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A REVIEW ON THE ROLE OF NANOTECHNOLOGY IN ENHANCING 
ENVIRONMENTAL SUSTAINABILITY

Abstract: Nanotechnology is one of the most essential technology applicable in all areas of science. Several 
physical and chemical methods were used for synthesizing and stabilizing nanomaterials. Many researchers 
and scientists have confirmed that these methods are not eco-friendly and are harmful to the environment 
and human health. Thus, many of them have moved to a modern nanoscience called “green nanotechnol-
ogy”. The aim of green nanotechnology is to produce nanomaterials which will not cause damage to the 
environment. Also, the synthesized nanomaterials can be effectively used to tackle major environmental 
issues like energy crisis and pollution.

In this review, we have discussed the different biological sources for synthesis of nanomaterials.We have 
also discussed in detail the efficiencies of various nanomaterials in improving the quality of the environment. 
Largely, this review focuses on the fact that nanotechnology has a big role to play in enhancing environmental 
sustainability.
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1. Introduction

Nanotechnology deals with the synthesis, 
development and application of nanoparticles 
[1]. They have complex structures composed of 
three layers: surface, shell and core layer. Surface 
layer can be functionalized using molecules 
like metal ions, surfactants and polymers.

Shell layer is a chemically different one from 
the core in all aspects.Finally, the core layer 
is the central portion of nanoparticle usually 
referred as nanoparticle itself [2, 3]. They can 
exist as aerosols, suspensions and emulsions; 
their properties are dependent on their size [4]. 
Their surface to volume ratio increases as their 
size decreases [5], hence they show variation 
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in characteristic color and properties with 
variation in shape and size [6]. Nanoparticles 
are dissimilar to their bulk and molecular 
counterpart as they possess enhanced structural, 
magnetic, electrical and optical properties and 
hence improved efficacy. Apart from these, they 
also exhibit unique properties such as particle 
aggregation, photoemission, catalytic activity, 
electrical and heat conductivity [1]. For the 
above reasons, nanoparticles can be used to 
replace their corresponding bulk materials. 
Replacing existing materials with nanomaterials 
will, not only reduce the cost, but also leave a 
reduced environmental burden.

Energy crisis, Pollution, Climate change and 
Health care are the major threats faced by 
the society. Many technologies have been 
developed to monitor and manage these issues.
Nanotechnology is one among them, but with 
wider range of opportunities. 

It is predicted that nanotechnology will play an 
important role in providing environment-friendly, 
cost effective and efficient methodologies for 

solving energy crisis. Researchers are working 
on developing nanotechnology based solar 
panelfuel-cell combination, methods for H2 
storage, CO2 capture and energy conversion [7, 
8].

Nanotechnology is also being used to improve 
air, water and soil quality, treat contaminants 
and also to mitigate pollution [9, 10]. Highly 
sensitive biosensors have been developed with 
the help of nanoscience to monitor pollution 
[11]. Nanomedicine involves the usage of 
biocompatible nanomaterials for the diagnosis, 
monitoring, control and treatment of various 
diseases. Several nanomaterials have been 
reported to possess antimicrobial and anticancer 
properties. Therefore, nanotechnology has a 
great role to play in enhancing environmental 
sustainability. 

2. Synthesis of nanomaterials

The first step in nanotechnology is the 
synthesis of nanomaterials. There are two basic 
approaches to synthesize nanomaterials namely, 

Figure I: Classification of different methods in the synthesis of Nanoparticles
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top-down approach and bottom-up approach 
(Figure I) [12].

2.1. Top-down approach

In this approach, various physical methods 
are employed to prepare nanomaterials. 
Physical methods involve breaking down 
of bulk molecules into nanoparticles. It is 
widely employed to produce large quantities 
of nanomaterials [13]. Here various physical 
processes like crushing, milling and grinding are 
applied in accordance to the physical properties 
of the molecules. A few examples of physical 
methods along with their merits and demerits 
are illustrated in Table I.

2.2. Bottom-up approach 

This approach employs chemical methods 
to prepare nanomaterials. In this approach 
inorganic and organic nanostructures are 
constructed atom by atom or molecule by 
molecule [14].  All these methods employ 
chemical synthesis, which can be divided into 
three phases. They are: vapour, liquid and solid 
state, and solid. 

In vapour phase, conditions are created to enable 
vapor phase mixture or aerosol (supersaturated 
vapour) to form nanoparticle. Based on the 
methods used to achieve supersaturated vapor, 
there are several types of vapor phase synthesis 
such as inert gas condensation, chemical vapour 
synthesis etc.[15]. 

Liquid phase synthesis involves the usage of 
metal, inorganic or organic precursors and 
converting them into desired materials either 
in water or organic solvents. Sol-gel and 
hydrothermal processes are some examples for 
liquid phase synthesis [16, 17]. 

Solid-state chemical process involves the 
heating of non-volatile solids to produce 

the desired nanomaterial. It consists of four 
major steps: diffusion, reaction, nucleation 
and growth [18-20]. Thermo-mechanical and 
mechanochemical methods are commonly used 
in solid-state chemical phase synthesis. The 
merits and demerits of these approaches are 
discussed in Table I.

2.3. Green Nanotechnology

Nanoparticles have the capacity to play a major 
role in environmental sustainability, but the 
process of synthesis of nanoparticles in large 
scale using chemical or physical methods 
were found to be harmful to the environment 
(table I). Therefore, nanotechnology which 
is supposed to sustain the environment will 
end up spoiling it. Due to this issue, scientists 
have come up with a new concept called Green 
Nanotechnology. The framework of green 
nanotechnology falls within green chemistry 
[30]. The 12 principles of green chemistry 
formulated by Paul Anastas and John Warner 
of EPA (Environmental Protection Agency)
are “prevention of waste, atom economy, less 
hazardous chemical synthesis, safer chemical 
designing, use of safer solvents and auxiliaries 
design for energy efficiency, use of renewable 
feedbacks, reduction of derivatives, use of 
catalysis, design for degradation, real-time 
analysis for pollution prevention, and inherently 
safer chemistry for accident prevention [31]” 
These nanomaterials are used to enhance the 
quality of the environment through various 
applications.

