubes and Ag 635 

nanoparticles under visible light irradiation, which may be due to efficient charge separation 636 

at contact interface as well as the enhanced visible light absorption. 637 
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The effect of alumina nanoparticles an algal growth investigated by Sadiq et al. [115]. The 638 

growth inhibitory effect of alumina nanoparticles was observed on both algal species/72h 639 

EC50 value, 45.4 mg/L for chlorella sp: 39.35 mg/L for scenedesmus sp). Bulk alumina also 640 

showed toxicity through a lesser extent (72 h EC50 value, 110.2 m mg/L for chlorella sp; 641 

100.4 mg/L for scenedesmus sp). The concentration dependent decrease in the chlorophyll 642 

content is may be due to the shading effect of alumina particles. The FT – IR, optical and 643 

scanning electron microscopic images suggest interaction of the nanoparticles with the cell 644 

surface. The entrapment of algal cells in aggregates of alumina nanoparticles may play a 645 

pivotal role in toxicity to the algal species. 646 

Chidambaram et al. [116] develop and apply an efficient biomediation method based on in 647 

situ biosynthesis of bio-Pd nanoparticles and hydrogen. The C. Pasteurianum BC1 was used 648 

to reduce Pd (II) ions to form Pd nanoparticles (bio-Pd) that primarily precipitated on the cell 649 

wall and in the cytoplasm. The C. Pasteurianum BC1 cells, loaded with bio-Pd nanoparticles 650 

in the presence of glucose were used to fermentative produce hydrogen and effectively 651 

catalyze the removal of soluble Cr (VI) via reductive transformation to insoluble Cr (III) 652 

species. Batch and aquifer microcosm experiments using C. Pasteurianum BC1 cells loaded 653 

with bio-Pd showed efficient reductive Cr (VI) removal, while in control experiments with 654 

killed or viable but Pd-free bacterial cultures no reductive Cr (VI) removal was observed. 655 

The process offer significant advantages over the current ground water treatment 656 

technologies that rely on introducing performed catalytic nanoparticles into groundwater 657 

treatment zones and the costly addition of molecular hydrogen to above ground pump and 658 

treat system. 659 
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Silica colloid-polyelectrolyte-iron oxide nanocomposites with both magnetic and catalytic 660 

properties have been synthesized via layer by layer assembly by Che et al. [117]. Dynamic 661 

light scattering (DLS) and electrophonetic mobility measurements were employed to monitor 662 

the evolution of these structures from silica colloid to silica colloid – polyelectrolyte – iron 663 

oxide composite. The experiment was conducted to test dyes (methylene blue, methyl 664 

orange) removal capabilities of synthesized nanoparticles silica colloid, polyelectrolyte 0 665 

functionalized silica colloid (silica PDDA) and silica colloid – polyelectrolyte iron oxide 666 

composite (silica – PDDA – IOMMPS). The silica – PDDA – IOMMPS composite is found 667 

superior for pollutant removal from aqueous environment mainly due to catalytic property.  668 

The finding was rationalized by Langmiur and Freuedlish absorption analysis. The silica – 669 

PDDA – IOMMPS nanocomposites hybrid material were remain catalytically active after six 670 

months of storage. 671 

Khan et al [118] described review for remediation of contaminated soil and ground water by 672 

chlorinated organic pollutants (PCB, TCE, TCA, pesticides, solvents), inorganic anions 673 

(perchlorates) metal ions [Cr (VI) , Zn (II), Cu (II), Pb (II), Cd(II)] by use nano zerovalent 674 

iron . Iron and nickel nanoparticles use for removal of uranium. 675 

A report on restriction of nanoparticles in environmental clean up discussed by Snousy and 676 

Zawrah [119]. The objective of the work is to point major challenges facing environmental 677 

nanoscience and urges developing ecofriendly techniques to ensure good quality of life. The 678 

use of nanomaterials in environmental applications requires a better understanding of their 679 

mobility, bioavailability and toxicity. This work includes subjects on risk 680 

assessment/toxicity, exploring the ecological assessment, toxicity, fate, transport and 681 

limitations facing nano zerovalent particles in the ecosystems. Future pollution remediation 682 
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nanomaterials based techniques may include pollution transport by nanoparticles which will 683 

have medical, radiological and national defence implications in terms of human health, safety 684 

and the environment. 685 

CONCLUDING REMARKS  686 

1. In this critical review applications of engineered nanoparticles (carbonaceous 687 

compounds, metal oxides, semi- conductor devices, zerovalent metals, polymers etc) in 688 

various environmental remediation areas have been discussed. 689 

2. The nano zerovalent iron , carbon nanotubes , nanoclay, dendrimers , nanoparticle silver, 690 

colloidal elemental gold are found to be an effective tool for removal of heavy metals  , 691 