2.3.1. Biological synthesis

Biological synthesis has been successful in 
synthesizing metal nanoparticles. It involves 
the usage of a precursor material, reducing 
agent and capping agent. Organic compounds 
from plants and microorganisms are used as 
reducing and capping agents instead of harmful 
and toxic chemicals. The aqueous biological 



Chemistry & Biology Interface Vol. 11 (1), January - February 202116

Chemistry & Biology Interface, 2021, 11, 1, 13-33

Type of physical and 
chemical methods

Types of 
synthesis Advantages Disadvantages

High energy ball 
milling* -

Affordable. Can be combined with 
chemical treatments, to obtain 
desired product with minimal 
effort[21].

Noise pollution,Requires high 
amount of energy[21].

Laser ablation* -
Nanoparticles in stable form 
without the usage of any capping 
or stabilizing agent can be 
synthesised[22].

High amount of energy is 
required. Low productivity[22].

Electro spraying* -
Most efficient way to produce 
solid-lipid nanoparticles for drug 
delivery[23, 24].

Material loss to the surrounding 
resulting in lower yields.
High amount of energy required 
[23, 24].

Inert gas 
condensation* - The size of the particles synthesized 

can be controlled effectively[17].
Time consuming hence not 
suited for industrial level 
production[17].

Chemical vapor 
synthesis#

Vapor phase 
synthesis

Multi-component nanoparticles 
can be formed by using multiple 
precursors[15,17,2526]. 

Hazardous byproducts are 
formed.
Some of the reactions entails 
high temperature [15,17,25,26].

Sol-gel process# Liquid phase 
synthesis

Reactions can be carried out at low 
temperature[16, 17].

Organic solvents used are 
harmful[16, 17].

Hydrothermal 
process#

Liquid phase 
synthesis

Materials which cannot be 
synthesized using solid phase 
synthesis can be synthesized using 
this method[16, 17].

Involves high temperature 
and pressure. Fatal accidents 
may occur if not handled 
properly[16, 17].

Mechanochemical#
Solid state 
chemical 
synthesis

Materials with mean particle size 
as small as 4nm, showing low 
agglomeration and uniformity of 
crystal structure and morphology can 
be synthesized[18,19, 27-29].

High energy is consumed 
[18,19, 27-29].

Thermo-mechanical#
Solid state 
chemical 
synthesis

The reactions can be easily 
controlled[18,19, 27-29].

Requires high 
temperature[18,19, 27-29].

Table I. Details on types of synthesis, advantages and disadvantages of physical and 
chemical methods 

* Nanoparticles synthesized by physical methods; # Nanoparticles synthesized by chemical 
methods.
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extract consists of a mixture of compounds such 
as phytochemicals, vitamins, carbohydrates, 
protein, polymers and natural surfactants. These 
compounds reduce the metal ions (precursor) 
into metal nuclei which serve as a template 
for nanocrystal growth.This process is known 
as nucleation or Oswald ripening. The capping 
agent terminates the growth by stabilizing the 
nanoparticle. Finally, the surfactant enhances 
dispersity of the synthesized nanoparticles 
[31-35]. Since all these organic compounds 
are soluble in water and other solvents, the 
nanoparticles can be easily washed and 
recovered after the reaction.  In case of bacteria 
mediated biosynthesis, the mechanism is slightly 
different. The metal ions are captured onto the 
surface of the cell or inside the cell depending 
on the species of bacteria.The enzymes, such 
as, NADPH and NADH-dependent nitrate 
reductase in the cell, act as reducing agent [33, 

36].

Some researchers have isolated organic 
compounds having reducing and capping 
properties and used them for the synthesis of 
nanomaterials. A few of them are discussed 
in table II. The most preferred biomaterial for 
synthesis is plant extract as it is cheap and easy 
to handle. Due to this reason majority of the 
green synthesis research is carried out using 
plants. Though green synthesis is advantageous 
in many ways, it is still in its budding stage 
and suffers from several drawbacks. The major 
drawback is low yield and so scaling up is quite 
challenging. However, because of its huge 
potential tons of efforts have been taken by 
scientists all around the world to overcome the 
challenges and in the upcoming years it would 
definitely hit the world’s markets. 

Name of the plants/bacteria/fungi/
Algae Biomaterials Nanoparticle Reference

Citrus maxima Fruit extract Au [37]

Carica papaya Leaf extract TiO2 [38]

Tamarindus indicus Fruit extract Ag [39]

Lawsoniainermis Leaf extract Cu [40]

Cynara scolymus Leaf extract ZnO [41]

Stenotrophomonas maltophilia Keratinase Ag [42]

Microbacteriummarinilacus and 
Stenotrophomonas maltophilia Whole cell Cu, Ag, Fe [43]

Porphyrayezoensis R-phycoerythrin Ag [44]

Egregia sp. Whole thallus Au [45]

Beauveria bassiana Whole mycelium Ag [46]

Table II. Different plant, bacterial, fungal and algae-based biomaterials used for the 
synthesis of nanomaterials
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2.4. Biomolecule based nanostructure 

In biomolecule-based nanostructures, 
biomolecules are used as precursors during 
synthesis. These materials can be synthesized 
using environment friendly methods and 
hence they come under green nanotechnology. 
These nanostructures can be used to solve 
biocompatibility issues when nanomaterials 
are applied in medicine and can also be used 
as a substitute for nanoparticles in many 
other applications which are discussed in the 
forthcoming subheadings. 

2.4.1. DNA Based nanomaterials

The bottom up construction of nanomaterials, 
using DNA or nucleic acid, is also known as 
DNA origami. Nandrain C. Seeman, in 2004, 
introduced the idea of using DNA for the 
construction of nanoscale structures [47]. This 
technique was introduced by Paul Rothemund 
in 2006, where two and three-dimensional 
shapes can be assembled using his principle.  
DNA nanostructure can be designed manually 
and also by using bioinformatic tools [48]. 
Several softwares have been developed to aide 
this process of folding the DNA. GIDEON and 
Nanoengineer I can be used to construct a 3D 
nanostructure. The most popular is caDNAno, 
which is semi-automatic and can be used to 
construct multi-layered 3D DNA origami. 
The latest is DAEDALUS, which is fully 
automatic [49]. DNA based nanomaterials 
can be constructed using a long single strand 
DNA (ssDNA) and short oligonucleotides. The 
structure is cross linked and it can be stabilized 
by short oligonucleotides or complimentary 
strands which are also known as the staple 
strands. Rothemund chose circular genomic 
DNA from the virus M13mp18 as the scaffold. 
He took 100-fold excess of 200-250 staple and 
mixed it with the scaffold and annealed from 95 
˚C to 20 ˚C in less than 2 hrs. When the sample 
was deposited on mica, only the folded DNA 

structures stuck to the surface while the excess 
sample remained in the solution. These folded 
structures were viewed with the help of AFM 
(Atomic Force Microscopy) imaging [48]. Few 
applications of DNA based nanostructures are 
discussed in Table III.

2.4.2. Peptide based nanomaterials

Like DNA molecules, peptide can also be used 
as building blocks for constructing functional 
nanostructures. Nanostructure of required 
physical and chemical properties can be prepared 
by controlling the amino acid sequences [50]. 
Most amino acids are chiral in nature and exist 
in l-form. They have the same basic structure 
but possess a different r-group at the central 
carbon position. The peptides acquire different 
configurations depending on the r-groups 
present in each amino acid. One peptide chain 
can interact with another peptide chain non-
covalently. Hence, these building blocks can 
be used to create supramolecular structures 
[51]. Ghadiri and co-workers developed a 
tubular nanostructure using peptides. The 
structure was formed in a proton triggered, 
self-assembly process.  Numerous ring-shaped 
peptide subunits interact through an extensive 
network of hydrogen bonds to form the tubular 
nanostructure. Each ring consists of an eight-
residue cyclic peptide with the following 
sequence: cyclo [ -(D-Ala-Glu-D-Ala-Gln)2 ]. 
The ionization state of glutamic acid triggers the 
initiation of self-assembly in alkaline aqueous 
solution. Self-assembly of these subunits into 
tubular structure can be achieved by controlled 
acidification of the alkaline solution [52]. Few 
applications of peptide-based nanostructures 
are discussed in Table III.

2.4.3. Microorganism based nanomaterials

Biological systems have sophisticated 
nanoscopic and microscopic features 
which cannot be attained chemically. These 
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features can be exploited to create different 
nanostructures for various purposes. Zhou et 
al. [53] developed a bacterium-based controlled 
assembly of metal chalcogenide hollow 
nanostructures with enhanced light-harvesting 
and photocatalytic properties. They selected 
two bacterium species Cocci and Bacillus, 
along with two metal chalcogenide PbS and 
ZnS. The metal chalcogenide was synthesized 
and functionalized by sonochemical method. 
The functionalized metal was then coated on the 
cell surface and subjected to ultrasound, which 
lead to cell disruption and self-assembly of the 
nanoparticles. The developed nanostructures 

were found to possess superior light-harvesting 
and photocatalytic properties than their solid 
counterparts.

Viral based nanomaterials are of two types: 
Viral Nanoparticles (VNP) and Virus-Like 
Nanoparticles (VLP). VLP are genome free 
counterparts of VNP. VNP can be produced in 
their natural host, generally plants. VLP can be 
produced from VNP by pH induced swelling 
followed by alkaline hydrolysis of the released 
nucleic acids. The produced VLP and VNP 
structure and physiochemical properties can be 
modified to suit the purpose it has to serve [54-

Types of 
Nanomaterials Application

DNA based Drug 
delivery 
vehicle

Many cancer drugs, after intake, are often distributed nonspecifically, which lead 
to other complications. This can be prevented by using a drug delivery vehicle.
DNA origami’s ability to enhanced tumor passive targeting and long-lasting 
properties at the tumor region has been studied. In the study an anti-tumor drug, 
Doxorubicin was intercalated non-covalently into the nanostructure and tested 
for its efficiency in-vivo. The results proved its remarkable antitumor efficacy 
without any observable systemic toxicity[57].

Single-
molecule 
analysis

DNA origami structures formed can be addressed precisely. Each staple strand 
can serve as a point of attachment for other nanosized material. Hence, this 
method is suitable for the precise positioning of various compounds for the 
analysis of any chemical and biological processes[58]. 
DNA origami can be used to detect single nucleotide polymorphismby, 
combiningAFM with DNA origami, to provide a visual readout of the target 
nucleotides present in the probe sequence[59].

peptide-based Biosensor Peptide nanotubes have novel properties like molecular recognition and 
biomimetic mineralization which can be exploited to increase biosensor 
sensitivity[50]. 
Diphenylalanine nanotubes based biosensor for detecting hydrogen peroxide 
and NADH were found to possess short detection time, large current density and 
high stability [60].

Template 
metallic 
nanowire

It is possible to coat metal nanoparticle on peptide nanotubes by designing the 
peptide molecule with specific binding motifs towards the nanoparticles[50]. 
Through electroless coating process, peptide nanotubes can be immobilized on 
Au surface and metalized by nickel[61].

Microorganism-
based

Electronics A hybrid bioelectric device was constructed with metal nanoparticles and live 
bacteria. The electrical property of the gold nanoparticle layer was controlled 
by actuating the peptidoglycan layer of the bacterium. An actuation of 8% in 
the peptidoglycan layer, induced by change in humidity from 20 to 0%, leads to 
more than a 40-fold increase in the tunneling current[62].

Medicine A vaccine against Human Papilloma Virus (HPV) was developed by producing 
a VLP from L1 protein present in HPV. It resembles HPV virions. Phase 11 
clinical trial results revealed that HPV 16 L1 VLP vaccine were generally well 
tolerated, induced high-titers of serum antibodies to HPV 6, 11, 16 and 18[63].