dyes, phenols , organochlorine , organophosphorus etc from the environment. 692 

3. Carbon nanotubes are found to be a adsorbent for a wide variety of organic compounds 693 

from aquatic environment which include DDT , chlorobenzene , chlorophenols , 694 

trihalomethanes ,dyes , pesticides , herbicides , polynuclear aromatic hydrocarbon , p-695 

nitrophenol etc. 696 

4. The inorganic nanoparticles including oxide nanoparticles (Fe2O3, TiO2, ZrO2, Fe3O4), 697 

metallic nanoparticles ( Ag, Au, Hg, Pt, CdFe, Se, AuAg) , sulphide nanoparticles ( ZnS, 698 

FeS, CdS) are found to have well established environmental remediation potential. 699 

5. There are three main challenges for the production and use of nanomaterials (i) cost 700 

effectiveness (ii) impact on human life and environment (iii) use of a particular  701 

nanotechnologies. 702 

6. The nanocatalysts , nanomembranes and  and nanoadsorbents are found to be  most used 703 

nanomaterials. 704 
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7. The use of nanoparticles in environmental  remediation are invariable lead to release of 705 

nanoparticles in the environment. The potential risk of these nanoparticles in the 706 

environment can be assessed by knowing their bioavailability, toxicity, persistence and 707 

mobility. The growing use of engineered nanoparticles in environmental remediation 708 

raises question how these nanoparticles can  be removed from the environment. This may 709 

also be a challenging field of research for relevant researchers. 710 

  711 

   REFERENCES  712 

1. ISO (International Organization for Standardization) 2010, ISO/DTS 80004 – I, 713 

Nanotechnologies – Vocabulary–part 1: Core Terms, pp 1-16. 714 

 715 

2.  Georgakilas V,  Perman JA, Tucek J,  Boril R, Broad family of  carbon nanoallotrops: 716 

Classification, chemistry and applications of fullerene, carbon dots, nanotubes, graphene, 717 

nanodiamonds and combined superstructures, Chemical Reviews 2015;115: 4744 – 4822. 718 

 719 

3.  Wagner S, Gondikas A,  Neubauer E, Hofmann T,  Von der Kammer F. Spot the 720 

difference: Engineered and natural nanoparticles in the environmental release, behavior 721 

and fate, Angewandte Chemie International Edition, 2014; 53; 12398-12419. 722 

 723 

4.  Tiwari JN, Tiwari RN, Kim KS, Zero-dimensional and three-dimensional nanostructured 724 

materials for advanced electrochemical energy devices, Progress in Material Sciences 725 

2012; 57(4): 724-803. 726 

 727 



38 
 

 

5. Mukherjee  PK , Nanomaterials: materials with immense potential, Journal of Applicable 728 

Chemistry 2016; 5(4): 714-718. 729 

 730 

6.  Ramapo B,  Manjappa S, Puttaiah ET, Monitoring of heavy metal concentration in 731 

ground water of Harinaka Taluk, India, Contemporary Engineering Sciences 2010 ; 3: 732 

183-190. 733 

 734 

7. Tachikawa T,  Fujitsuka  M,  Majima T, Mechanistic insight into the TiO2 photocatalytic  735 

reaction : Design of new Phocatalyst,   J. Phys. Chem. C,  2007 ; 111(14) : 5259-5275. 736 

 737 

8. Cozzoli PD, Comparelli R, Fanizza E, Curri ML, Agostino A , Photocatalytic  activity of 738 

organic – capped anatase TiO2 nanocrystals in homogenous organic solutions, Mat. Sci. 739 

Eng. 2003; C23:  707-713. 740 

 741 

9.  Hoffman AJ, Carraway ER , Hoffman M, Photocatalytic production of H2O2 and organic 742 

peroxides on quantum sized semiconductor colloids, Environ. Sci. Technol.  1994; 28:  743 

776-785. 744 

 745 

10.  Emilio CA, Litter MI, Kunst M, Bouchard M, Colbeau-Justin C, Phenol 746 

photodegradation on platinized - TiO2 photocatalysts related to charge- carrier dynamics 747 

, Langmuir, 2006; 22:  3606-3613. 748 

 749 



39 
 

 