Table III. Application of DNA, peptide and microorganism-based nanomaterials 



Chemistry & Biology Interface Vol. 11 (1), January - February 202120

Chemistry & Biology Interface, 2021, 11, 1, 13-33

56]. Apart from that, some viruses like TMV 
(Tobacco Mosaic Virus), CCMV (Cowpea 
Chlorotic Mottle Virus), CPMV (Cowpea 
Mosaic virus) consist of a protein supra-
structure in their protein shell, due to which they 
can be used as precursors for the synthesis of 
functional nanomaterials [50]. Few applications 
of microorganism-based nanostructures are 
discussed in Table III.

3. Energy conversion and storage

The world’s population keeps growing and 
developed countries keep expanding, therefore, 
the energy requirements keep increasing 
day by day. An adequate energy supply with 
minimal environmental adversities is the need 
of the hour, as the emissions from the Earth 
have started to cause environmental damages 
such as climate change. A large number of 
scientists are working to create a material that 
would increase the efficiency of the current 
energy source or create a new energy source 
that might be practical at industrial scale.  This 
quest ended in nanotechnology. Nanomaterial’s 
large surface area per unit volume makes it 
suitable for this purpose and the introduction 
of green nanotechnology made it even more 
desirable. Implementation of nanotechnology 
into renewable resources like solar, wind and 
hydro energy would possibly be the best way 
out from our dependence on the depleting non-
renewable resources [64]. The following is an 
example of implementation of nanotechnology 
in solar energy.

3.1. Quantum dots

Quantum dots (QD) were first discovered in 
1980 by a Russian Physicist Alexey Ekimov in 
glass crystals [65, 66]. QD are semiconductor 
particles whose diameter ranges between 2nm 
to 10nm. They are really tiny particles and 
consist of only about 100 to few 1000 atoms. 
However, all nanoparticles with diameter below 

10nm cannot be considered as QD. They are 
generally fluorescent unlike most nanoparticles. 
Once light is absorbed by the QD, the energy 
excites electrons and generates holes. They 
find each other due to coulomb’s attraction 
and form electron-hole pair; this is known as 
an exciton. This exciton dimension is less than 
that of exciton Bohr radius. The energy required 
to separate the electron-hole is unique for each 
material [65]. According to the quantum theory 
these dots have well defined energy levels 
and are more like individual atoms than like 
a crystal hence, nicknamed as artificial atoms 
[67]. These properties make them differ from 
other nanoparticles.

Smaller QD required higher energy to excite 
electrons hence the light emitted have short 
wavelength and higher frequencies. On the 
other hand, bigger QDrequire lower energy, 
and so the light emitted is of longer wavelength 
with lower frequency. Therefore, they have 
lesser band gap than small quantum dot. The 
increase in excitation energy with decrease in 
particle size is called Quantum confinement 
[67, 68]. The colour of the light emitted by 
the quantum dot depends on the nature of its 
atoms. Different atoms give different colours as 
energy levels have different values i.e., they are 
quantized. The energy levels depend on the size 
of the quantum dot and not on the properties 
of the precursor materials. Hence, quantum 
dot of different sizes, prepared using the same 
material, emit light of different wavelength or 
colour. Small particles emit blue light whereas 
large particles emit red light [67]. 

The energy levels can be tuned by adjusting the 
size of the quantum dot. Size can be adjusted 
by controlling synthesis time and temperature. 
This can bring about changes in the band gap 
without making any alteration to the precursor 
material [69]. Like other nanoparticles,QD 
can be synthesised using various physical and 
chemical methods. In recent times the green 
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synthesis route which can produce QD having 
optical properties like high quantum yield, 
narrow fluorescence emission, broad absorption 
profile, and stability against photobleaching, 
has been developed. There are two types 
of green synthesis methods namely OCS 
(Organometallic Colloidal Synthesis) and 
ACS (Aqueous Colloidal Synthesis) [65, 70]. 
OCS is a traditional method which involves 
the usage of metal or chalcogenide precursor 
and solvents like tri-n-octyl phosphine oxide, 
trioctylphosphine, hexadactyly amine etc. 
In green nanotechnology oleic acid, castor 
and olive oils are used instead of hazardous 
solvents [65]. In AQS, the solvent used is water. 
QD prepared using this method are generally 
hydrophilic, stable and small in hydrodynamic 
size [65, 71].

3.2. QD based solar cells

Solar cells are photovoltaic system which can 
convert light energy into electricity. Based on 
the photoactive materials solar cells are named 
as single/poly-crystalline silicon solar cells, 
CdTe solar cell, Cu (In, Ga) Se2, CIGS solar cell, 
dye sensitized solar cells, organic solar cell, and 
QDSolar Cells (QDSC). Except for Si solar cell, 
most devices are far from commercialization due 
to its low Power Conversion Efficiency (PCE), 
lack of long-term stability, and toxicity. On the 
other hand, Silicon Solar Cell also suffers from 
such a complication in manufacturing with high 
production cost and long energy payback time 
[72, 73]. Currently QDSC are highly lacking yet 
remain the most desired. Enormous amounts of 
research are going on and one can harvest its 
great potential in the forthcoming years. QD 
possess various characteristics which makes it 
ideal for solar cell application, few of them are:

• QD show well defined absorption and 
photoluminescence. They can absorb light 
in visible and near infrared red regions and 
generate multiple excitons. By adjusting the 

size of the QD the band gaps can be tuned; 
this phenomenon can be used to extend the 
absorption range of the QD to near infrared 
region. Harvesting NIR (Near-Infrared) 
photons represents a great opportunity to 
increase the solar cell’s efficiency. The 
tandem or multijunction solar cell can be 
constructed to absorb most part of the solar 
spectrum. It can be constructed at room 
temperature and at low cost. It consists of 
multiple layers of QD, each of different size 
and hence, can absorb photons at different 
wavelengths. Shockley and Queisser 
theoretically calculated the maximum 
efficiency of a solar cell to be only 31%, 
however, the advent of multijunction solar 
cell may increase the efficiency to 49% [73, 
74].

• QD possess characters of extended hot 
carrier lifetime. Hot carriers are electrons or 
holes that attain high kinetic energy when 
accelerated by high electric field. Hence, 
they are also known as hot electrons. The 
excess energy of hot carriers relative to 
the band gap are generally wasted as heat 
through phonon (discrete quantum of 
vibration) emission. Phonon emission can 
be saved by directly extracting hot carriers 
from QD before they thermally relax into 
the band gap edge and become cool. This 
is possible due to phonon bottleneck effect, 
where, no long wavelength acoustic phonon 
modes can exist in nanosized crystals.
This prevents relaxation by direct phonon 
emission between closely spaced stark 
levels [75]

• QD can generate multiple excitons from a 
single photon, if the photon absorbed possess 
energy higher than that of the semiconductor 
band. On the basis of thermodynamic 
calculation, 2 excitons can be generated by 
a single absorbed photon. Photon of energy 
at least twice the band gap energy can be 
used to generate multiple excitons to avoid 
energy loss. This phenomenon can increase 
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the efficiency up to 42% which represents 
~35% improvement. By harvesting the hot 
electrons, the efficiency can be increased to 
66% [76, 77]

• Semiconductor metal chalcogenides 
CdS, CdSe, PbS, PbSe, PbSSe, CuInS2, 
CuInSe2, CdSSe, CuInSexS2-x are popular 
choices for QDSC. PbS and PbSe quantum 
dot are widely used in the photovoltaic 
cells. Important components of QDSC 
are photoanode, counter electrode, redox 
electrode or hole conductor. The photoanode 
is sensitized by the QD, the counter electrode 
is used to complete the circuit and allow 
charge to flow, the redox electrode helps to 
monitor the reaction, and hole conductor is 
simply a hole-transporting material [78]. As 
mentioned before, QDSC is highly lacking 
in many aspects and needs improvement 
in the areas mentioned below in order to 
develop a highly efficient solar cell.

• Improve in charge carrier transport by 
increasing the mobilities of electrons and 
holes and decreasing the charge carrier 
recombination. 

• Though the relaxation rate is slower in QD 
than in bulk semiconductor, capturing hot 
electrons and generating multiple excitons 
from QD is challenging due to fast relaxation 
rate of charged carriers. A new technology 
to increase the hot carrier’s lifetime and 
extraction of multiple electrons needs to be 
developed.

• Another challenge is scaling up of QD 
synthesis. For a good QDSC high quality 
PbS QD is required. PbS QD is synthesised 
by hot injection method. High quality PbS 
QD, so far,is successfully synthesised only 
at the laboratory level with no available 
technology to upscale the synthesis from the 
laboratory to industry level.

• Another issue is the toxicity of QD as it 
contains cadmium and lead. QD synthesised 
using nontoxic or less toxic alternatives 
could not yield satisfactory results [73]

4. Nanotechnology in environmental 
remediation and pollution sensors

Through the advent of nanotechnology several 
cost-effective mechanisms were developed 
for environmental remediation and pollution 
monitoring.  Remediation is removal or 
reduction of contaminants from air, water and 
soil to maintain and improve its quality, thereby, 
ensuring sustainability of the Earth and all its 
life forms [79, 80]. 

4.1. Soil and groundwater remediation

The subsurface contamination can be treated by 
in-situ and ex-situ methods. The most popular 
one is using Permeable Reactive Barrier (PBR), 
an in-situ technique. PBR can be defined as 
“a permeable subsurface zone constructed 
of reactive materials to intercept, destroy or 
immobilize contamination.” Another version of 
PBR is PRTZ (Permeable, Reactive Treatment 
Zone), which is a geochemically altered 
subsurface zone where the aquifer material 
is manipulated to promote destruction or 
immobilization of the contaminants. The major 
function of PBR is to bring the contaminants in 
contact with the reactive materials responsible 
for decontamination (Figure II). There are 
various types of reactive materials and the most 
sought after one is nanoscale zerovalent iron 
(nZVI) [81].

Figure II: Schematic illustration of PBR

Nanoscale materials are a major asset of clean-

Chemistry & Biology Interface, 2021, 11, 1, 13-33
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ups due to two reasons:

(i) Because of its size, it can penetrate easily 
into groundwater and soil 

(ii) They can be engineered to remain suspended 
in ground water. 

Recent works reveal that iron nanoparticles 
can effectively degrade organic contaminants. 
Whereas, zerovalent iron (nZVI) particles can 
be used to degrade organic, inorganic as well 
as, dissolved metal contaminants. The basic 
reaction that takes place during decontamination 
is corrosion. nZVI is actually a reductant i.e. 
has the tendency to donate electrons and in 
turn be oxidized. The biggest disadvantage of 
using iron is that during the degradation process 
the particle itself gets oxidized and cannot be 
reused. However, nZVI is the most preferred 
reactive material [80, 82] and can be synthesised 
using top-down or bottom-up approach. The 
most common method is a top-down approach 
where an aqueous ferric solution is reduced by 
reducing agents like sodium borohydride or 
sodium hypophosphate [79]. There are various 
types of ZVI viz., granular ZVI, nanoscale 
ZVI and bimetallic ZVI. Nanoscale ZVI and 
bimetallic ZVI has diameter between 1 to 
100nm. Bimetallic ZVI are nZVI with a second 
zerovalent material deposited on its surface. 
The size of granular ZVI ranges in microscale 
hence, nZVI has higher surface area and so 
they are estimated to be 10 to 1000 times more 
reactive than granular ZVI; their absorption 
capacity is also higher [83, 84]. nZVI can be 
used in two ways: 

(i) Injection of immobile nZVI to form a zone 
of iron nanoparticles adsorbed on the aquifer 
solid 

(ii) Injection of mobile nZVI to form a plume 
of iron nanoparticles that dissolve any 
contaminants that form a DNAPL (dense 
non-aqueous phase liquid) source in the 
aquifer [79].