11.  Choi W,  Termin  A, Hoffman MR, The role of metal ion dopants in quantum sized \ $ { 750 

rmTiO2 }_ { 2} \ $ : Correlation between photoreactivity and charge carrier 751 

recombination dynamics ,  J. Phys. Chem.  B, 1998; 98:  13669-13679. 752 

 753 

12. INPI (Institute National de Propriedade Intelectual), Nanotechnologia 2009: 6. 754 

 755 

13.  Sattler KD, Hand Book of Nanophysics: Principle and Methods, CRC, New York, 2010, 756 

pp 1-23. 757 

 758 

14. Logothetidis S, Nanostructured materials and their applications, Nanoscience and 759 

Technology, Springer-Verlag, Berlin Heidelberg, Germany 2012 ,pp. 220. 760 

 761 

15. Mansoori GA,  Batsami TJ,  Ahmadpour A ,  Eshaghi Z, Environmental application for 762 

nanotechnology, Annual Review of Nano Research, 2008; 2(2): 1-73. 763 

 764 

16.  Hansen SF,  Michelson ES, Kamper A,  Borling B, Stuer-Lauridsen F, Baun A, 765 

Categorization framework to aid exposure assessment of nanomaterials in consumer 766 

products, Ecotoxicology 2005; 17(5) : 438-447. 767 

 768 

17. Brien NO, Cummins E, Recent developments in nanotechnology and risk assessment 769 

strategies for addressing public and environmental health concerns. Hum. Ecol. Risk. 770 

Assess., (2008; 14(3): 568-592. 771 

 772 



40 
 

 

18. Bhatt I, Tripathi BN, Interaction of engineered nanoparticles with various components of 773 

the environment and possible strategies for their risk assessment. Chemosphere, 2011; 774 

82(3):  308-317. 775 

 776 

19.  Quadros ME, Marr LC, Environmental and human health risks of aerosolized silver 777 

nanoparticles, J. Air. Waste Manag. Assoc., 2010; 61(1): 770-781. 778 

 779 

20. Lee J,  Mahendra  S,  Alvarez  PJ, Nanomaterials in the construction industry, a review of 780 

their applications and environmental health and safety considerations, ACN Nano. 4 (4) 781 

(2010; 4(4):  3580-3590. 782 

 783 

21. US Government Accountability Office, Nanomaterials are widely used commerce, but 784 

EPA faces challenges in regulating risk. Washington, DC, GAO, 2010. 785 

 786 

22. Petit C,   Bondosz TJ, Graphite oxide / Polyoxometalate nano composites as adsorbents 787 

of ammonia. J. Phys, Chem.  C. 2009; 113: 3800-3809. 788 

 789 

23.  Seredych M, Bondosz TJ, Manganese oxide and graphite oxide/MnO2 composites as 790 

reactive adsorbents of ammonia at ambient conditions. Microporous and Mesoporous 791 

Materials, 2012; 150:  55-63. 792 

 793 

24.  Wu S,  He Q, Tan C, Wang Y,  Zhang H, Graphene-based electrochemical sensors. 794 

Small, 2013; 9:1160-1172. 795 



41 
 

 

 796 

25. Dong H, Lin B, Gilmore K, Hou T, Lee ST, Li Y, B-40 Fullerene: An efficient material 797 

for CO2 capture, storage and separation, Current Applied Physics, 2015; 15: 1084-1089. 798 

 799 

26. Esrafili MD, N2O reduction over fullerene like boron nitride cage: A DFT Study, Physics 800 

Letter A, 2017; 381(25-26): 2085-2091.  801 

 802 

27. Simko M ,  Mattsson MO, Risks from accidental exposures to engineered nanoparticles 803 

and neurological health effects: A critical review. Part Fibre Toxicol. 2010; 7:  42. 804 

 805 

28.  Peralta Videa JR, Zhao L, Lopez-Moreno ML, Hong J, Gardea-Torresoley JL, 806 

Nanomaterials and the environment: A review of biennium 2008-2010, J. Hazard Mater. 807 

2010; 186:  1-15. 808 

 809 

29. Boczkowski J, Hoet P, What’s new in nanotoxicology? Implications to public health from 810 

a brief review of the literature, Nanotoxicology , 2010; 4(1) : 1-4. 811 

 812 

30. Kayat J,  Gajbhiye V, Tekade RK ,  Jain NK, Pulmonary toxicity of carbon nanotubes: A 813 

systematic report, Nanomedicine , 2011; 7(1): 40-49. 814 

 815 

31. Cui HF, Vashist SK, Al-Rubeaan K,  Luong JH ,  Sheu FS, Interfacing carbon nanotubes 816 

with living mammalian cells and cytotoxicity issues, Chem. Res. Toxicol. 2010; 817 

23(7):1131-1147. 818 



42 
 

 

 819 

32. Salvolainen K, Alenius H, Norppa H,  Pylkkanen L, Tuomi T,  Kasper G, Risk 820 

assessment of engineered nanomaterials and nanotechnologies – a review, Toxicology 821 