After injection, the reactive material is made 
to come in contact with the contaminants for 
the decontamination process to commence 
which varies according to the nature of the 
contaminants. Organic compounds like 
chlorinated hydrocarbons get reduced by the 
nanoparticle, which in turn gets oxidized. The 
reduced compound undergoes dichlorination 
and transforms into another distinct compound 
e.g. tetrachloroethane gets reduced to ethane 
by nZVI [85]. The interaction between metal 
contamination and the nanoparticles can be 
reduction, adsorption, oxidation, reoxidation, 
co-precipitation or precipitation. Some metals 
like chromium can undergo more than one 
mechanism. It can undergo reduction, adsorption 
and co-precipitation. 

Reduction: Cr6+ is a carcinogenic pollutant 
found in industrial waste sites, whereas Cr3+ 
is an essential nutrient but toxic at higher 
concentration. Cr6+ can be reduced into a 
less toxic form by nZVI and immobilize by 
precipitation as Cr (OH)3 [84, 86]

Adsorption: Arsenic is a carcinogenic 
compound, present in the groundwater as As5+ 
or As3+. As5+ is comparatively more toxic and 
soluble than As3+. Both these compounds can be 
adsorbed onto the iron oxides on the outer layer 
of the iron nanoparticles. The adsorption can be 
because of the electrostatic interactions such as 
coulombic attraction or due to ion exchange or 
induced polarization, covalent bonding and Van 
der Waals forces [84, 87].

Oxidation or Reoxidation: As5+ can be 
converted into the lesser toxic form As3+ by 
oxidation. The rate of oxidation is low in neutral 
pH and high in alkaline and acidic solution [84, 
87].

Precipitation and co-precipitation: Uranium 
is a common contaminant found in the nuclear 
waste sites. The Uranyl ions get adsorbed on the 
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particle surface, and reductive precipitation of 
less soluble U4+ occurs [84, 88]

4.2. Water remediation

The traditionally used techniques for remediating 
large volumes of water are carbon absorption, 
air stripping, oxidation through ozonation or 
chlorination, ultrafiltration, sedimentation 
and even activated charcoal absorption. Most 
of these techniques focus on removing solid 
contaminants and kill microorganisms, but still 
the hazardous ones remain dissolved in the 
water and cannot be removed by these methods.
Hence, recent techniques revolve around 
converting harmful contaminants into harmless 
compounds. These techniques are often used 
in combination with the traditional methods 
to obtain best results. Nanotechnology is the 
most recent technology that can make water 
remediation easierand cheaper [82]. 

4.2.1. Nano absorbents 

Zero valent iron can also be employed in a 
similar way as in groundwater to remediate waste 
water contaminated with organic, inorganic 
and metal contaminants. Apart from that other 
Nano absorbents such as titanium oxide and 
zinc oxide can also be used [89]. Guo et al. 
[90] reported that three-dimensional titanium 
dioxide nanostructure with a nanoparticle 
core and fabricated to have a needle like 
surface, effectively removed arsenic(V) and 
chromium(VI) from water and could be easily 
separated from water by sedimentation. The 
nanoparticle removed most of the ions in less 
than 1 hr and it showed maximum absorption 
capacity of 59.7 mg/g for arsenic (V) and 
29.92 mg/g for chromium (VI). The effective 
removal of the ions by the nanoparticle was 
due to its large hydroxyl group density and 
high surface area. Dehaghi et al. [91] reported 
that chitosan-zinc oxide nanoparticle beads can 
remove permethrin pesticide from water. The 

beads were found to be an excellent absorbent 
in the batch studies, as it removed 99% of 
permethrin from the 25 ml permethrin solution 
(0.1mg/L). The absorption and regeneration 
studies revealed that the beads could be reused 
with 56% regeneration after 3 cycles in on-line 
column. Hence, it could be effectively used in 
water treatment process.

4.2.2. Photocatalysis

These absorbents can also act as photocatalytic 
agents.Photocatalysis process includes 
two types of reactions, photoreduction and 
photooxidation. Semiconductor nanomaterials 
consist of a filled valence band and empty 
conducting band. When these materials absorb 
light energy, which is equal to or more than 
the semiconductor’s band gap, an electron 
gets excited from valence band to conducting 
bandcreating an electron vacancy in the valence 
band. This vacancy is a positive charge called 
hole. Then, the electron gets transferred to 
the absorbed compound leading to a series of 
photooxidation and photoreduction process, 
which would eventually degrade the organic 
compound (Figure III) [92, 93]. Rajapriya et al. 
[41] reported that ZnO nanoparticle effectively 
degraded 93 % of methyl violet and 89.5% of 
malachite green within 120 minutes. 

Figure III: Schematic representation of 
photocatalysis of a Nano-catalyst 

4.2.3. Nanofilter
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Nanofilter is a type of semipermeable membrane, 
whose pore size measures typically 1nm in 
diameter. They only allow solvent molecules 
and very low molecular weight solute molecules 
to pass through. When in contact with aqueous 
solutions, they possess specific charge due to 
disassociation of specific functional groups 
or adsorption of charged solutes, based on 
which they can reject certain ions and charged 
molecules. These filters were initially used only 
to remove salt and soften the water [94-96]. 
Recently, nanofilters are found to successfully 
remove organic contaminants of emerging 
concerns (CECs) such as arsenic, hormones 
and personal care product from water. [95-98]. 
Apart from CECs they can also act as potential 
barriers for pathogens as the size of viruses 
ranges from 10 to 100nm and the pore size of 
the filter is much smaller. Hence, they can be 
effectively used to convert domestic waste 
water into reusable form [99]. The properties 
of nanofilter is in-between Ultrafiltration and 
Reverse osmosis. Few advantages of nanofilters 
is that the operating pressure is much lower 
comparatively and exhibits low rejection of 
monovalent ions, high rejection of divalent ions 
and higher flux compared to RO membranes.   
[94-96]. The greatest disadvantage in using 
nanofilter membranes is membrane fouling. 
This can lead to flux decline, cost increase and 
membrane degradation [95].