2010; 269(2-3): 92-104. 822 

 823 

33. Ahamed M, Alsalhi MS, Siddiqui MKJ, Silver nanoparticle applications and human 824 

health, Clin. Chim. Acta, 2010; 411(23/24): 1841-1848. 825 

 826 

34.  Wijnhoven SWP, Nano-silver- A review of available data and knowledge gaps in human 827 

and environmental risk assessment, Nanotoxicology, 2009; 3(2): 109-138. 828 

 829 

35. Tolaymat TM,  El Badaway AM,  Genaidy A,   Scheckel KG,  Luxton  TP,  Suidan M, 830 

An evidence based environmental perspective of manufactured silver nanoparticles in 831 

synthesis and application: A systemic review and critical appraisal of peer reviewed 832 

scientific papers. Sci. Total Environ. 2010; 408(5): 999-1006. 833 

 834 

36.  Schilling K,  Bradford B, Castelli D, Dufour E , Nash YF, Human safety review of 835 

“nano” titanium dioxide and zinc oxide, Photochem. Photobiol. Sci. 2010; 9(4) 495-509. 836 

 837 

37. Osmond MJ,   Mc Call MJ, Zinc oxide nanoparticles in modern sunscreens: An analysis 838 

of potential exposure and hazard. Nanotechnology, 2010; 4(1): 15-21. 839 

 840 



43 
 

 

38. Tewari AJ, Marr LC, The role of atmospheric transformations in determining 841 

environmental impacts of carbonaceous nanoparticles. J. Environ. Qual. 2010; 842 

39(6):1883-1895. 843 

 844 

39.  Lopez-Moreno ML, De La Rosa G, Hernandez-Viezcas JA ,   Gardea-Torresdey JR, X-845 

ray absorption spectroscopy (XAS) corroboration of the uptake and storage of CeO2 846 

nanoparticles and assessment of their differential toxicity in four edible plant species, J. 847 

Agri. Food. Chem. 2010; 58(6): 3689-3693. 848 

 849 

40.  Ranganathan R, Madanmohan S, Kesavan A, Baskar G, Krishnamurthy YR, Satasham 850 

R,  Ponraju D,  Rayala  SK, Venkatraman G, Nanomedicine towards development of 851 

patient-friendly drug-delivery systems for oncological applications, International Journal 852 

of Nanomedicine, 2012; 7: 1043-1060. 853 

 854 

41.  Stendahl JC, Sinusas AJ, Nanoparticles for cardiovascular imaging and therapeutic delivery 855 

Part 2: Radiolabeled probes, Journal of Nuclear Medicine 2015; 56(11): 1637-1641. 856 

 857 

42. Zheng G,  Patolsky F,  Cui Y, Wang WU, C. M. Lieber CM, Multiplexed electrical detection 858 

of cancer markers with nanowire sensor arrays, Nature Biotechnology, 2005; 23(10) 1294-859 

1301. 860 

 861 

43. Herrmann IK, Schlegel A,  Graf R,  Schumacher CM , Senn N , Hasler M, Nanomagnet-862 

based removal of lead and digoxin from living rats, Nanoscale 2013; 5( 15) :8718-8723. 863 



44 
 

 

 864 

44.  Kang JH,  Super M, Yung CW, Cooper RM,  Domansky K , Graveline AR, An 865 

extracorporeal blood-cleansing device for sepsis therapy, Nature Medicine , 2014; 20(10) 866 

:1211-1218. 867 

 868 

45. Lalwani G,  Henslee AM,  Farshid B, Lin L, Kasper FK, Qin YX, Mikos AG , Sitharaman B, 869 

Two-dimensional nanostructure-reinforced biodegradable polymeric nanocomposites for 870 

bone tissue engineering, Biomacromolecules , 2013; 14(3):  900-909. 871 

 872 

46. G. Lalwani, Henslee AM, Farshid B, Parmar P, Lin L, Qin YX, Tungsten disulfide nanotubes 873 

reinforced biodegradable polymers for bone tissue engineering, Acta Biomaterialia,  2013; 874 

9(9) :  8365-8373. 875 

 876 

47. Gobin AM, O’Neal DP, Watkins DM,  Halas NJ, Drezek RA , West JL, Near infrared laser-877 

tissue welding using nanoshells as an exogenous absorber, Laser in Surgery and Medicine,  878 

2005; 37(2): 123-129. 879 

 880 

48.  Umar A, Akhtar MS, Dar DN, Baskontas S, Low-temperature synthesis of Fe2 O3 881 

hexagonal nanoparticles for environmental application and smart sensor applications,  882 

Talanta , 2013; 116(15): 1060-1066. 883 

 884 

49. Rajan CS, Nanotechnology in ground water remediation, International Journal of 885 

Environmental Science and Development, 2011; 2(3):  16-21. 886 



45 
 

 

 887 

50.  Mansoori GA, Rohani-Bastami T, Ahmadpour A,  Eshaghi Z, Environmental Application of 888 

Nanotechnology, Annual Review of Nano Research, 2008; 2(2): 439-493. 889 

 890 

51. Guerra FD, Attia MF, Whitehead DC, Alexis F, Nanotechnology for environmental 891 

remediation, materials and applications, Molecules, 2018; 23(1760): 1-23. 892 

 893 

52. Li W,  Liu D,  Wu J,  Kim  C, Fortner JD, Aqueous aggregation and surface deposition 894 

processes for engineered super paramagnetic iron oxide nanoparticles for environmental 895 

applications, Environ, Sci. Technol. 2014; 48(20): 11892-11900. 896 

 897 

53. Rajkumar J, Nanomaterials as sorbents for environmental remediation, Archives of 898 

Nanomedicine Open Access Journal, (Arch Op Acc J), 2018; 1(4): 71-74.  899 

 900 

54. Patil SS,  Shedbalkar UU, Truskewycz A, Chopade BA , Ball AS, Nanoparticles for 901 

environmental clean-up: A review of potential risks and emerging solutions, Environmental 902 

Technology& Innovation, 5 (2016 ; (5) :10-12.  903 

 904 

55.  Rizwan Md., Singh M, Mitra CK , Morve RK, Ecofriendly application of nanomaterials: 905 

Nanobioremediation, Journal of Nanoparticles, Hindawi Publications, 2014, Article ID. 906 

431787, pp. 1-7.  907 

 908 



46 
 

 

56.  Khin MM, Nair AS, Babu VJ,  Murugan R , Ramakrishna S, A review on nanomaterials for 909 

environmental remediation, Energy Environ. Sci. 2012; 5: 8075-8109. 910 

 911 

57.  Kamali M, Gomes APD, Khodaparast Z , Seifi T, Review on recent advances in 912 

environmental remediation and related toxicity of engineered nanoparticles, Environmental 913 

Engineering and Management Journal, 2016 ; 15(04): 923-934. 914 

 915 

58. Taghizadeh M,  Kebria DY,  Darvishi  G ,    Kootenaei FG, The use of nano zero valent iron 916 

in remediation of contaminated soil and groundwater, International Journal of Scientific 917 

Research in Environmental Sciences, (IJSRES) 2013; 7(7): 152-157.  918 

 919 

59. Karn B, Kuiken T, Otto M, Nanotechnology and in situ remediation: A review of the benefits 920 

and potential risks Environmental Health Perspectives, 2009; 117 (12): 1823-1831. 921 

 922 

 923 

60.  Mueller NC, Nowack B, Nanoparticles for remediation: Solving big problems with little 924 

particles, Elements. 2010; 6:  395-400. 925 

 926 

61. Agarwal A, Joshi H, Application of nanotechnology in the remediation of contaminated 927 

groundwater: A short review, Recent Research in Science and Technology, 2010; 2(6): 51-928 

57. 929 

 930 



47 
 

 

62.  Chen X, Ji D, Wang X, Zhang L, Review on nano zerovalent iron (nZVI): from modification 931 

to environmental applications, CEESD, IOP Publishing, IOP Conf. Series : Earth and 932 

Environmental Sciences,  2012; 51:  012004. 933 

 934 

63. Pandey B, Fulekar MH, Nanotechnology: Remediation technologies to clean up the 935 

environmental pollutants, Research Journal of Chemical Sciences, 2012; 2(2): 90-96. 936 

 937 

64.  Tagizade Firozzaee T,  Mehrdadi N,  Bagdadi M, Nabi Bidhendi GR, Application of 938 

nanotechnology in pesticides removal from aqueous solutions, A review, Int. J. Nanosci. 939 

Nanotechnol.  2018; 14(1): 43-56. 940 

 941 

65. Singh A, Prasad SM, Remediation of heavy metal contaminated ecosystem: and overview on 942 

technology advancement, Int. J. Environ. Sci. Technol., 2015; 12:  353-366. 943 

 944 

66. Mohamed EF, Nanotechnology: Future of environment air pollution control, Environmental 945 

Management and Sustainable Development, 2017; 6(20): 429-454. 946 

 947 

67.  Bargar JR, Bernier-Latmani R, Giammar DE, Tebo BM, Biogenic uranite nanoparticles and 948 

their importance for uranium remediation, Elements, 2008; 4: 407-412. 949 

 950 

68. Adeleye AS, Conway JR, Garner K, Huag Y, Su Y, Keller AA, Engineered nanomaterials for 951 

water treatment and remediation: cost benefits and applicability, Chemical Engineering 952 

Journal, 2016; 268:  286-662. 953 



48 
 

 