Nanofilters incorporated with nanoparticles are 
gaining more interest. The incorporation can 
increase the membrane permeability, mechanical 
properties, hydrophilicity and selectivity in some 
cases. Titanium dioxide, zinc oxide, silica and 
silver are some of the commonly incorporated 
nanomaterials [96]. Bandehali et al. [100] 
developed a Polyether-imide based nanofiltration 
membranes incorporated with Glycidyl POSS-
functionalized ZnO capable of removing heavy 
metal ions from water. These membranes 
showed significant separating performance and 
antifouling properties.  Parvizian et al. [101] 

developed a hybrid nanofiltration membrane 
by incorporating oleic acid-titanium oxide 
nanoparticles to polyethersulphone membrane. 
The incorporation of nanoparticles increased the 
flux recovery ratio (FRR%) to 83% that led to 
the improvement of the antifouling properties.

4.3. Air remediation

The major pollutants in the atmosphere are 
carbon monoxide, chlorofluorocarbons, 
sulphur dioxide, hydrocarbons, heavy metals, 
VOC (Volatile Organic Compounds), dioxins, 
nitrogen oxides, sand particles and biological 
substances. These pollutants are emitted by 
various physical, chemical and biological 
sources. Similar to the previously mentioned 
environmental issues, nanotechnology is 
effectually employed for air remediation also. 
Akin to water remediation, nanoparticles can 
be used as adsorbents, catalysis and also in 
nanofilters [102]. 

4.3.1. Nano adsorbents

Nano absorbents have the same potential to 
remediate air pollutants as water pollutants. 
The mechanism of adsorption in air is similar as 
discussed before. The nano absorptive materials 
can be chemically modified in several ways to 
increase its adsorption capacity, a few of them 
are discussed in table IV.

4.3.2. Nano-catalyst 

Nano-catalyst can perform several different 
types of catalytic activity. Here the catalytic 
activity of interest is photocatalysis. It a very 
promising technique as it has huge potential 
to destroy contaminants in both water and 
air. The mechanism is also the sameas in the 
photocatalysis process.As they are plasmonic-
metal nanoparticles they can interact with 
the incident light through the excitation of 
localized surface plasmon resonance and gain 
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energy by the conduction electrons of the 
metal nanostructure [105]. Few nano-based 
photocatalytic apparatuses, for degradation of 
various air pollutants reported in the literature, 
are given in table IV.

Nano-based photocatalytic apparatus, including 
the ones mentioned above, are not available 
commercially as it is still under development. 
There are some commercial products coated 
with photocatalytic nanoparticles such as 
paints, glass, concrete etc., available in the 
markets. These products are manufactured 
specially to combat the ever-increasing air 
pollution. George et al. [111] conducted an 
investigation titled PhotoPAQ (Demonstration 
of Photocatalytic remediation process on Air 
Quality) to study the air quality improvement 
upon deployment of photocatalytic materials 
on the pavement, streets, buildings etc., and the 

results revealed that this technology can convert 
harmful pollutants into less harmful reaction 
products. Sometimes these particles were found 
to produce harmful reaction products like 
formaldehyde. Hence, they recommend every 
researcher to test new nano-catalyst not only 
for their reactivity against pollutants but also 
for the formation of harmful reactive products 
[111].

4.3.3. Nanofilters 

In industries like food, pharma and 
biotechnology, it is important to control aerosol 
contamination. Most of the filters which are 
currently in use requires high maintenance 
due to fouling and some of it are not energy 
efficient. This led to the advent of nanofibers 
filtering media. Nanofibers can be synthesised 
using electrospinning technique. Due to the 

Pollutant Nano apparatus Examples
Mercury Chemically modified 

nano absorptive 
materials

Cysteine activated silica: It is a chelating absorbent. Cysteine is the 
chelating agent and it has the ability to selectively remove the metal 
ions. The metal gets adsorbed and ionized onto the surface layer, 
which later leads to chelate formation (metal-ligand complex)[103].

Toluene Chemically modified 
nano absorptive 

materials

Nano-graphene modified by iconic liquid: Both graphene and iconic 
liquid are very good absorbent. Nano-graphene modified by iconic 
liquid showed maximum adsorption than individual nano-graphene 
and iconic liquid[104].

VOC Nano-based 
photocatalytic apparatus

Per fluorinated ionomeric coating with TiO2 nano powder [106].

NOx Nano-based 
photocatalytic apparatus

Nitrogen doped graphene QD/Graphitic C3N4 [107].

NO2, SO2 Nano-based 
photocatalytic apparatus

Ca (OH)2/TiO2 photocatalytic coating for buildings [108].

Organochlorine 
pesticide

Nano-based 
photocatalytic apparatus

Nano-TiO2 coated film [109].

Hg0 Nano-based 
photocatalytic apparatus

Coloured TiO2–sensitized Bi5O7I nanorods [110]

Size particulate 
matter

High efficiency 
nanofilter

Gelatine nanofiber: It was able to remove 99.3% of 0.3μm size 
particulate matter and 99.6% of 2.5μm size particulate matter[113]

E.coliand 
staphylococcus 

aureus

Antimicrobial nanofilter Polyacrylonitrile nanofiber incorporated with silver nanoparticles: 
This membrane is capable of removing and killing E.coli and 
staphylococcus aureus in 30 minutes[114]

Incense 
smoke and 

Formaldehyde

Nano absorbent cum 
nanofilter

ZIF-8@SiO composite nanofiber membrane: It showed efficient 
removal of 99.96% of incense smoke and 79.53% absorption of 
formaldehyde[115]

Table IV: Nano based apparatus for pollution remediation
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recent advancement of this technique a lot of 
industries in countries like USA, South Korea, 
Germany and Japanhave started to produce 
nanofiber filtering media. Table IV gives a brief 
explanation about few types of nanofiber filter 
media reported in the literature [112].

4.4. Nanotechnology based sensors for 
pollution detection

Pollution detection is the first step for pollution 
remediation. Nanotechnology, is making a huge 
impact on pollutant degradation. Due to its 
unique optical property it has also been found 
helpful in pollution detection. High crystallinity, 
high integration density and low power 
consumption are the advantages of nano-based 
sensors. Several sensors based on nanostructures 
like nanoparticles, nanorods, nanotubes and 
nanowires have already been reported, but, 

most of it has not been commercialized yet 
[116]. Nevertheless, its immense potential 
has attracted a lot of researchers and we can 
expect nano-based sensors to rule the markets 
in the forthcoming years. Carbon nanotubes 
and nanowires are the most commonly used 
nanostructures in sensors because of their high 
surface area and high detection sensitivity. Other 
nanostructures like metal oxide nanoparticles 
are also equally good but often suffers from 
degradation as it agglomerates when operated 
for longer time at high temperature. Conversely, 
metal-oxide-based nanowires are chemically 
stable. This might be due to the 1D structure of 
the nanowire [116, 117]. 