 954 

69. Neyaz N, Siddiqui WA , Nair KK, Application of surface functionalized iron oxide 955 

nanomaterials as a nanosorbents in extraction of toxic heavy metals from groundwater: A 956 

review,  International Journal of Environmental Sciences, 2013; 4(4): 472-483. 957 

 958 

70. Buzea C, Blandeno IIP, Robbie K, Nanomaterials and nanoparticles: Source and toxicity, 959 

Biointerphases , 2007; 2(4): MR 17-MR 172. 960 

 961 

71. Zekic E, Vukovic Z,   Halkijevic I, Applications of nanotechnology in wastewater treatment, 962 

Gradevinar, 2018; 70(4): 315-323. 963 

 964 

72. Hegde Nayana  C,  Pushpa T, Nano zero-valent iron for the removal of colour and chemical 965 

oxygen demand of textile effluent, Indian Journal of Advances in Chemical Sciences, 2016; 966 

51: 236-238. 967 

 968 

73. Kamat  PV,  Meisal D, Nanoscience opportunities in environmental remediation, Complete 969 

Rendus Chimie, 2003; 6:  999-1007.  970 

 971 

74.  Ruttkay-Nedecky B, Krystofova O, Nejdl L , Adam V, Nanoparticles based on essential 972 

metals and their Phytoloxicity, J. Nanobiotechnol, 2017:pp.  15-33. 973 

 974 

75. Tang SCN,   Lo IMC, Magnetic nanoparticles: essential factors for sustainable environmental 975 

applications, Water Research, 2013; 47: 2613-2632. 976 



49 
 

 

 977 

76.  Grieger KD,   Fjordboge A, Hartman NB, Erickson E, Bjerg DL, Baun A, Environmental 978 

benefits and risks of zero-valent iron nanoparticles (nZVI) for in situ remediation: Risk 979 

mitigation or trade-off, Journal of Contaminant Hydrology, 2010; 111: 165-183. 980 

 981 

77. Zou Y, Wang X,  Khan A ,  Wang P ,  Liu Y, Alsaedi A,  Hayat T ,Wang X. Environmental 982 

remediation and application of nanoscale zerovalent iron and its composites for the removal 983 

of heavy metal ions: A review, Environ. Sci. Technol.  2016; 50:  7290-7304. 984 

 985 

78. Verma RS, Journey on greener pathways: From the use of alternate energy to sustainable 986 

application of nano-catalysts in synthesis and environmental remediation, Green Chem. 987 

2014; 16: 2027-2041. 988 

 989 

79. Liu W-J, Qian T-T , Jiang H, Bimetallic Fe nanoparticles: Recent advances in synthesis and 990 

application in catalytic elimination of environmental pollutants, Chemical Engineering 991 

Journal, 2014; 236:  448-463. 992 

 993 

80.  Sarkar S,  Guibal E, Quignard F ,  Sengupta AK, Polymer-supported metals and metal oxide 994 

nanoparticles: Synthesis, characterization and applications. J. Nanopart. Res. 2012 ; 14: 715-995 

730. 996 

 997 



50 
 

 

81. Mukherjee R, Kumar R, Sinha A, lama Y,   Saha  AK, A review on synthesis, 998 

characterization and applications of nano zero valent iron (nZVI) for environmental 999 

remediation, Critical Reviews in Environmental Science and Technology. 2016; 46: 443-466. 1000 

 1001 

82.  Lu AH, Salabas EL, Schuth F, Magnetic nanoparticles: Synthesis, protection, 1002 

functionalization and application, Angew. Chem. Int. Ed. 2007; 46: 1222-1244. 1003 

 1004 

83.  Kemp KC, Seema H, Saleh M, Le NH, Mahesh K, Chandra V, Kim KS, Environmental 1005 

applications using graphenes composites: Water remediation and gas adsorption, Nanoscale, 1006 

2013; 5: 3149-3171. 1007 

 1008 

84.  Zhu J,  Wai S,  Chen M, Gu H,  Rapole SB, Pallavkar S, Ho TC.  Hopper J, Guo Z, 1009 

Magnetic nanocomposites for environmental remediation, Advanced Powder Technology, 1010 

2013; 24:  459-467. 1011 

 1012 

85. Auffan M, Rose J,  Bottero J-Y, Lowry GV, Jolivet J-P,  Wiesner MR , Towards a definition 1013 

of inorganic nanoparticles from an environmental, health and safety perspectives, Nature 1014 

Nanotechnology, 2009; 242:  1-8. 1015 

 1016 

86. Fabrega J, Luonia SN, Tyler CR, Galloway TJ, Lead JR, Silver nanoparticles: Behaviour and 1017 

effects in the aquatic environment, Environment International, 2011; 37: 517-531. 1018 

 1019 



51 
 

 