Carbon nanotube has a perfect cylindrical 
structure with an open or closed end. It is a 
1D nano material therefore, one dimension of 
the material does not measure in nanoscale. It 

Sensor Pollutant Working principle
Carbon nanotube based 
ionizing gas chamber with 
different electrodes to detect 
different pollutants#

NO and SO2 in air Every gas has a distinct ionization characteristic. The 
sensor identifies the unknown gas with this unique 
breakdown voltage. The concentration of the gas is 
determined by monitoring self-sustained discharge current 
i.e. how long the current flow is maintained [121].

MWCT electrode# Zinc, cadmium and 
lead in water

The detection is done based on the reduction of the metal 
ions onto the multiwall carbon nanotube [122]

Amperometric 
acetylcholinesterase sensor 
based on Fe3O4 nanoparticle/
MWCT modified ITO-coated 
glass#

Malathion, 
chlorpyrifos, 

monocrotophos, 
endosulfan in food 

and soil

The phosphate group in the pesticide gets covalently 
bond to the active side of the enzyme acetylcholinesterase 
which in turn gets immobilized onto Fe3O4 nanoparticle/
MWCT modified ITO-coated glass. Hence the amount 
of enzyme immobilized is directly proportional to the 
pesticide present in the sample [123].

Porous Si nanowire* NOx in air Upon adsorption of NO, the electron carrier and 
conductance of the nanowire increases due to the strong 
electron-donating power of NO molecule [125].

M13 Bacteriophage-
templated Au nanowire*

Hg (II) in water Au-Hg amalgam is formed which is sensed 
colorimetrically[126].

Copper nanowire 
electrochemical sensor*

Herbicide trifluralin 
in soil

Addition of copper nanowire to the matrix of carbon past 
electrode results in high electrocatalytic activity towards 
the oxidation of trifluralin at pH 4.0 in aqueous solution, 
which is measured voltammetrically [127]

Table V: Sensors for pollutants detection and its working principle

* Nanowire based sensors; # Carbon nanotube sensors
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is made up of layers of graphene, one layer in 
single wall nanotube (SWNT) and more than 
one layer in multiwall nanotube (MWNT). The 
carbon network of the layer resembles a honey 
comb. Due to their 1D structure they have 
excellent electrical and optical properties [118, 
119]. Carbon nanotube especially SWNT shows 
large alteration in its electrical resistance and 
optical properties in response to environmental 
changes, which is controlled by the absorption 
of the target onto the surface of the nanotube, 
therefore, the detection and sensitivity of 
the sensor can be modified by addition of 
functional groups. Hence, they prove to be 
potential candidates for the development of low 
temperature and ambient pressure sensors [119, 
120]. The table V lists out few Carbon nanotube 
sensors for detecting pollutants.

Nanowires are 2D nanomaterial, that means 
two dimensions of this nanomaterial are not 
in nanoscale. Just like carbon nanotubes, they 
also exhibit unique chemical and electronic 
properties making then conceivable for sensor 
applications. Nanowire based chemical and 
biological sensors were found to be more 
sensitive and consumes less energy than the 
conventional sensors. The working principle 
of nanowire sensor is similar to that of carbon 
nanotubes [124]. 

Conclusion

In this review we discussed in detailed about 
various methods of nanomaterial synthesis i.e. 
physical, chemical and biological. Physical and 
chemical techniques are not environmentally 
friendly hence, manufacturing nanoparticles 
in large scale using those techniques will lead 
to environmental damages. But synthesising 
nanomaterials is indispensable as it is the 
technology of the future. Therefore, a new 
technology called the green nanotechnology 
was introduced. Green nanotechnology deals 
with environmentally friendly synthesis of 

nanomaterials. It involves the usage of plants, 
animals and other organic compounds for 
the synthesis of nanoparticles. This type 
of synthesis is called green synthesis or 
biological synthesis. Green synthesis is still 
in its initial stages and due to various reasons, 
industrial scale synthesis is not successful till 
date. However, it has the potential to prosper 
and soon, with the culminative efforts from 
scientist around the globe it will be successful 
at industrial level. Green nanotechnology also 
includes biomolecule-based nanomaterials. 
They were initially used only in medicine now 
it has expanded to various other fields. We have 
brief about few commonly used biomolecules 
namely DNA, peptides and microorganisms. 
Each biomolecule-based nanomaterial has 
a different synthesis method and we have 
explained a few of them. 

The last part of the review explains how 
nanotechnology deals with the two major 
environmental issues, energy crisis and 
pollution. In this part we have introduced few 
types of nanomaterials like QD, nZVI, metal 
nanoparticles, nanofilter, nanofiber, carbon 
nanotube and nanowire. QD can be used in 
solar cells and QDSC was found to be more 
efficient than commercial solar cells. nZVI 
can be utilized for the remediation of waste 
water and groundwater. Metal nanoparticles 
can be used as a nano absorbent and nano-
catalyst in air and water treatment. They 
also can be incorporated into nanofilters to 
increase its efficiency. Nanofilter membranes 
can be used for both air and water treatment. 
Nanofibers can be used to synthesise nanofilters 
with antifouling properties. Finally, carbon 
nanotubes and nanowires can be used in sensors 
to detect pollutants. Therefore, nanotechnology 
has a big role to play in medicine, conversion 
and storage of energy, degradation and sensing 
of pollutants. In all these fields it has proven 
its potential to perform better than the existing 
technology. Hence, nanotechnology will 
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definitely overcome its shortcomings in the 
upcoming years and acquire a bigger and better 
role in enhancing environmental sustainability. 
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