87. Bhattacharya S,  Saha I, Mukhopadhyay A,  Chattopadhyay D, Ghosh UC, Chatterjee D, 1020 

Role of nanotechnology in water treatment and purification: Potential applications and 1021 

implications, International Journal of Chemical Science and Technology, 2013; 3(3) : 59-64. 1022 

 1023 

88.  Chaudhuri RG , Paria S, Core/Shell nanoparticles: Classes, properties, synthesis mechanism, 1024 

characterization and applications, Chem. Rev. 2012; 112:  2373-2433. 1025 

 1026 

89.  Liu Y,  Tourbin M, Lachaiz S,   Guiraud P, Nanoparticles in wastewaters: Hazards, fate and 1027 

remediation, Powder Technology, 2014; 255:  249-256. 1028 

 1029 

90.  Bezbaruah AN ,Shanbhogue SS,  Simsek  S,  Khan E, Encapsulation of iron nanoparticles in 1030 

alginate biopolymer for trichloroethylene remediation, J. Nanopart Res. 2011: 13:  6673-1031 

6681. 1032 

 1033 

91.  Kaur A , Gupta U, A review on applications of nanoparticles for preconcentration of 1034 

environmental pollutants, J. Mat. Chem. 2009; 19:  8279-8289. 1035 

 1036 

92. Uzum C, Shahwan T, Eroglu AE,  Lieberwirth I,  Scott TB , K. R. Hallam KR, Application 1037 

of zero-valent iron nanoparticles for the removal of aqueous Co2+ ions under various 1038 

experiential conditions, Chemical Engineering Journal, 2008; 144:  213-220. 1039 

 1040 



52 
 

 

93. Tran QH, Nguyen VQ, Le A-T, Silver nanoparticles: synthesis, properties, toxicology, 1041 

applications and perspectives, Adv. Nat. Sci.: Nanosci.  Nanotechnol., 2013 ; 4 : 033001 – 1042 

033020. 1043 

 1044 

94. Kharisov BI, Rasika Dias HV, Kharissova OV, Jimenez-Perez VM,  Perez BO , Flores BM, 1045 

Iron-containing nanomaterials: Synthesis properties and environmental applications, RSC 1046 

Adv. 2012; 2:  9325-9358. 1047 

 1048 

95. Lu T, Wang Z-L, Zhao L, Yang X, Enhanced chitosan/Feo – nanoparticles beads of 1049 

hexavalent chromium removal from waste water, Chemical Engineering Journal, 2012; 189-1050 

190: 196-202. 1051 

 1052 

96. Luo S,  Qin P,  Shao J, Peng L,  Zeng O, Gu J-D, Synthesis of reactive nanoscale zerovalent 1053 

iron using rectorite supports and its application for orange II removal, Chemical Engineering 1054 

Journal, 2013; 223:  1-7. 1055 

 1056 

97. Baruwati B ,  Verma RS, High value products from waste: grape pomace extract – A three-1057 

in-one package for synthesis of metal nanoparticles, Chem. Sus. Chem. 2009; 2:  1041-1044. 1058 

 1059 

98. Liu T, Yang X, Wang Z-L, Yan X, Enhanced chitosan bands-supported Feo nanoparticles for 1060 

removal of heavy metal from electroplating wastewater in permeable reactive barriers. Water 1061 

Research, 2013; 47: 6691-6700. 1062 

 1063 



53 
 

 

99. Scott TB, Dickinson M, Crane RA, Riba O,  Hughes GM , G. C. Allen GC, The effects of 1064 

vacuum annealing on the structure and surface chemistry of iron nanoparticles,  J. Nanopart, 1065 

Res. 2010; 12:  1765-1775. 1066 

 1067 

100. Xu P,  zeng G, Huang D,  Hu S, Feng C,  Lai C,  Zhao M, Huang C, Li N, Wei Z , Xie G, 1068 

Synthesis of iron oxide nanoparticles and their application in phanerochaete chrysosporium 1069 

immobilization of Pb(II) removal, Colloids and Surfaces A: Physiochem. Eng. Aspects 2013; 1070 

419: 147-155. 1071 

 1072 

101.  De Corte S,  Hennebel T, De Gusseme B, Verstraete W ,  Boon N, Bio-palladium: from 1073 

metal recovery to catalytic applications, Microbial Biotechnology 2012; 5(1) 5-17. 1074 

 1075 

102. Agarwal A,   Joshi H, Application of nanotechnology in the remediation of contaminated 1076 

groundwater: A short review, Recent Research in science and technology 2010; 2(6): 51-57. 1077 

 1078 

103.  Chandhuri RG, Paria S, Visible light induced photocatalytic activity of sulfur doped 1079 

hollow TiO2 nanoparticles, synthesized via a novel route, Dalton Trans., 2014; 43: 5526-1080 

5534. 1081 

 1082 

104.  Kummerer K,  Menz J, Schubert T ,Thielemans W, Biodegradability of organic 1083 

nanoparticles in the aqueous environment, Chemosphere, 2011; 82: 1387-1392. 1084 

 1085 



54 
 

 

105. Gawande MB,  Velhinhe A,  Nogueira ID, Ghumman CAA, Teocloro OMND , Branco 1086 

PS, A facile synthesis of cysteine-ferrite magnetic nanoparticles for application in 1087 

multicomponent reactions-sustainable protocol, RSC Advc., 2012 ; 2:  6144-6149. 1088 

 1089 

106. Shi X, Sun K, Bulogh LP,  Bakar Jr. JR, Synthesis, characterization and manipulation of 1090 

dendrimer-stabilized iron sulfide nanoparticles, Nanotechnology 2006; 17: 4554-4560. 1091 

 1092 

107. Raychoudhury T ,  Scheytt T,  Potential of zerovalent iron nanoparticles for remediation 1093 

of environmental organic contaminants in water: A review, Water Science and Technology, 1094 

2013 ; 68( 7): 1424-1439. 1095 

 1096 

108. Mura S, Seddaiu G,  Bachini F,  Roggero PP,  Greppi GF, Advances of nanotechnology 1097 

in agro-environmental studies , Italian Journal of Agronomy, 2013 ; 8( e 18) 127-140. 1098 

 1099 

109. Xu P, Zong GM, Huang DL, Feng CL, Hu S, Zhao MH, Lai C, Wei Z, Huang C, Xieand 1100 

GX ,  Lui ZF, Use of iron oxide nanomaterials to wastewater treatment: A review, Science of 1101 

Total Environment, 2012; 424:  1-10. 1102 

 1103 

110.  Knot LR, Sankaran S, Maja JM, Ehsani R , Schuster EW, Applications of nanomaterials 1104 

in agricultural production and crop protection: A review, Crop Protection, 2012; 35: 64-70. 1105 

 1106 

111.  Ariga K, Ishihara S, Abe H, Li M ,  Hill, JP, Materials nanoarchitechtonics for 1107 

environmental remediation and sensing, J. Mater. Chem. 2012; 22:  2369-2377. 1108 



55 
 

 

 1109 

112.  Bhuyan T,  Mishra K,  Khanuja M,  Prasad  R,  Varma A, Biosynthesis of zinc oxide 1110 

nanoparticles from Azadirachta, Indica for antibacterial and photocatalytic applications. 1111 

Materials Science Semiconductor processing, 2015; 32:  5561. 1112 

 1113 

113.  Li X,  Xu H, Chen Z-S , Chen G, Biosynthesis of nanoparticles by microorganisms and 1114 

their applications, Journal of nanomaterials, Hindawi publishing Corporation, volume 2011, 1115 

Article ID 270974, pp 1-16. 1116 

 1117 

114. Bi Y, Hu H, Ouyang S, Jiao J,  Lu G,  Ye J, Selective growth of metallic Ag nanocrystals 1118 

on Ag3 PO4 submicro-cubes for photocatalytic applications, Chem. Eur. J. 2012; 18:  14272-1119 

14272. 1120 

 1121 

115.  Sadiq IM, Pakrashi S, Chandrasekeran N , Mukherjee A, Studies on toxicity of 1122 

aluminum oxide (Al2 O3) nanoparticles to microalgae species: Scenedesmus sp. and Chlorella 1123 

sp.,  J. Nanopart Res, 2011; 13:  3287-3299. 1124 

 1125 

116.  Chidambaram D,  Hennebel T,  Taghavi S,  Mast J,  Boon N,  Verstraete D, Lalie DVD,  1126 

Fitts JP, Concomitant microbial generation of Palladium nanoparticles and hydrogen to 1127 

immobilize chromate,  Envion. Sci. Technol. 2010; 44: 7635-7640. 1128 

 1129 



56 
 

 

117.  Che HX, Yeap WP, Ahmad AL, Lim L, Layer by layer assembly of iron oxide magnetic 1130 

nanoparticles decorated silica colloid for water remediation, Chemical Engineering Journal    1131 

2014; 243: 68-76. 1132 

 1133 

118.  Khan I,  Farhan M, Singh P, Thiagarajan P, Nanotechnology for environmental 1134 

remediation, Research journal of Pharmaceutical Biological and Chemical Sciences (  1135 

RJPBCS)  2014; 5(3)1916-1927. 1136 

 1137 

119.  Snousy MG, Zawrah SM, Nanoparticles restriction in environmental clean up, Nano 1138 

Research and Application, 2017; 3(1):  1-5. 1139 

 1140 

 1141 

 1142 


